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Abstract 

This thesis is concerned with the mineralogy and chemistry of metasomatic reaction 

zones formed around high-grade blueschist facies blocks (15 kb, 450-500 °C) of 

meta-igneous and metasedimentary lithologies within a serpentinite melange matrix 

on the island of Syros, Greece. The zones are composed of a reaction rind, 

centimetres to 10's of centimetres thick, containing abundant chlorite, sodic and 

calcic amphibole and talc, and a zone of altered block. The zones are the result of 

diffusion-controlled bimetasomatism and, importantly, the products of a discrete, 

short-lived infiltration event producing amphiboles, which occurred during 

bimetasomatic zone growth. 

The generalised bimetasomatic zone sequence is: 

block I altered block I chlorite talc ± chlorite ± carbonate 	serpentinite matrix 

with carbonate only occurring in the 'talc ± chlorite ± carbonate' zone where the 

'block' is carbonate-bearing schist. The position of the original block-matrix contact 

is generally within the chlorite zone, and is in some cases marked by a relict zone of 

chromite and Cr-rich pyroxene. 

The composition and width of the 'altered block' zone was found to vary with block 

composition. In meta-felsites, with unaltered cores of jadeite + quartz + accessories, 

the 'altered block' zone is around 20-30 cm wide, and is characterised by a 

progressive outward decrease in quartz content with a thin zone of omphacite rock 

occurring at the outermost extent of this zone. In dioritic metagabbros, containing 

glaucophane-epidote-garnet-pyroxene ± minor quartz, bulk compositional change 

towards the block edge is less marked but altered block zone-width is greater. The 

volume proportion of garnet and pyroxene also increases towards the block edge as a 

result of desilication by the reaction: 

glaucophane + epidote + omphacite1  = garnet + omphacite2  + Si02  + H20 



in which the omphacite becomes more jadeitic. In glaucophane-epidote-garnet-

pyroxene ± minor quartz ferrogabbros, this desilication reaction also occurs but no 

consistent bulk compositional changes towards the block edge are measurable. The 

zone of 'altered block' in ferrogabbros is estimated to be up to 2-3m wide. The 

'altered block' zone at the edge of carbonate-bearing schists is composed of 'pseudo-

eclogite', an omphacite ± epidote ± garnet rock, the product of a metasomatic 

decarbonation reaction with antigorite as the CO2  sink. 

Modelling of component activities using the program Wintherm confirms that the 

bimetasomatic zone sequence observed is stable at high-grade blueschist facies 

conditions and also supports the relict origin for the Cr-rich pyroxene layer 

occasionally observed. 

Calcium addition to the edges of Ca-poor metafelsites and slightly dioritic 

metagabbros indicates that a Ca-rich fluid was present within the serpentinite 

melange during bimetasomatic zone growth. From mass balance calculations, it is 

concluded that this fluid was almost certainly flowing through the matrix and was not 

a static pore fluid. 

The discrete, short-lived infiltration event, during bimetasomatic zone growth, 

resulted in vein-controlled crystallisation of calcic and sodic amphibole within 

bimetasomatic zones and up to 1.5 in into blocks. Activity modelling suggests that 

this fluid had a higher a(Ca) and a(Na) than the Ca-rich fluid present in the 

melange matrix during bimetasomatism and/or a higher ratio of a(Si) to a(Mg) 

compared to block-equilibrated fluids, however, a(Na) of the infiltrating fluid was 

low and interaction between infiltrating fluid and blocks resulted in the Na-content of 

crystallised amphibole increasing inwards. 

This infiltrating fluid is inferred to have been sourced externally to the Syros 

metasedimentary pile, possibly in deeper, coevally dehydrating metasediments, and 

to have been a short-lived, channellised flow event at the transition from Si to S2 
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schistosity development. The timing of this infiltration event is similar to that 

deduced for lawsonite-generating fluid infiltration in the nearby greyschists, and it is 

suggested that the two fluids are related. 

Overall, the fluid flow regime in the Syros sedimentary pile under high-grade 

blueschist facies conditions appears to have involved channelling of fluids through 

serpentinite melange units, rather than a more pervasive flow through all units in the 

sedimentary pile. This suggests possible similarities between the Syros blueschist 

terrain and that of Santa Catalina Island, California. 
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Table of mineral abbreviations 

Mineral abbreviations are listed alphabetically. Abbreviations used to illustrate 

plates are given in the plate caption where appropriate. Mineral abbreviations used 

by the modelling program Wintherm are given in chapter 9 (table 9.2 and 9.4). 

Abbreviation Mineral name Mineral formula (where applicable) 

ab albite NaA1Si308  

ac acmite/aegerine NaFe3 Si2O6  

aim almandine Fe2 3Al2Si3O12  

amph amphibole No specific formula 

and andradite Ca1Fe3 2Si1O12  

atg antigorite Mg3Si2O5(OH)4  

aug augite (Ca, Mg, Fe2 ,Fe3 ,Ti,AI)2(Si,Al)2O6  

Ca-am calcic amphibole Calcium-rich, no specific formula 

carb carbonate Calcicte, dolomite, or ankerite 

chi chlorite (Mg,Fe2 ,Fe3 ,Mn,Al)(Si,A1)8O2o(OH)16  

cross crossite Na2(Mg3çFe2 03)(Al1 405Fe3 061 4)Si8022(OH)2  

cz clinozoisite Ca2Al3Si3O12(OH) 

di diopside CaMgSi206  

ep epidote Ca2Al2(Al,Fe3 )Si3O 12(OH) 

gI glaucophane Na2Mg3Al2Si8O22(OH)2  

gro grossular Ca3Al2Si3O12  

hd hedenbergite CaFe2 'Si2O6  

hm hematite Fe 3+203 

jd jadeite NaA1Si206  

Mg-rieb magnesioriebeckite Na2Mg3Fe3 2Si8O22(OH)2  

Mgt magnetite Fe2 Fe3 2O4  

pa paragonite Na2AI4Si6A12020(OH)4  

px pyroxene No specific formula 

py pyrope Mg3Al2Si3012  

qz quartz Si02  

rieb riebeckite Na2Fe2 3Fe3 2Si8O22(OH)2  

sp spessartine Mn3Al2Si3O j2  

ta talc M93Si4O10(OH)2  

tc talc Mg3Si4O1o(OH)2  

tr tremolite Ca2Mg5Si8O22(OH)2  

zo zoisite Ca2Al3Si3O12(OH) 
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Table of thermodynamic expressions 

The following table lists thermodynamic expressions for activity terms and also mole 

fraction expressions used in this study. Expressions are listed under the mineral 

group to which they apply, and these groups are arranged alphabetically. Expressions 

relating to the fluid phase are also included. 

Mineral group Expression 	Quantity 	 Calculation method 

Amphibole 	a(gl) 	Activity of glaucophane 	Evans (1990) 
in amphibole 	 a(gl) = XNaM42  XAI(VI)M(13)2  XMgM(13)3  

Dale et al. (2000) 
(See chapter 9 and appendix IV) 

a(tr) 	Activity of tremolite in 	Evans (1990) 
amphibole 	 a(tr) = XCaM42  XMgM(13)5  XsIT8  

Dale et al. (2000) 
(See chapter 9 and appendix IV) 

Chlorite 	a(clin) 	Activity of clinochlore in Holland and Powell (1990) 
chlorite 	 a(clin) = X2(2 - X)2  where the formula 

of the chlorite is written as 
(Mg6 - Al)(Si4 - xAlx)0 10(OH)8. 
(See chanter 9) 

Epidote 	a(cz) 	Activity of clinozoisite in Evans (1990) 
epidote 	 a(cz) = XAIM3  

(See chapter 6) 
Pyroxene 	a(ac) Activity of acmite in Holland (1990) 

pyroxene 2-site mixing model assuming non- 
ideal mixing for which 

a(di) Activity of diopside in RTlnyad) = XCUM21XM0MIWA + 
pyroxene Xpe2+MI WB  + XFe3+MIWCI 

RTlny(dI)  = XNaM2[XFe3+M1(WA - Wc) + 
a(hd) Activity of hedenbergite Xpe2+M1  (WA - WB) + XAIM1WA1 

in pyroxene RTIny(ac)  = XCIM2[XM5M1(WA - WC ) + 
XFe2+M1  (W - WC) - XAIM1WA] 

a(jd) Activity ofjadeite in RTlny d)  = X2[XFe3+M1(WB - WC) 
pyroxene + XMgM](WA - WB) + XAIMIWB] 

(See chapter 9) 
Mica 	 X(K) Mole fraction of K in X(K) = KI(Ca2  + Na + K) 

the X site of mica 
X(Na) 

Mole fraction of Na in 
the X site of mica 

Fluid 	 X(CO2) 	Mole fraction of CO2  in 
fluid 

X(H20) 	Mole fraction of H20 in 
fluid 

a(H20) 	Activity of water in the 
fluid  

X(Na) = NaI(Ca2  + Na + K) 

Data from Barr (1989) 
(See chapter 2, section 2.4) 

Calculated from data of Barr (1989) 
(See chapter 9, section 9.2.3) 

Calculated from data of Barr (1989) 
(See chapter 9, section 9.2.3) 
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Chapter 1: Project aims, theory and literature 

1.1 Introduction and project aims 

The island of Syros in the Greek Cyclades contains a metabasite-serpentinite unit 

within its sequence of pelitic, psammitic and calcareous sediments. This unit 

contains a serpentinite melange, which takes the form of competent blocks of both 

meta-igneous and meta-sedimentary origin, varying from centimetre-sized to over 30 

m across, within a soft, largely serpentinite matrix. 

The occurrence of 'rinds', of apparently metasomatic origin, around these blocks was 

first described by Dixon (1969). He suggested that these rinds were the products of 

reaction between the ultramafic serpentinite matrix and the more silica-rich blocks, 

driven by compositional differences. Pressure and temperature (PT) conditions for 

peak metamorphism on Syros are estimated to be around 15 kb and 450-500 °C, in 

the upper blueschist facies. The presence of glaucophane in the block rinds indicates 

that they formed under blueschist facies conditions, and probably at least partly at 

peak PT. 

Reactions, of the sort suggested by Dixon (1969), between two rock-masses 

containing incompatible mineral assemblages, may occur by simple diffusion and 

counter diffusion of components through a static pore fluid. This process is known 

as bimetasomatism. Theoretical work by Korzhinskii (1968, 1970), Thompson 

(1959) and others, has shown that bimetasomatism will result in a series of 

monomineralic or bimineralic zones parallel to the initial rock contact. Models for 

the formation of such zones have been produced by a number of authors (Fisher, 

1973; Joesten, 1977, 1991; Frantz and Mao, 1976, 1979; Weare et at., 1976; Foster, 

1981; Lichtner, 1985, Lichtener et al., 1986a, 1986b; Lebedeva et at., 1985, 1987; 

Balashov and Lebedeva, 1991; Ruzicka, 1998). Such models, when compared to real 

examples of bimetasomatism, may provide useful information on diffusion 

coefficients of species under the prevailing metamorphic conditions and even 

provide estimates of the duration of bimetasomatic zone growth. However, in order 

to apply such models, only examples of pure bimetasomatism may be used from real 

2 
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systems. In reality, a truly stationary pore fluid is unlikely in a macroscopic system 

such as the blueschist serpentinite melange on Syros, but it is a useful initial 

hypothesis. Work on the comparable blueschist melange on Santa Catalina Island, 

California, by Bebout and Barton (Bebout and Barton, 1989; Bebout, 1991; Bebout 

and Barton 1993), for example, has shown that fluid-flow was high during high-

pressure metamorphism. Such a high fluid-flow regime is, in theory, inconsistent 

with the development of pure bimetasomatic zones, and, if a similar regime was 

applicable to the melange on Syros, it is unlikely that the metasomatic rinds observed 

around the blocks are purely bimetasomatic. 

Study of metasomatic rinds around blocks in ultramafic matrix from other blueschist 

metamorphic melanges (Dobretsov and Ponomareva, 1965; Moore, 1984; Cloos, 

1986; Nelson, 1991; Bebout and Barton, 1993) raises further questions. No detailed 

studies of block rinds are included in the literature but many references attribute their 

formation to post-blueschist, retrogressive events. Such an origin for the block rinds 

of Syros is inconsistent with the abundant glaucophane observed around the blocks. 

The aims of the present project are to investigate the metasomatic rinds around the 

blocks within the serpentinite melange on Syros and to attempt to determine the 

mechanism and timing of their formation. The study of this metasomatism also leads 

to conclusions about the fluid-flow within the serpentinite melange during blueschist 

metamorphism. 

1.2 Theory of bimetasomatic zoning 

In order to study the metasomatism, and to investigate the extent of bimetasomatic 

reaction that has occurred in the serpentinite melange on Syros, it is important to 

know the likely physical products of such bimetasomatism. It is also important to be 

able to distinguish the products of diffusion controlled bimetasomatism from those of 

infiltration metasomatism. The following section includes the basic theory of 

bimetasomatism, the formation of bimetasomatic zone sequences, and how these 

3 
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differ from the products of infiltration metasomatism. More detailed descriptions of 

some of the quantitative models of bimetasomatic zoning that have been developed, 

are given in appendix I. 

Zones of metasomatic products, formed by diffusion reaction between rock bodies of 

differing compositions during regional metamorphism, should not be confused with 

zones formed by contact metamorphism. The latter type of zoning (such as examples 

described by MacKenzie, 1960; Smith and MacGregor, 1960; Green, 1964; and Frost, 

1975), which is produced in response to a temperature gradient, differs significantly 

from metasomatic zoning in that the bulk chemical composition of the zones shows 

no significant variation from that of the country rock. In metasomatic zoning, the 

chemical compositions of the zones are not identical and early descriptions of such 

zoning recognised that transport of chemical species had occurred. In the following 

discussion of metasomatic zoning, it is also assumed that pressure and temperature 

remain constant. 

1.2.1 Infiltration, diffusion and bimetasomatism 

A theoretical approach to understanding metasomatic zoning was first introduced by 

Thompson (1959) and Korzhinskii (1968, 1970). Two extreme types of 

metasomatism may be distinguished (Korzhinskii, 1970): infiltration and diffusion. 

In infiltration metasomatism, components are transferred by an aqueous solution 

percolating through pores in the rock. Because of inherent heterogeneities within 

rock masses, this results in the characteristic vein-controlled nature of much 

infiltration metasomatism. In pure diffusion metasomatism, material is transferred 

by diffusion through stationary pore solutions. Diffusion through the crystal lattice 

of a mineral, or along the surface layers of crystal grains can also play a part in this 

process. Observations and calculations, however, show that these latter processes 

only occur on a microscopic scale and are much slower than diffusion through a pore 

solution (Elliot, 1973). They are therefore relatively unimportant. While infiltration 

metasomatic processes can pervade rocks over a thickness of many kilometres, it is 
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uncommon for diffusion metasomatic effects to extend over as much as several 

metres. 

Bimetasomatism is the diffusion metasomatism that occurs between adjacent rocks 

of differing compositions under conditions of regional metamorphism. In an ideal, 

isolated system, no movement of pore solutions occurs or movement occurs only in 

directions transverse to the direction of diffusion and in which reactants and products 

are homogeneous. Therefore, during ideal bimetasomatism, diffusion is the sole 

metasomatic processes involved and infiltration does not occur. 

On a microscopic scale, such as in corona formation around an individual mineral, 

conditions of ideal bimetasomatism may occur. In megascopic systems, such as that 

of the serpentinite melange on Syros, however, the conditions of no movement of 

pore solutions, or movement only in directions transverse to the direction of diffusion 

and in which the reactants and products are homogenous, are unlikely to apply. Even 

for an isolated block in a stationary fluid there may be an initial infiltration of fluid in 

the passage from a fluid absent to a fluid present state. For a block in a lateral flow 

regime there is always the possibility of net infiltration, since unidirectional flow will 

be transverse to the diffusion direction at all points along the bimetasomatic contact 

only if the contact is infinite in the flow direction. This is clearly not the case for 

blocks within a melange. In fact, in a regime of unidirectional fluid flow, it seems 

possible that such blocks will act as partial barriers to the fluid resulting in the 

development of a 'lee-side' which is the most likely area for ideal bimetasomatism to 

occur (figure 1.1). Any fluid flowing through the enveloping metasedimentary or 

ultramafic matrix will only pass though, as distinct from around, enclosed blocks if 

pressure gradients exist across the blocks and permeabilities are suitable. 

5 
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--------:-----. 
matrix 

block 	 lee side 

Figure 1.1: Schematic diagram of a relatively non-porous block in a porous matrix under a regime of 
linear fluid flow. The sheltered 'lee side of the block where fluid flow is at a minimum is the most 
likely area for conditions of static pore fluid to exist and thus for a bimetasomatic zone sequence to 
develop. Arrows indicate the direction of fluid flow. 
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It seems likely, therefore, that asymmetry will occur within metasomatic zone 

sequences around blocks within a matrix, such as those observed on Syros. In more 

complex regimes than unidirectional flow, some sections of the developing 

metasomatic zone sequence may also experience greater volumes of infiltrating fluid 

than others. It is not, however, necessarily the case, in all systems, that blocks will 

see less pervasive flow than the matrix surrounding them. If blocks are relatively 

permeable and lie along shear-zones, which act as channels within a relatively 

impermeable matrix, they may experience higher fluxes than, for example, similar 

lithologies at the margins of the melange zone. 

1.2.2 Theoretical modelling of bimetasomatic zone growth 

In order to predict the nature of the physical products of bimetasomatic alteration, 

Thompson (1959) first introduced the concept of local equilibrium. Local 

equilibrium conditions hold when every part of the stationary pore fluid is in 

equilibrium with the minerals with which it is in contact. This is equivalent to stating 

that the rate of reaction between pore fluid and rock is infinitely faster than the 

diffusion rate. Thompson (1959) assumes local equilibrium in all the metasomatic 

systems he considers as does Korzhinskii (1968, 1970) and a number of later authors 

including Brady (1977), Fisher (1973), Joesten (1977), Frantz and Mao (1976, 1979) 

and Weare et al. (1976) (see also appendix I). 

Thompson (1959) showed how mass transfer and reaction may be related to chemical 

potential gradients between rocks of contrasting composition. For example, chemical 

potential of silica (t5102) is high in quartz-bearing country rock and low in ultramafic 

so silica (Si02) will diffuse from the country rock in to the ultramafic down this 

chemical potential gradient. Thompson (1959) deduced that bimetasomatic reaction 

between incompatible assemblages and consequent diffusion-controlled growth of 

intervening product assemblages produces a series of sharply bounded mineral-

assemblage layers, which are high-variance assemblages consisting of a small number 

of phases. Each layer or zone is in local equilibrium with its neighbours. Overall, 
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however, systems undergoing bimetasomatism are out of equilibrium, with some 

zones growing actively at the expense of others. 

Korzhinskii (1968, 1970) derived transport equations for both diffusion and 

infiltration metasomatism. He obtained similar results to Thompson (1959) and 

deduced that neither diffusion metasomatism, nor infiltration metasomatism, can 

proceed by a replacement with a gradual change of relative mineral abundances. 

Sharp fronts of replacement are formed, with the complete replacement of one of the 

minerals at each front. This results in the type of zone described by Thompson 

(1959). Korzhinskii also concluded that in diffusion metasomatism, in contrast to the 

infiltration case, a continuous gradual change in concentration of pore solutions exists 

along the column. Accordingly, in every zone a gradual change takes place in 

composition of variable minerals. 

Therefore, in a system undergoing bimetasomatic alteration, we expect to find a series 

of zones with high-variance assemblages and a small number of phases, often 

monomineralic. The assemblages of neighbouring zones will be compatible (in local 

equilibrium with each other) and the mineral composition will vary continuously 

across the zone, if the zone minerals are of variable composition 

1.2.3 The initial contact and zone growth 

It may be concluded from consideration of any system of two initial incompatible 

rock bodies undergoing bimetasomatic alteration, that the zone sequence must 

expand by growing outwards from the initial contact between the two bodies (see for 

example Joesten, 1977). If zones grow outwards from the initial contact faster than 

they are consumed by the zone growing outwards 'behind' them, then the sequence 

of zones will remain the same with the whole bimetasomatic reaction zone sequence 

widening at the expense of the reactant rock bodies. Zone sequences, which achieve 

this situation, may be considered to be 'steady state' sequences. 
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Models of bimetasomatic zone growth, such as those developed by Fisher (1973) and 

Joesten (1977), and Frantz and Mao (1976, 1979) (see appendix I), are based largely 

on the theories developed by Thompson (1959) and Korzhinskii (1968, 1970), and 

demonstrate that bimetasomatic zone sequences rapidly settle down to a steady state 

condition. Zones expand away from the initial contact at the expense of the reactant 

bodies and zone growth rates slow with time as chemical potential gradients flatten 

(Frantz and Mao, 1979). The position of the initial contact may be marked by the 

presence of an inert component, such as graphite, in one of the reactant bodies, or a 

change in the ratio of two immobile components between the two bodies (Thompson, 

1975; Brady, 1977). The position of the initial contact may lie either between two 

zones or within a single zone. If the contact initially lies between two zones, one of 

the adjacent zones may overgrow it. This will only occur, however, if the zone in 

question is expanding at both its edges (see for example Joesten, 1977). Once the 

initial contact lies within this single zone, which is expanding at both edges, it will 

clearly remain within that zone, however wide the overall zone sequence grows 

(figure 1.2). From this it is clear that, if a zone is not adjacent to, or does not contain, 

the initial contact, then progressive zone sequence growth will not move it there. 

1.2.4 Kinetic factors 

The theories developed by early workers (e.g. Read, 1934; Philips and Hess, 1936) 

who recognised the mechanism by which metasomatic reaction zones are formed, and 

the basic concepts of the work of Korzhinskii and Thompson, such as chemical 

potential gradients driving diffusion and the concept of local equilibrium, have been 

used to describe diffusion in pelitic rocks (Carmichael, 1969; Fisher, 1970, 1973; van 

Marcke de Lummen and Verkaeren, 1987), impure marbles (Vidale, 1969; Vidale and 

Hewitt, 1973; Hewitt, 1973; Joesten, 1974; Thompson, 1975; Sandford, 1980), and 
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reactant 1 

zone A 
initial contact between 

zone B reactants .77  zone C 
zone D 

reactant 2 
a) 

zone A 

+ + 
zone B 

initial contact 

zone  

V zone  
b) c) 

Figure 1.2: Schematic diagram illustrating the possible locations of the initial contact between the 
two reactants in a growing 'stable' bimetasomatic reaction zone sequence (see also main text, 
chapter 1 and chapter 4, section 4.5.3). Arrows indicate direction of zone growth. a) at an early 
point in zone sequence growth, the contact lies between two zones (B and C in this example) of a 
stable zone sequence formed between two reactants. b) zones B and C may continue to widen at 
the expense of zones A and D respectively while the position of the original contact remains at the 
contact between zones B and C. c) alternatively, reaction may occur at the contact between zones B 
and C. In this example, zone B grows at the expense of zone C, as well as at the expense of zone A. 
Thus the position of the initial contact moves to within zone B. Zone C is still a stable zone 
because its growth rate at the expense of zone D is greater than the rate at which it is consumed by 
zone B (illustrated by relative lengths of arrows). Once within zone B, the position of the initial 
contact will remain there, assuming the zone sequence is stable and, therefore, that zone B 
continues to grow at the expense of both its neighbouring zones. 
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ultramafic rocks (Curtis and Brown, 1969, 1971; Carswell et al., 1974; Evans and 

Trommsdoff, 1974; Brady, 1977; Sandford, 1982; Nishiyama, 1983). Of these, 

Carmichael (1969), Fisher (1970, 1973), Sandford (1980), and Nishiyama (1983) 

were investigating mineral segregations formed by metamorphic differentiation; but 

the principles of these processes are also applicable to the metasomatic reaction zones 

discussed by the other authors and of interest in the present case. 

There are, however, a number of problems with applying the models of Thompson 

and Korzhinskii to real bimetasomatic zone systems. Firstly, Thompson and 

Korzhinskii considered only simple binary and ternary systems and they, therefore, 

did not fully consider all the factors that determine the sequence of mineral-

assemblage layers that develop in ternary and higher order systems. 

The arguments of Thompson and Korzhinskii are also based on phase equilibria alone 

and do not consider kinetic effects such as activation energies of reaction. Because 

the overall system is out of equilibrium during bimetasomatism, reactions are 

continually being initiated (e.g. the conversion of one mineral to another at a moving 

zone boundary). For initiation of a chemical reaction, a certain activation energy is 

required. This means, in practice, that the equilibrium for the reaction must be 

overstepped for the reaction to be initiated. The amount of overstep required will 

vary from reaction to reaction. 

The condition of local equilibrium effectively stipulates that the amount of this 

overstep is zero. Local equilibrium, therefore, is not a true representation of the real 

system. However, it is a useful working assumption that simplifies quantitative 

calculations on reaction zone sequences. Most discussions of bimetasomatic zoning 

assume local equilibrium conditions although it is recognised that local equilibrium 

may not hold for many natural systems. 

Curtis and Brown (1969) considered what would occur if local equilibrium did not 

hold, and suggested that, on Unst, Shetland, reaction rate might not have been 
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infinitely faster than diffusion rate. Carswell et al. (1973) also suggested that 

departure from equilibrium conditions may be the cause of departure from true 

monomineralic zonality in vein metasomatism in the Tafjord area in South Norway. 

Brownlow (1961) concluded that local equilibrium had not been attained in the 

monomineralic contact metamorphic bands that he studied near Westfield, 

Massachusetts. He pointed out that these had probably formed relatively rapidly and 

that local equilibrium was more likely to hold under regional metamorphic conditions 

such as those under which bimetasomatic alteration occurs. 

In theory, if the degree of overstep required for relevant reactions is known (from 

theory and experimental data), it should be possible to modify any zone growth model 

accordingly in a quantitative manner. Balashov and Lebedeva (1991) used a 

macrokinetic model based on reversible chemical kinetics and applied it to simple 

quartz-fosterite and talc-brucite contacts. They compared results based on a 

consideration of kinetic factors with those corresponding to local equilibrium 

conditions and showed that although, initially, zoning profiles and concentrations of 

species in pore solutions differ between the two cases, the kinetic model 

asymptotically approaches the local equilibrium model with time. The greatest 

deviation of the kinetic model from the local equilibrium model occurs at zone 

boundaries as a 'smearing' effect; where zone contacts become less sharp, but this 

does not change the overall widths of the zones. Balashov and Lebedeva (1991) 

concluded that for any values of kinetic constants of reversible reactions, there exists 

a time when the metasomatic zones formed are practically equivalent to those which 

would be produced if local equilibrium applied. 

1.2.5 Unequal component mobility 

A further factor not considered by Thompson and Korzhinskii is unequal component 

mobility. Both Thompson and Korzhinskii assumed that components were either 

mobile or inert. A mobile component is one which has its chemical potential 

controlled externally to the zone, for example by invariant assemblages at zone 
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boundaries. Therefore these species may diffuse through the pore fluid and form 

chemical potential gradient across the zone. An inert component is one that has its 

chemical potential controlled internally in the zone. For example, t(SiO2) would be 

fixed by the presence of quartz in a zone. There would, therefore, be no chemical 

potential gradient in this species across the zone. 

The effect of unequal component mobilities has been considered in more recent, 

quantitative models of bimetasomatic zone formation (Fisher, 1973; Joesten, 1977, 

1991; Frantz and Mao, 1976, 1979; Weare et al., 1976; Foster, 1981; Lichtner, 1985, 

Lichtener et al., 1986a, 1986b; Lebedeva et al., 1985, 1987; Balashov and Lebedeva, 

1991; Ruzicka, 1998; see appendix I). Notably, under such conditions, multiphase 

layers, with a lower assemblage variance, are commonly formed and are stable in the 

steady state. 

1.2.6 Conclusions 

From the theoretical work on bimetasomatism summarised above, it can be 

concluded that bimetasomatism will result in the growth of a bimetasomatic zone 

sequence. This will consist of a number of zones each with a relatively small 

number of mineral phases. Many may, in fact, be monomineralic or bimineralic 

although the sharpness of some zone edges may be smeared resulting in thin 'mixed' 

zones with a larger number of minerals. Minerals of variable composition will vary 

continuously across a zone and neighbouring zones will contain mineral 

assemblages, compatible at the PT conditions of their formation. Zones will grow 

outwards, away from the initial contact, at the expense of the reacting rock bodies. 

The position of the initial contact between the reacting bodies, in any given case, 

may start and remain at the same contact between two zones, or it may start at a 

contact and be overgrown by one or other adjacent zone. If this occurs, the initial 

contact will lie within that zone for the remaining duration of bimetasomatic zone 

growth. 
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Zones will parallel the line of the original contact between the two reacting bodies 

and will be of constant thickness along the entire length of the contact, assuming a 

planar geometry, if the bodies are homogeneous in composition and diffusion rates 

are spatially constant. It should be born in mind, however, that bimetasomatic zones 

are fundamentally disequilibrium phenomena. Zones are preserved in the act of 

growing or diminishing at the expense of other zones. In a bimetasomatic sequence, 

zones can be regarded as a record of those mineral phases that were saturated in the 

fluid at that point in the sequence when zone evolution ceases. In a multicomponent 

system, far from equilibrium overall and subject to inherent compositional variation, 

it is to be expected that both temporal and spatial impersistence will occur in some 

individual zones, leaving relics of previously stable minerals as the zone sequence 

develops. 

The products of diffusion controlled bimetasomatism are clearly very different to the 

metasomatic products that may result from infiltration. As has already been 

mentioned, infiltration is frequently vein controlled and, although the contact 

between two bodies may prove a preferential pathway for fluid flow, the infiltrating 

fluid is not confined by the geometry of the bodies. For example, for a roughly 

spherical block embedded in a matrix, bimetasomatism will produce concentric 

zones around the block whereas infiltration metasomatism is more likely to produce 

channelled reaction products affecting one side of the block more strongly than the 

other (see figure 1.1). 

1.3 Literature examples of bimetasomatic zoning 

There is a relatively large amount of literature describing bimetasomatic zoning 

dating from as early as 1934 (Read, 1934). These examples range from megascopic, 

out-crop sized zone sequences to microscopic mineral segregations where 

bimetasomatic zones form between a single mineral and the surrounding matrix 

minerals, such as in corona formation. Some examples relevant to the present study 

are summarised below. This review is intended to give an idea of the appearance, 

14 



Chapter 1: Project aims, theory and literature 

size and composition of megascopic reaction zones, and of how they depend on 

pressure, temperature and composition of the reactants. 

1.3.1 Contacts with ultramafic rocks 

Contacts between ultramafic bodies and rocks with a higher silica content, marked by 

zones of the products of reaction between the two rock compositions, were first 

recognised and described over half a century ago (Read, 1934). In most cases the 

ultramafic bodies would now be interpreted as the remnants of tectonically emplaced 

slices of sub-continental mantle or disrupted ophiolitic remnants now in regional 

metamorphic terrains. Examples come from a variety of locations including Unst, 

Shetland (Read, 1934; Curtis and Brown, 1969 & 1971); Kalskaret, South Norway 

(Carswell et al., 1974), the northern Appalachians, Vermont and Southern Quebec 

(Phillips and Hess, 1936; Brady, 1977; Jahns, 1967) and western New England 

(Sandford, 1982). Rock compositions in contact with the ultramafic include acid 

metsediments (Read, 1934; Curtis and Brown, 1969, 1971), pelites (Phillips and 

Hess, 1936, Brady 1977, Jahns, 1967), acid gneiss (Carswell et al., 1974), and mafic 

country rock (Sandford, 1982). Pressure-temperature conditions, or even estimates of 

these, are not always given; but where they are, the metamorphic grade appears to 

vary from greenschist to amphibolite facies conditions. 

The metasomatic reaction zone sequences described by Sandford (1982), formed 

between ultramafic rocks and more acidic country rocks from western New England 

under pressure-temperature conditions ranging from greenschist to amphibolite facies 

is given below in table 1.1. 
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UM assemblage I Tc + Carb I Tc I Ca-amph + Chi I Chl I Transitional CR I CR 

Table 1.1: Summary of zone sequences of Sandford (1982). CR = country rock, Transitional CR = 

country rock which has gained or lost components due to the metasomatism, ChI = chlorite, Ca-amph 

= calcic-amphibole, Tc = talc, Carb = carbonate, UM = ultramafic. The country rock is mafic with 

mineral assemblages: chlorite + epidote + actinolite + biotite + albite + calcite + sphene in the 

greenschist facies; chlorite + epidote + hornblende + biotite + albite + sphene in the epidote-

amphibolite facies; and hornblende + plagioclase + biotite + Fe-Ti oxides in the amphibolite facies. 

The ultramafic assemblage is antigorite in the greenschist and epidote-amphibolite facies and olivine + 

talc in the amphibolite facies. The calcic-amphibole is tremolite or actinolite in the greenschist and 

epidote amphibolite facies; and hornblende in the amphibolite facies, where the Ca-amphibole - 

chlorite zone is partly replaced by talc + anthophyllite. 

This metasomatic reaction zone sequence, described by Sandford (1982), is very 

similar, in the compositions and order of its zones, to the sequences described by 

Read (1934), Phillips and Hess (1936), Curtis and Brown (1969, 1971), Jahns (1967), 

Carswell et al. (1974) and Brady (1977), despite the variations in country rock 

composition. However, a monomineralic biotite/phlogopite zone does appear 

adjacent to 'transitional country rock' and 'chlorite' at higher temperatures in some 

sequences (Phillips and Hess, 1936; Carswell et al, 1974; Brady, 1977), and is not 

observed by Sandford (1982). This is possibly because of the differences in country 

rock composition. Because the country rock studied by Sandford (1982) was mafic 

rather than pelitic in composition, chlorite is a stable mineral in the country rock (at 

least up to epidote-amphibolite facies). Therefore the chlorite zone is of equivalent 

stability with respect to the country rock as the biotite is in cases of pelitic country 

rock (Carswell et al., 1974). Hence no biotite zone would be expected to form where 

the country rock is mafic. In agreement with the above explanation, a bimineralic 

hornblende-biotite zone was observed by Sandford (1982) in the reaction sequence 

between ultramafic and quartz-plagioclase-biotite rock. Therefore, variations in 

country-rock composition do effect the zone sequences formed, but mostly those 

zones that are close to the country rock itself. 
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The majority of variation in zone sequences observed appears to be dependent on the 

PT conditions. Carbonate is absent in some higher temperature sequences (Phillips 

and Hess, 1936), and anthophyllite appears instead of talc at higher temperatures 

(Phillips and Hess, 1936, Carswell et al., 1974). The mineralogy of the ultramafic 

also varies from antigorite in the greenschist and epidote-amphibolite facies to olivine 

+ talc in the amphibolite facies (Sandford, 1982). The calcic-amphibole varies with 

PT from tremolite or actinolite in the greenschist and epidote amphibolite facies, to 

hornblende in the amphibolite facies, where the 'Ca-amphibole + chlorite' zone is 

partly replaced by talc + anthophyllite (Sandford, 1982). 

The size of the bimetasomatic zones described in the examples referenced above, 

vary from less than 20 cm around veins carrying pore fluids derived from acidic 

gneiss into a peridotite body (Carswell et al, 1974), to around 13 in (Jahns, 1967). A 

common feature, however, is that the majority of this width is accounted for by the 

talc-bearing zones. In western New England (Sandford, 1982), for example, talc-

bearing zones vary from 2 in to 9 m while the remaining zones account for a total of 

only about 50 cm. Similarly, in Roxbury District, Vermont (Jahns, 1967), and Unst, 

Shetland (Read, 1934; Curtis and Brown, 1969), talc accounts for up to three-quarters 

of the total zone width between country rock and ultramafic. It is also notable that on 

Unst, Shetland, ultramafic bodies up to 2 m across were entirely converted to talc. 

Conclusions 

From the above discussion a number of things may be concluded. Firstly the zone 

sequence formed by bimetasomatic reaction is dependent on the pressure and 

temperature conditions, as would be expected; and secondly it is dependent on the 

composition of the silica-rich body in contact with the ultramafic material. This latter 

suggests that the blocks on Syros should be divided into compositional groups in 

order to study their metasomatic rinds. It is also clear that the zone sequences 

produced may be fairly wide, quite possibly over 10 in, and a large proportion of this 

is likely to be talc bearing. Because talc-bearing lithologies are soft, these wide talc 
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zones may easily be distorted and disrupted by any tectonic movement or by erosion. 

Most of the variation in zone sequence, however, and especially that caused by 

differing country-rock lithologies, occurs in the zones nearest the country rock. 

These are of more competent lithologies, and are therefore likely to be preserved 

better under a regime involving tectonic movement. 

1.3.2 Blueschist Terrains 

As can be deduced from the above summary, no detailed descriptions of 

bimetasomatic reaction zones from blueschist terrains have been recorded. Contacts 

between ultramafic and more silica-rich rocks in blueschist terrains, however, do 

occur in the form of blocks in an ultramafic matrix such as are observed on Syros. 

Examples of these are described from the Franciscan Complex and Santa Catalina 

Island in southern California (Coleman, 1961; Ernst, 1965; Coleman and Lanphere, 

1971; Moore, 1984; Cloos, 1986; Nelson, 1991; Bebout and Barton, 1993) and from 

both the Polar Urals and Pre-Balkhash (Dobretsov and Ponomareva, 1965). 

The blocks or 'knockers' of the Franciscan Complex and Santa Catalina Island, 

southern California, occur in both blueschist and amphibolite facies terrains as 

components of a melange. They have been described and discussed by Coleman 

(1961), Ernst (1965), Coleman and Lanphere (1971), Moore (1984), Cloos (1986) and 

Nelson (1991), and Sorensen and Barton (1987), Sorensen (1988), and Bebout and 

Barton (1993) respectively. 

In the blueschist terrain of the Franciscan Complex, the melange frequently takes the 

form of blocks in a former mud matrix, now metasediment. However, in some areas 

blocks occur in a serpentinite melange matrix and it is inferred (Ernst, 1965; Colman 

and Lanphere, 1971, Cloos, 1986) that blocks now within metasediment were also 

once in contact with serpentinite. 

W. 



Chapter 1: Project aims, theory and literature 

Coleman (1961) studied jadeite-bearing blocks in serpentinite in the New Idria 

district. He noted that many block-serpentinite contacts, especially around larger 

blocks are sheared and show little or no evidence of any reaction between the 

serpentinite and the block. Smaller jadeite bodies, however, Coleman (1961) noted to 

be zoned with cores of jadeite and border zones of pectolite, hydrogarnet, 

thompsonite and sphene adjacent to the serpentinite. This zoning form Na-Al cores to 

outer edges of lower silica and sodium content and increasing amounts of Ca-Mg 

silicates, Coleman (1961) attributes to reaction with fluid within the serpentinite and 

he describes the outer calc-silicate zones as 'rodingite-like'. 

Ernst (1965) notes rinds of talc, actinolite and chlorite round blocks of varying 

lithologies, including glaucophane-schist, in the Panoche Pass region. He also 

records pods of actinolitic material, similar to that of the block rinds, near contacts 

between serpentinite and country rock and attributes both rinds and pods to reaction 

between serpentinite and CaO-Si02-rich country rock and inclusions. Ernst (1965) 

also notes that the talc, actinolite and chlorite rinds wrap round the blocks and are 

discordant with internal structures, which is as expected from bimetasomatic rinds 

developed around melange blocks. 

Coleman and Lanphere (1971) note rinds of actinolite, chlorite and talc up to 45 cm 

thick around high-grade blueschist blocks in Oregon and California. The majority of 

these rinds have been removed by later deformation but, notably, many extend 

inwards following interior fractures and faults and replacing the blueschist mineral 

assemblages. 

Both Moore (1984) and Cloos (1986) describe rinds formed around high-grade 

blueschist blocks as being coarse-grained, containing actinolite ± chlorite ± talc ± 

rutile and up to a metre thick. However, an ordered sequence of zones is not, 

apparently, observed. 
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Moore (1984) gives the composition of the high-grade, glaucophane-rich, blueschist 

block she studied in the Franciscan Complex as: glaucophane + epidote + phengite + 

sphene + garnet + quartz + apatite, with some bands also containing actinolite. She 

notes a transitional zone in contact with the rind. This lacks actinolite and has relics 

of glaucophane and garnet partly altered to chlorite, phengite and rutile. Some 

portions are observed to be completely converted to chlorite, phengite and rutile. 

Moore (1984) attributes the rind formation to a 'first retrogressive event' and gives 

estimated temperature and pressure conditions as 300-350 °C and above 9 kb. This is 

contradicted by the later observations of Cloos (1986), who notes that the actinolite 

and chlorite are magnesium-rich and concludes that they were formed during 

interaction with serpentinized peridotites. He proposes that after the formation of the 

rinds, the blocks were eroded from the serpentinized matrix and deposited in their 

present position in the mud-matrix melange. He further notes that the lower-grade 

blueschist blocks within the melange rarely show any type of reaction zone rind and 

therefore no evidence of former association with serpentinite. Cloos gives estimates 

of 400-600 °C and 6-10 kb for the formation of the rinds on the high-grade 

blueschists blocks, which is the peak metamorphic temperature for the high-grade 

blueschist metamorphism. 

If the interpretation of Cloos (1986) is correct, then the rinds on these blocks may be 

closely comparable with those on Syros. The erosion and re-deposition of the blocks 

post peak-blueschist metamorphism will clearly have seriously disrupted the 

metasomatic rinds, which may explain the lack of mention of any talc-bearing zones 

since these are unlikely to survive such disruption. 

Nelson (1991) describes high-grade blueschist and eclogite blocks from the central 

belt of the Franciscan Complex. He notes that metasomatism has occurred under 

retrogressive lower blueschist conditions. This is associated with veining, but he also 

interprets actinolitic rinds around the eclogite blocks as having formed at this time. 

No detailed reasoning for this latter conclusion is, however, given. This lower 
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blueschist-grade metasomatism may be comparable to the 'first retrogressive event' 

of Moore (1984), although the PT conditions are clearly higher. 

The blueschist terrain of Santa Catalina Island contains both sediment-dominated and 

ultramafic-dominated melange zones. Metasomatic rinds around the blocks in the 

ultramafic-dominated melange are mentioned by Bebout and Barton (1993). No 

compositional details are given and no details of the timing of their formation are 

specified. The rinds are, however, clearly attributed to metasomatic exchange 

between the blocks and the enclosing melange matrix. 

The blocks from the amphibolite facies terrain on Santa Catalina Island, have 

estimated temperature and pressure conditions of 640 - 750 °C and 8 - 11 kb, and are 

described by Sorensen and Barton (1987), Sorensen (1988), Sorensen and Grossman 

(1989) and Bebout and Barton (1993). A brief description of the rinds of these blocks 

is included here because their genesis appears to be closely related to that of the 

blueschist blocks. As with the blueschist blocks, no monomineralic or bimineralic 

zones are described. Rinds are merely observed to be actinolite-rich containing 

magnesio-homblende, anthophyllite, talc, chlorite, white mica, quartz, rutile and other 

accessory phases. They are also noted to be between about 5 and 20 cm thick. The 

blocks lie within an ultramafic matrix and Sorensen and Grossman (1989) conclude 

that the metasomatic rinds are predominantly simple mixtures of components derived 

from the blocks and the ultramafic matrix. Some elements, such as K and Ba, appear 

to have been added to the system prior to, or during, rind formation. Sorensen and 

Grossman (1989) also conclude that Th, Rb and possibly also the LREE elements 

were added via an infiltrating metasomatic fluid. 

No outer talc-bearing zones around the blocks are noted in either the blueschist 

ultramafic melange or the amphibolite melange on Santa Catalina Island. However, 

this may be because the ultramafic matrix itself is talc-bearing (Sorensen and Barton; 

1987, Sorensen and Grossman, 1989; Bebout and Barton, 1993) in many areas so 

outer talc-bearing rinds will be indistinguishable from the matrix. The silica- 
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enrichment of the matrix, which has resulted in talc-bearing assemblages, is believed 

to be the result of large-scale Si-metasomatism with a metasedimentary fluid source 

(Bebout and Barton, 1989 & 1993; Bebout, 1991; see also chapter 2). 

In the Polar Urals, Dobretsov and Ponomareva (1965) observed bands of chlorite-

serpentine rocks and monomineralic actinolite at the edges of jadeite blocks in an 

ultramafic matrix. They also noted diopsidic jadeite, near the edges of the blocks, 

partially replaced by tremolite and chlorite. No clear and laterally continuous zone 

sequence is described and the authors conclude that the serpentinization and 

formation of actinolite occurred later than the albitization of the jadeite. No clear 

evidence is laid out to support this conclusion, however, and it is possible that the 

metasomatic features observed were produced under peak metamorphic conditions. 

In the Pre-Balkhash, Dobretsov and Ponomareva (1965), again observed chlorite-

serpentine and actinolite rocks as partial rinds round jadeite blocks enclosed in 

ultramafic. They observed a diopside-jadeite or chioromelanite fringe replacing 

jadeite around part of the block-matrix contact. The generalised zone sequence is 

given as: 

serpentine I chlorite + serpentine I actinolite ± vermiculite 

The vermiculite is attributed to weathering processes and the actinolite zone is noted 

not to be continuous around blocks. Where it is absent, the diopside-jadeite or 

chioromelanite fringe is observed. 

The authors state that this zone sequence is due 'obviously' to low temperature 

processes later than the formation of jadeite, possibly because chlorite and actinolite 

are key minerals in greenschist facies rocks, but the reasoning behind this statement is 

not given. The thin and discontinuous nature of the actinolite zone would seem to 

indicate that it is not part of a simple bimetasomatic zone sequence. It may be 

comparable to the retrogressive actinolitic rinds observed by Nelson (1991) in the 

Franciscan Complex, but from the information presented by Dobretsov and 
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Ponomareva (1965) it is impossible to draw any conclusion. The possibility of late 

tectonism disrupting the actinolite zone, for example, cannot be ruled out. 

Conclusions 

From the above summary, it is clear, that metasomatic rinds around blocks in 

blueschist and related amphiolite facies terrains have not been systematically studied. 

However, they have been noted by a number of authors and appear to consist largely 

of chlorite, actinolite and talc. 

Interpretations disagree as to the timing of the metasomatic rind development. Some 

authors conclude that the processes have occurred during peak metamorphic 

conditions (Cloos, 1986; Sorensen and Barton, 1987; Sorensen and Grossman, 1989), 

while others favour a later, retrogressive origin (Dobretsov and Ponomareva, 1965; 

Moore, 1984; Nelson, 1991), although, of these, both Moore (1984) and Nelson 

(1991) suggest PT ranges still within the blueschist facies. One possible explanation, 

which clearly must be considered, is that the rinds may be a combination of peak 

metamorphic and retrogressive metasomatism. 

The most detailed discussion of the mechanisms of rind formation is given by 

Sorensen and Grossman (1989) who conclude that the rinds are predominantly the 

product of bimetasomatism, but have had some components added from an external 

source, at least partly by an infiltrating fluid phase. Some component of 

bimetasomatism is also concluded by Coleman (1961), Ernst (1965), Bebout and 

Barton (1993), Sorensen (1988) and Cloos (1986). It is also implicit in the 

descriptions of Moore (1984) and Dobretsov and Ponomareva (1965). Similarly, 

although Nelson (1991) does not explicitly conclude that the actinoltic rinds he 

observed are the products of infiltration metasomatism, his association of the rinds 

with an episode of veining implies that they are not the result of closed system, pure 

bimetasomatism. Sorensen (1988) also classifies the formation of rinds in the Santa 

Catalina amphibolite facies melange as a fluid-controlled effect implying a possible 
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component of infiltration metasomatism. It appears, therefore, that the metasomatic 

rinds in the Franciscan Complex and on Santa Catalina Island may well be of mixed 

bimetasomatic and infiltration origin. 

It is clear from this brief review that little is really known about the mechanism of 

metasomatic rind formation in a subduction-terrain metamorphic melange. Study of 

the serpentinite melange unit on Syros was undertaken with the aim of clarifying 

these mechanisms and thus furthering our understanding of fluid processes in 

subduction complexes. 
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Chapter 2. Geology of the study area 

2.1 Introduction 

The island of Syros lies in the Aegean Sea 150 km south-east of the Athenian port of 

Piraeus (figure 2.1). The island is one of the Cyclades and is roughly 17 km long and 

a maximum of 11 km wide, with the main town of Ermoupolis situated on the east 

coast. The north of the island is steeply hilly and sparsely populated with generally 

good geological exposure. The south is less rugged and more densely populated. 

Geological exposure is more variable in the south but still good in many areas, 

especially around much of the coast, and inland on higher ground. 

The following chapter contains a brief summary of the geology of the Aegean 

Region, which includes the island of Syros. This is intended as a background to the 

project and is followed by a more lengthy description of the geology of Syros, based 

on the work of previous authors who are referenced where appropriate. The chapter 

also contains a summary of the proposed mechanisms of formation of the 

serpentinite melange unit, which contains the metasomatically altered blocks that are 

the subject of this study. 

For any study of metasomatic alteration, it is important to know the nature of the 

rocks prior to metasomatism in order to be able to deduce the effects of the 

metasomatic alteration. It is also important to know if the metasomatism took place 

in a relatively static or a deforming environment and what features may be attributed 

to post-metasomatic episodes. Knowledge of the metamorphic history of the area, 

including its structure, deformation and pressure-temperature-time (PTt) paths is 

therefore important and discussion of these is included in the summary of the 

geology of Syros. 

Information on the nature of fluid present in the rocks is also important in two 

aspects. Firstly the quantity and movement of the fluid are of interest. For purely 

bimetasomatic alteration, a stationary fluid is required or one moving at right angles 
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to component diffusion (Thompson, 1959; Korzhinskii, 1970). If fluid movement 

does not fall into these categories, then pure bimetasomatism will not occur. 

Infiltration, however, requires fluid movement, and the extent of its metasomatic 

influence on the rock is dependent on the quantity of the fluid and the pervasive, or 

channelled, nature of its flow. 

The second important aspect of the fluid is its composition. The composition of an 

infiltrating fluid will clearly affect the metasomatic products. The activity of 

different components, including water, in the fluid will also effect the metasomatic 

products (see chapter 9). Therefore information on fluids in the rocks from Syros, is 

important to the study of metasomatism within the serpentinite melange and is 

included within the summary of previous work. 

2.2 Geology of the Aegean Region 

The rocks of the Cyclades are part of the Attic-Cycladic Crystalline Complex (figure 

2.1) of the Median Aegean Crystalline Belt. The Attic-Cycladic Crystalline 

Complex consists of two main tectonic units, the Lower Unit and the Upper Unit, 

which were thrust over an older Hercynian basement. Basement rocks are exposed 

on los and possibly on Sikinos, Naxos and Andros (Jansen and Schuiling, 1976; van 

der Maar, 1980; Henjes-Kunst and Kreuzer, 1982; van der Maar and Jansen, 1983; 

Schliestedt etal., 1987). The rocks consist of fine-grained gneiss, augen gneiss and 

schist. They are affected by later metamorphic events but show relics of an earlier 

amphibolite facies metamorphism. This amphibolite facies metamorphism has been 

dated on los, by U-Pb on zircon and Rb-Sr on muscovite, to between 305 and 288 

Ma before present (Henjes-Kunst and Kreuzer, 1982). Lineations in these basement 

rocks parallel those in the overlying blueschists, implying that the overthrusting of 

the blueschist unit occurred pre or syn high- pressure blueschist facies 

metamorphism (van der Maar, 1980). 

IN 
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The lower of the two overthrust tectonic units, the Lower Unit, contains the Cycladic 

blueschist belt of which the island of Syros forms part. It is an allochthonous thrust 

sheet emplaced on the Hercynian basement and is formed of a stacked sequence of 

thrust sheets in which remnants of a pre-Alpidic Variscan basement have been 

recorded. On top of this pre-Alpidic basement, a sequence of shallow-water or near-

shore marine carbonates and psammitic to pelitic siliciclastic sediments, with minor 

intercalations of Fe-Mg-rich cherts, were deposited in a continental-margin 

environment in Permian to Mesozoic times. For a review see Okrusch and Bröcker 

(1990). Contemporaneous volcanic activity produced basalts of alkaline, MORB 

(mid-ocean ridge basalt) and IAT (island-arc tholeiite) character as well as minor 

andesites and rhyolites. The pre-Alpidic basement and the overlying volcano-

sedimentary sequence underwent high-pressure, low-temperature metamorphism, 

sometime before the late Eocene. Cooling ages for this event, between about 40 and 

45 Ma, have been recorded by Schliestedt et al. (1987), Maluski et al. (1987), 

Wijbrans and McDougall (1988), Wijbrans et al. (1990), and Bröcker et al. (1993). 

Ballhaus et al. (1999), however, suggest a Cretaceous age for the metamorphism, 

based on Triassic single-zircon deposition ages of 220-240 Ma from the sedimentary 

succession on Syros. 

The high-pressure, low-temperature metamorphism is believed to be the result of 

subduction of a mesozoic oceanic tract which was probably connected to the Pindos 

basin of mainland Greece (the Pindos ocean basin sensu lato). This may have 

involved the underthrusting of the Apulian plate beneath the Pelagonian continental 

margin but the direction of subduction is by no means certain (Dewey et al, 1973; 

Bonnau, 1984; Papanikolau, 1987; Maluski et al. 1987; Jones and Robertson, 1991). 

Robertson and Dixon (1984) also infer that the colliding microplate may have been a 

separate fragment in the Cycladic region, unconnected to the Pelagonian continent. 

The high-pressure metamorphism is associated with an intense deformation event 

referred to in the literature as Ml. This has, associated with it, several phases of 

isoclinal folding and the development of a pronounced layer-parallel foliation 
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throughout the massif. Metamorphic grade increases towards the south-east from 

pumpellyite-lawsonite bearing rocks at Ossa, near Mount Olympus, to glaucophane-

lawsonite bearing rocks in Evvia, eastern Greece, to glaucophane-garnet-pyroxene 

bearing rocks in the Cyclades. The highest-grade blueschist assemblages occur in a 

north-east trending belt which runs through the islands of Milos, Sifnos, Syros and 

Tinos. Pressure-temperature conditions here are estimated at 14 to 19 kb and 450-

500°C (Dixon, 1969; Kornprobst et al, 1979; Ridley, 1982; Schliestedt, 1986; 

Matthews and Schliestedt 1984; Schliestedt et al., 1987), in contrast to the estimated 

PT conditions for Evvia of 8 kb and 320°C. Blueschists on the islands south of 

the high grade axis, such as los and Sikinos, are of slightly lower grade again with 

PT estimates at 9-11 kb and 350-400°C (van der Maar, 1980; van der Maar et al., 

1983). 

In the early Miocene, the high-pressure rocks were variably overprinted by medium-

pressure metamorphism, ranging in grade from the greenschist to the amphibolite 

facies (figure 2.1). This event is dated between 30 and 20 Ma on Sifnos and Tinos 

(Altherr et al., 1979; Wijbrans et al., 1990; Bröcker et al., 1993; Schliestedt et al, 

1987) and 25-11 Ma on Naxos (Andriessen et al.,1979; Wijbrans and McDougall, 

1988), where Andriessen et al. (1979) conclude that the younger dates are due to a 

prolonged cooling history. 

This medium pressure metamorphic event is referred to in the literature as M2. 

There is some debate as to whether it is associated with essentially isothermal uplift 

of the terrain from blueschist facies pressures and temperatures; whether cooling 

occurred to below 350°C followed by a thermal pulse resulting in greenschist 

overprinting; or whether there were in fact two separate greenschist phases (Ridley, 

1982; Matthews and Schliestedt, 1984; Wijbrans et al., 1990; Bröcker et al., 1993). 

It is, however, generally agreed that the greenschist overprint is associated with a 

fluid infiltration event (Schliestedt and Matthews, 1987; Schliestedt et al, 1987; Barr, 

1989; Bröcker, 1990; Bröcker et al., 1993; Bond, 1999). Regional PT conditions are 
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estimated at 5-8 kb and 400-500°C (Brown, 1977; Reinecke, 1982; Schliestedt et al, 

1987; Barr, 1989; Bröcker et al., 1993), although Schliestedt and Matthews (1987) 

estimate a pressure of 8-10 kb on Sifnos, and a local thermal dome reaching 700°C 

and upper amphibolite facies occurred on Naxos (Jansen and Schuiling, 1976). The 

greenschistiamphi boll te overprint is most strongly developed on Paros and Naxos, 

immediately south of the north-east trending belt of highest blueschist grade. 

Intrusion of granitoids (figure 2.1) occurred in the Miocene shortly after the 

culmination of the M2, greenschist facies metamorphic event and the two may be 

linked if the greenschist overprint resulted from a thermal pulse, as has been 

suggested by some authors (above). The intrusion of these granitoids produced 

contact aureoles, with contact metamorphic temperatures estimated at 520-550°C on 

Tinos (Bröcker et al., 1993). Metasomatic skarns also developed in some areas 

(Salemink, 1987). It has been postulated by Bröcker et al. (1993), from work on 

Tinos, that a second greenschist metamorphism may be related to the onset of this 

igneous activity, but this has not been observed elsewhere. There are regional 

variations in the composition of the intrusions from granitoids on Seriphos in the 

west, to granites and leucogranites on Naxos, Mykonos and Tinos in the central 

Cyclades, and monzonites on Samos and Kos in the east (Schliestedt et al, 1987). 

Dating of these granitoids has produced estimates of age ranging from 10 to 21 Ma 

(Andriessen et al., 1979; Mezger et al., 1985; Schliestedt et al., 1987; Henjes-Kunst 

et al., 1988; Bröckeretal., 1993). 

The Upper Unit of the Attic-Cycladic Crystalline Complex, which also appears as the 

uppermost unit of the Cretan nappe pile in the external Hellenides, is composed of an 

ophiolite melange at the base and isolated remnants of an ophiolite nappe on top 

(Schliestedt et al., 1987, Seck et al., 1996 and references therein). These ophiolites 

are thought to be of Jurassic age (Seidel et al., 198 1) and important components of 

the underlying melange are Permo-Triassic limestones, greenschists of unknown age, 

and crystalline slices of low-pressure, high-temperature metamorphic rocks and 
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granitic intrusions, both dated as Late Cretaceous (Seidel et al., 1981, op. cit.). This 

unit was originally thought to be a far travelled allochthonous nappe; but it is now 

believed to have been originally at a higher level of the structural pile and to have 

been emplaced adjacent to the lower, blueschist unit, by extensional collapse (e.g. 

Ridley, 1982). The date of this emplacement is thought to be the end of the Miocene 

(Schliestedt et al., 1987 and references therein). 

2.3 Geology of Syros 

Early work on Syros was largely concentrated on the petrology, including the first 

description of glaucophane by Hausmann (1845). A summary of this early work is 

given by Dixon (1969). In the last 30 years, a considerable amount of work has been 

undertaken on Syros. Dixon (1969) mapped the north of the island and gave detailed 

descriptions of the mineralogy, petrology and metamorphism of the belt of 

serpentinite and meta-igneous rocks (the 'gneiss-serpentinite belt') which runs across 

the north of the island. 

Ridley (1982) produced a detailed 1:10,000 geological map of the island. He studied 

the structure and metamorphic development of the blueschist rocks and developed a 

structural and deformation history for Syros (see also Ridley 1984b, 1984c). He also 

used deformation fabrics and mineralogy to model PTt paths, for different levels of 

the structural pile, consistent with a subduction regime. Further work on the 

mineralogy of the metabasite rocks was also carried out by Ridley (1984a) and 

Ridley and Dixon (1984). 

Fluid-rock interaction during blueschist and later greenschist facies metamorphism 

was studied by Barr (1989). She determined the fluid compositions in equilibrium 

with blueschist assemblages in metasediments by comparison of petrographic data 

from equilibrium assemblages, and petrographic grids developed from the internally 

consistent data set of Holland and Powell (1985). She also performed stable isotope 
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studies on schist and marble, and fluid inclusion studies on quartz minerals and 

segregations and on garnets. 

Seek et al. (1996) studied the chemistry and origin of the metagabbros within the 

gneiss-serpentinite belt in the north of the island. They used bulk chemical analysis 

and mineral chemical analysis and also conducted isotope studies. 

Bloor (1998) studied the genesis and distribution of Ca-Al silicates on Syros, 

predominantly the development of lawsonite in areas of the northern 

metasedimentary greyschist. His study also includes a detailed deformation history 

for the northern greyschists, and conclusions on the nature of the fluid during 

blueschist deformation. 

Bond (1999) studied the tectonic and fluid infiltration processes associated with the 

greenschist facies overprint and exhumation of the Syros rocks. She combined field 

observations with petrographic, geochemical and stable isotope studies to document 

fluid pathways and their relationship to deformation partitioning and lithological 

variations. 

A number of studies by other authors have included mention of Syros. For example 

Blake et al. (1981), Schliestedt et al. (1987) and Putlitz (2000), and Hecht (1984) 

who produced a 1:50,000 geological map of Syros for the Greek geological survey 

(I.G.M.E.), incorporating Dixon's (1969) mapping of the north of the island. 

The following description of the geology of Syros is largely based on the works of 

the above authors and others, which are referenced where appropriate. As outlined in 

the introduction to this chapter, it is intended as a framework in which to evaluate 

data on the metasomatism in the serpentinite melange. 
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2.3.1 Structure 

A large part of the island of Syros (figure 2.2) is formed by a north- to north-east-

dipping succession of polymetamorphic schists and marbles and is part of the Lower 

Unit of the Attic-Cycladic Crystalline Complex. The thickness of this schist and 

marble succession is believed to be due to repetition by pre-metamorphic thrusting 

in a north or north-west direction (Ridley, 1982; Dixon & Ridley, 1987) and the unit 

is thought originally to have been a stacked continental margin sequence. The 

schists are predominantly pelitic, occasionally psammitic (Dixon and Ridley, 1987). 

Minor intercalations of calcite- and/or dolomite-bearing schists, quartzites, 

metaconglomerates, and metabasites occur. Calcite marbles predominate, but minor 

intercalations of dolomite marble also occur. 

A main, autochthonous, structural unit composed of a coherent lithological 

succession can be traced from the southernmost peninsular of Mavra Vounakia up 

section to the north coast of the island. In the south, the unit is mainly composed of 

schist, including quartz-rich units, while in the north, quartz-rich units are scarcer, 

and marble is predominant. This change from schist to marble is thought to be a 

continental margin sequence with more proximal deposits represented by the units in 

the south (Bloor, 1998). 

The northern part of the section also contains an association of metagabbros, 

eclogites, glaucophanites, jadeite rocks and ultramafics, which forms a separate 

lithostratigraphic or tectonic unit. This was mapped in detail by Dixon (1969), who 

referred to it as the 'gneiss-serpentinite belt', and has been interpreted as a 

metamorphosed trench melange or a meta-olistostrome, probably derived from a 

disrupted ophiolite (Dixon & Ridley, 1987). Blake et al. (1981) came to similar 

conclusions. However, an alternative origin is given by Ballhaus et al. (1999) who 

propose that the gniess-serpentinite belt, or metabasite-serpentinite unit, is a tectonic 

melange marking the trace of a major thrust fault in the subduction plate. The 

proposed origins are discussed in more detail later (section 2.4). 
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Figure 2.2: Simplified geological map of Syros, after Ridley (1982). 
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A number of smaller structurally discordant units are also mapped by Ridley (1982) 

(figure 2.3). These are separated from the main unit by late, low angle, faults. The 

exception is the Galissas fault zone in the south-west, which separates the peninsulas 

of Khirassou and Kefalos from the main unit and has a complex internal structure. 

Numerous minor faults also occur, breaking up each unit into fault blocks. The 

Ermoupolis-Kouroupi unit in the east, the Pordhika unit in the south-east, the 

Volakos unit and smaller outliers in the centre of the island, and the Messaria and 

Khirassou-Kefalos units in the west all show similarities to the upper, northern, 

section of the main autochthonous unit. The Khirassou and Kefalos peninsulas and 

the Volakos and Messaria units have a high proportion of marble to schist. This is 

comparable to the upper section of the autochthonous unit. The Ermoupolis-

Kouroupi unit and the Pordhika unit are composed almost entirely of metabasites and 

slices of serpentinite melange or its metasomatic derivatives. These also occur in the 

Khirassou-Kefalos, Messaria and Volakos units and, in the autochthonous unit, are 

only found in the upper section. Ridley (1982) therefore proposed that these 

allochthonous blocks were down-faulted to their present position from higher in the 

structural pile with the timing of the faulting being post metamorphic. The amount 

of down-faulting is clearly variable, with the Ermoupolis-Kouroupi unit essentially at 

the same structural level as the gneiss-serpentinite belt of the main autochthonous 

unit, while the location of the Pordhika unit requires considerable down-faulting. 

The Azolimnos gneisses and the Vari chioritic schists are separated from the 

underlying main autochthonous unit by a low angle fault, with the Azolimnos 

gneisses overlying the Vari chioritic schists. The Vari schists are uniform in 

appearance and contain chlorite-epidote-quartz-albite-bearing assemblages. The 

Azolimnos gneisses are predominantly quartzose rocks, interpreted as granite derived 

augen-gneiss (Maluski et al., 1987). The contact between the Azolimnos gneisses 

and the underlying Vari schist is tectonic. 
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Ridley (1982) deduced a metamorphic history for the Azolimnos gneisses and the 

Vari schists, which is distinctly different from that of the main autochthonous unit 

and the other allochthonous units on Syros. Because of this difference in 

metamorphic histories, Ridley (1982) proposed that the Vari schists and Azolimnos 

gneisses are down-faulted units from levels of the syn-metamorphic structural pile 

above the upper level preserved in the main autochthonous unit. There is, in fact, 

some debate as to whether the units form part of the Lower Unit or the Upper Unit of 

the Attic-Cycladic Crystalline Complex. Ridley (1984b) and Maluski et al. (1987) 

both suggest that these two units derive from the hanging wall of the thrust or 

convergence zone in which the blueschist metamorphism took place, and thus place 

them in the Upper Unit. Tomaschek and Balihaus (1999), however, suggest a 

metamorphic history for the Van Unit' closer to that of the main autochthonous unit 

of Syros, and conclude it to be an integral part of the Lower Unit. In either case, the 

Vari schists and Azolimnos gneisses are interpreted as originating from higher up the 

structural pile than the other units on Syros including those that contain outcrops of 

the serpentinite melange which is the subject of the present study. The geological 

history of these units is therefore unrelated to that of the serpentinite melange, and 

these units will not be considered further. 

Conclusions 

From the above description it can be concluded that, although serpentinite melange 

units outcrop in more than one locality on Syros, they appear to represent the same 

stratigraphic level in the structural pile. The down-faulting event that displaced them 

to their present positions is apparently post-metamorphic. Therefore, the 

metamorphic history of all the serpentinite melange units outcropping on Syros is 

predicted to be similar. 

'The Vari Unit referred to by Tomaschek and Ballhaus (1999), and also by Maluski et al. (1987), 
appears to include both the Vari schist and the Azolimnos gneisses. 
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2.3.2 PTt history 

The metamorphic sequence on Syros, especially in the northern part of the island, 

provides well-preserved mineral assemblages reflecting a high-pressure blueschist 

metamorphic event, which is correlated with the regional metamorphic event Ml. 

Dixon (1969) showed that jadeite-quartz and zoi site-paragonite-quartz assemblages 

with lawsonite but no lawsonite-jadeite assemblages give an estimate of conditions at 

the peak of metamorphism of 450°C and 500°C at greater than 14 kb (figure 2.4). 

Ridley (1982) shows that Holland's (1979) determination of the equilibrium 

paragonite = omphacite + kyanite + quartz, and the absence of kyanite on Syros, 

limits the peak metamorphic pressure to below 19 kb (figure 2.4). 

High pressure blueschist minerals from Naxos, Sifnos and Tinos have been dated by 

Rb-Sr, K-Ar and Ar-Ar and give ages between 40 and 48 Ma (Andriessen et 

al., 1979; Altherr et al., 1979; Wijbrans et al., 1990; Bröcker et al., 1993). Argon-

argon dates on white micas from Syros (Maluski et al. 1987) give ages in the range 

37 to 53 Ma while earlier glaucophane crystallisation is suggested as between 117 

and 53 Ma (see also section 2.3.3). If the dates around 45 Ma are recrystallisation 

ages, as Ridley (1982) believes, then they date the high-pressure blueschist event to 

the Mid-Eocene. 

Assuming that the blueschists were produced during a subduction episode, as seems 

probable, Ridley (1982) used deformation fabrics and mineralogy to model PTt paths 

for different levels in the structural pile exposed on Syros. His results are given in 

figure 2.5, and show a prograde path of increasing pressure and temperature. 

Isostatic uplift, beginning about 5-10 Ma after final closure of the inferred basin, 

results in practically isothermal decompression to as low as 3-5 kb. This implies 

that, if the Rb-Sr, K-Ar and Ar-Ar ages of 40 to 48 Ma are cooling ages not 

recrystallisation ages, the peak of the blueschist metamorphism must have occurred 

considerably before the Mid-Eocene. Ridley (1982) estimates that, in this case, the 
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Figure 2.4: Calculated equilibria defining the peak PT conditions for the Syros blueschists, after Barr 
(1989). All equilibria calculated using thermocalc and the dataset of Holland and Powell (1985). 
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TC 

Figure 2.5: PTt paths for the top and base of the Syros metamorphic pile, after Ridley (1982). This 
good fit' model involves thrusting along a 15° thrust plane at about 8 cm/yr, 5-8 Ma of 'subcretion', 

and 5-8 Ma of static residence before isostatic uplift. Shear heating equivalent to shear stress of 300-
500 bars. The dates give the time after the cessation of deformation for that point on the PTt path to be 
reached. 
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peak of metamorphism would be about 20 Ma earlier, at the Cretaceous-Tertiary 

boundary. This is more in line with the Cretaceous age, recently estimated by 

Balihaus et al. (1999), on the basis of Lower-Triassic deposition ages. 

The blueschist mineralogy of Syros is overprinted to varying degrees by a later 

greenschist metamorphism that results in the growth of chlorite, albite, epidote and 

hornblende. This greenschist overprint corresponds to the regional M2 event. It is 

thought to be the result of a fluid infiltration episode during a period of isobaric 

cooling following blueschist metamorphism (Ridley, 1982) and Barr (1989) 

estimates PT conditions of 5-8 kb and 400-500°C. Early Miocene dates of 30-20 Ma 

are obtained from Sifnos and Tinos for the medium-pressure greenschist 

metamorphic event (Altherr et al., 1979; Wijbrans et al., 1990; Bröcker et al., 1993; 

Schliestedt et al., 1987) and are probably also applicable to Syros. From the PTt 

models of Ridley (1982), Barr (1989) calculated that the duration of PT in the range 

she estimates for the greenshcist facies overprint event was 10-15 Ma. 

The overall PTt path proposed for Syros (figure 2.5) is comparable with the PTt 

paths deduced for Sifnos and Tinos (Matthews and Schliestedt, 1984; Bröcker et al., 

1993), although Wijbrans et al. (1990) proposes a more complicated PTt path for 

Sifnos (figure 2.6) with post peak metamorphic cooling to below 350°C at around 8 

kb, followed by heating, to around 450°C at 5 kb, resulting in the greenschist 

overprint event. 

The greenschist overprint is strong in the south of the island, in the lower parts of the 

main autochthonous unit. Consequently high-pressure relics in much of this region 

are scarce (Dixon & Ridley, 1987). In the upper parts of the metamorphic sequence, 

the greenschist overprint is only locally recorded and it appears to be strongly vein-

controlled (Bond, 1999) although there are restricted zones of localised extensional 

ductile deformation with greenschist minerals developed. However, in the north of 

the island, in general, blueschist assemblages are well preserved. 
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Figure 2.6: PT diagram for Sifnos after Wijbrans et al. (1990). I: the isotehrmal transition model of 
Schliestedt and Matthews (1987), II: the modified PT loop of Wijbrans et al. (1990) with a separate 

greenschist pulse at ca 19 Ma; a: the effect of the greenschist pulse on rocks of the blueschist unit, b: 

the effect of the greenschist pulse on rocks of the blueschist-greenschist transition zone. 
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Conclusions 

It can be concluded from the above, that peak metamorphic conditions affecting the 

serpentinite melange and surrounding units were —15 kb and 450-500°C. Peak 

metamorphism was followed by practically isothermal decompression with a 

greenschist overprinting event occurring at around 5-8 kb. This greenschist event 

was fluid controlled and therefore did not occur homogeneously across the island. 

Its occurrence in the north is very patchy in comparison to the south of the island 

where breakdown of blueschist minerals is frequently complete. Therefore, 

preservation of high-pressure blueschist assemblages, which appear to include the 

majority of the metasomatic alteration in the serpentinite melange (chapter 1), will be 

better in the north of the island. Minor greenschist retrogression may, however, 

occur in places, and should always be considered in analyses of mineral assemblages. 

2.3.3 Deformation history 

Ridley (1982) compiled a deformation history of Syros through study of rock fabrics 

and textures, including schistosity, folding and lineations. He concluded that a single 

high strain phase of deformation could account for the high-grade blueschist textures 

observed (see also Ridley 1984c) with a later low strain event producing north-east 

trending open folds (figure 2.3) which do not significantly alter the high-strain fabric. 

Bloor (1998) studied the deformation of the greyschist units in the north of Syros and 

concluded that there were two phases to the high-strain event which are separated by 

an important phase of quartz-bearing vein infiltration associated with lawsonite 

porphyroblast development. The first stage he associates with subduction within a 

down-going slab, the second with transfer of the entire sequence onto the hanging 

wall by underplating. 

The first stage of the high strain event involved layer parallel simple shear, which 

caused layer parallel flattening and the formation of a schistosity, which Bloor 
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(1998) labelled 'Si'. The schistosity is parallel to compositional banding which is 

thought to be at least partly due to original sedimentary quartz-rich and mica-rich 

layering (Ridley, 1982). Ridley also noted this early schistosity in his study of the 

rest of the island. However, he came to no definite conclusion as to its origin, 

believing that it may have been due to an earlier deformation event, or an early stage 

of the high strain event as concluded by Bloor (1998). The flattening results in some 

areas of boudinage, and occasional local folding may have occurred during this stage 

due to heterogeneities in the rock fabric such as quartz veins. However, in general 

the first stage of the high strain event does not involve folding (Bloor, 1998). 

Maluski et al. (1987) suggest an age somewhere between 117 and 53 Ma for this Si 

event, based on Ar-Ar dating of glaucophane. 

The second stage of the high-strain deformation event, which is the main high-strain 

phase of deformation of Ridley (1982), comprises constantly directed simple shear, 

with a superimposed north-south dextral wrench shear component. The wrench 

shear component causes rotation of lineations. These are negligible in the east but 

larger in the west and wrench shear was particularly strong in the west above the 

gneiss-serpentinite belt and in the far south-west. 

The second stage of the high-strain deformation event has resulted in abundant tight 

to isoclinal folding on a millimetre to kilometre scale. This folding is the result of 

buckling of the earlier, Si, schistosity during a process of south-east directed ductile 

thrusting. The intensity of this second stage varies greatly across relatively small, 

kilometre sized, areas. In some areas Bloor (1998) notes that a schistosity, S2, 

formed by this second stage of deformation, largely obliterates the earlier Si fabric. 

Fold nucleation during this second phase is assumed to have been spatially and 

temporally dependent on heterogeneities in the rock, and therefore to appear random. 

This explains the variation in fold tightness and occasional re-folding of folds 

(Ridley, 1982). Maluski et al. (1987) suggest that their Ar-Ar white mica ages of 37 

to 53 Ma apply to this S2 event. 
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Syn-metamorphic faulting was noted by Ridley (1982) to occur in schist units 

frequently just below the base of a marble unit and is associated by Bloor (1998) 

with the second stage of the high-strain event. The thrust fault which locally marks 

the base of the gneiss-serpentinite belt (Dixon, 1969; Ridley, 1982) is also syn-

metamorphic and appears to be a late movement in the blueschist structural 

development. 

Both Ridley (1982) and Bloor (1998) note boudinage in some areas, which they 

attribute to deformation processes during simple shear acting on a relatively 

heterogeneous lithology. Extensional fabrics, which appear to have formed under 

blueschist conditions, were also noted by Dixon (1969) in the gneiss-serpentinite belt 

and by Bloor (1998) in the northern greyschist. Bond (1999) correlates these, with a 

phase of east-west layer parallel extension that lasted from peak metamorphic 

conditions through to the greenschist facies. Bond (1999) documents evidence for 

this extensional phase in the north of the island, where Dixon (1969) and Bloor 

(1998) noted late blueschist boudinage, and noted that extensional deformation 

associated with greenschist facies is dominated by fracturing and extensional veins. 

In the south of the island, Bond (1999) notes that both ductile deformation and veins 

are observed associated with greenschist-facies retrogression, as well as static, 

mimetic, overprinting of blueschist minerals described by Ridley (1982) and Barr 

(1989). Ridley (1982) also noted instances of syn-greenschist deformation that may 

be correlated with the continuous extensional regime documented by Bond (1999). 

The low strain event which resulted in the east-west trending open folds (figure 2.3) 

occurred after the cessation of the high-strain event but before the episode of faulting 

which is believed to have down-faulted the allochthonous units on Syros to their 

present locations relative to the main autochthonous unit (Ridley, 1982). It is not 

clear how this open folding is related in time to the extensional deformation but it 

may be a reflection of the large-scale duplex formation. Bond (1999) demonstrated a 

continuum of east-west extensional deformation through to the brittle field, 

characterised by north-south fractures with retrogressive haloes. Her work suggests 
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that deformation was continuous, although of varying intensity, throughout the 

ductile history of the rocks, rather than consisting of discrete episodes as suggested 

by the work of Ridley (1982) 

Lineations in the schist stratigraphically above and below the gneiss-serpentinite belt, 

in the main autochthonous unit in the north of the island, are observed not to match 

(Ridley, 1982). The metagabbroic gneiss, itself, had a high rigidity during 

deformation (Ridley, 1982) and it often lacks penetrative microfabric and small-scale 

folds. However, some areas of metagabbro do contain a deformation fabric. The 

textures suggest that the rocks were actively deforming throughout the interval of 

metamorphic history preserved and the deformation fabric is the result of folding of a 

fine-grained polygonal fabric formed by early intense penetrative strain. These areas 

show greatest intensity of folding away from the serpentinite horizons and abrupt 

changes in lineation orientation across them. These observations lead Ridley (1982) 

to conclude that the serpentinite horizons acted as mechanical discontinuities during 

the bulk of deformation. Bond (1999) also concluded from study of the gneiss-

serpentinite belt that the serpentinite acted as a detachment during deformation. 

Tectonic breaks in the greyschist above the gneiss-serpentinite belt are marked by 

metasomatic products associated with serpentinite and are thought to relate to the 

position of former serpentinite bands (Ridley, 1982; Bloor, 1998). Below the gneiss-

serpentinite belt, changes in lineation orientation, cause by the wrench shear 

component, occur much less abruptly. This is due to the more uniform schist-marble 

sequence lacking obvious internal detachment horizons. 

The post metamorphic faulting, which appears to have caused the displacement of 

the allochthonous units from the main autochthonous unit on Syros (figure 2.3), has a 

general NW-SE trend. Faults are listric and normal with a possible strike-slip 

component (Dixon, 1969; Ridley, 1982). Major high angle faults cut major lower 

angle, sub-horizontal faults. Some smaller fault 'swarms' with offsets of less than 10 

m appear to be antithetic on the larger listric faults. Smaller faults, however, have a 
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constant NW-SE trend over the whole island, which is inconsistent with an origin as 

antithetic faults. 

The Galissas fault zone (figure 2.3) is also a post-metamorphic structure but it 

differs from the other major faults on the island. It trends N-S and appears to have 

experienced a larger amount of strike-slip displacement. Its surface appears sub-

vertical although Ridley (1982) observes that its full shape may be listric. 

The late extensional faulting on Syros is consistent with proposed models for the 

Pliocene and Pleistocene evolution of the central Aegean which include two 

extensional episodes since the Miocene. 

Conclusions 

In general terms there was effectively continuous flattening compressional strain 

from Si through S2, changing in style from simple shear to wrench shear in some 

areas. Extensional strain occurred, within the blueschist facies, and was apparently 

continuous through to the greenschist facies and into the field of brittle deformation. 

Therefore, deformation was almost certainly occurring during, and also after, 

metasomatic alteration in the serpentinite melange and the growth of bimetasomatic 

zones. 

Within the melange itself, serpentinite is observed to take up a lot of the shear strain. 

Therefore the blocks of metagabbro, eclogite and other more competent lithologies 

within the melange may well have avoided the full intensity of deformation 

experienced by larger, more coherent, units. Metasomatic products, and particularly 

the ordered bimetasomatic zones expected to form in such an environment, may 

however, be disrupted if they are formed of relatively soft lithologies, as is suggested 

to be likely by literature examples (chapter 1). Continuous tectonic deformation may 

also cause blocks to be ripped from the units stratigraphically above and below the 

melange and incorporated within it. Such late additions to the melange will be 
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unlikely to have such well developed bimetasomatic zone sequences as the original 

blocks, and may in fact show none at all. They are also likely to show considerable 

differences in overall metasomatic alteration. Finally, continuous deformation may 

cause serpentinite matrix to be squeezed out of some areas completely. This may 

leave bimetasomatic alteration zones preserved, and, by inference, dependent for 

their origin on the former presence of ultramafic assemblages, but without any such 

assemblages being visible. 

2.3.4 Mineral growth history 

The blueschist mineral growth history on Syros in best documented for the 

calcareous and micaceous schists. Bloor (1998) notes that, in the northern greyschist 

unit, there is no significant evidence for mineral growth after the formation of the Si 

schistosity except, notably, for the occurrence of lawsonite. Ridley (1982) also notes 

that dynamic recovery appears to have predominated over dynamic recrystallisation 

during the formation of the S2 schistosity and associated folding. He does, however, 

record neoblast growth of quartz and new growth on mica crystals. Other minerals 

show strain, brittle fracturing and varying degrees of dynamic recovery associated 

with folding of the Si fabric. 

Only in the northern schists does Ridley (1982) note syn-deformational reactions to 

have occurred. These include progressive prograde conversion of chlorite to garnet 

and conversion of mica to glaucophane. In some areas, glaucophane directly 

overprints chlorite. These reactions are not seen elsewhere and Bloor (1998) notes 

that the evidence for such reactions is largely circumstantial. Ridley (1982), 

however, suggests they may be due to a number of factors including the higher 

magnesium content of the northern schist, which will affect the timing and nature of 

specific reactions on a PTt path; a slight difference in PT history; or the proximity of 

serpentinite (see also Dixon, 1969). 
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Porphyroblasts of garnet, epidote, glaucophane and tourmaline, in all the schist units 

appear to have grown during the waning stages of S 1 fabric development and strain 

(Ridley, 1982). Barr (1989) also noted porphyroblasts of chioritoid, which appeared 

to be late but not post-tectonic. Garnet porphyroblasts frequently have inclusion trails 

which preserve older, rotated fabrics and indicate rapid garnet growth. Garnets from 

the northern gneisses show indications of slower growth than elsewhere, and their 

growth may be related to the prograde breakdown of chlorite mentioned earlier 

(Ridley, 1982). 

Lawsonite occurs as porphyroblasts in some schists but it is now pseudomorphed to 

aggregates of mica, clinozoisite, albite and calcite. Bloor (1998) times its growth to 

the onset of the second phase of the high strain event and correlates it with a fluid 

infiltration event. This latter correlation in made on the basis of the distribution and 

abundance of lawsonite, which, in schist that has suffered somewhat less intense 

development of S2, can be clearly correlated with the proximity of parent quartz 

veins with prominent lawsonite porphyroblast haloes. 

The metabasites consist of assemblages containing selections of pyroxene, actinolite, 

glaucophane, zoisite, epidote, garnet and quartz; and, usually less abundantly, any or 

some of lawsonite, white mica, chioritoid, chlorite, sphene, hematite, rutile, ilmenite 

and magnetite (Dixon, 1969). Their mineral growth history is described by Dixon 

(1969), Ridley (1982, 1984a) and Ridley and Dixon (1984). 

As mentioned above (section 2.3.3), some metabasic masses appear to have had a 

high rigidity during deformation and frequently show no fabric development. Some, 

however, are penetratively foliated and have a fabric, which was described as 

'gneissic' by Dixon (1969). Such masses also sometimes show small scale folding. 

The development of this penetrative fabric is through progressive strain, neoblast 

growth, granulation and reduction in grain size. In some cases, at least two phases of 

glaucophane neoblast growth are recorded (Ridley, 1982). As mentioned above, the 

textures suggest that the rocks were actively deforming throughout the interval of 

WE 



Chapter 2: Geology of the study area 

metamorphic history preserved. The rock matrix is formed of an even-grained 

tectonic glaucophane-epidote fabric. This is partially overprinted late in the 

derformation history by garnet and omphacite porphyroblasts. White mica, both 

paragonite and phengite, is also observed and is believed to have grown with garnet 

and omphacite at the expense of glaucophane and epidote (Ridley, 1984a). Locally 

there are late omphacite-paragonite veins. Garnet growth often appears to be multi-

phase with concentric inclusion-rich and inclusion-poor zones. Included minerals are 

quartz, sphene and epidote. 

Ridley (1984a) concludes that an eclogite forming reaction of the form: 

glaucophane + epidote = garnet + omphacite + paragonite + quartz + water [2.11 

occurred within the metabasites as the result of progressive up temperature 

metamorphism. This reaction is continuous in TA MgI(Mg+Fe)  space (figure 2.7) with 

Fe-rich assemblages reacting to form garnet, omphacite and paragonite at lower 

temperatures than Mg-rich ones. 

In some areas, Ridley (1982) observes that garnet growth appears to be after the 

formation of a glaucophane fabric but pre-folding, while in other areas, foliation is 

seen to bend round garnet crystals. Omphacite porphyroblasts are less ubiquitous 

than garnet and in some areas appear to have grown later. Ridley (1984a) concludes 

that this asynchronous product growth was the result of a kinetic barrier to crystal 

nucleation. The majority of the zoning in garnets is from grossular-rich to grossular-

poor compositions in line with up-temperature metamorphism (Ridley, 1984a). 

However, some zoning in garnets and pyroxenes is inconsistent. Ridley (1984a) 

concludes that these complexities are largely the result of chemical disequillibrium 

during rock development and the rapid growth of garnet and omphacite after 

nucleation, initially hindered by kinetic factors. 

Dixon (1969 and personal communication) has pointed out that enlargement of the 

equilibrium volume in initially heterogeneous, high-pressure metabasites can 

produce contrasting compositional trends in garnets. The trend produced is 
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Figure 2.7: Schematic T-XMW(MS+Fe) section and P-T projection, after Ridley (1984a), for reaction 

[2.1]: glaucophane + epidote = garnet + omphacite + paragonite + Si02  + H20, in NACFM with 

constant a(5i02) and a(H20). Note that Mg-free (iron-rich) compositions will react at lower 
temperatures than Fe-free (Mg-rich) compositions. Within the 'divariant' loop the compositions of the 
five phases may vary. Any change in metamorphic conditions within the divariant field will give a 
change in the proportions of reactants and products and also a change in the equilibrium compositions 

of all the phases. 
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dependent on the relationship between the rock volume in which the garnet initially 

nucleates and the bulk composition of the final volume attaining equilibrium. 

Therefore, inconsistent garnet zoning as noted by Ridley (1984a) need not 

necessarily be the result of kinetic barriers to nulcleation and consequent rapid 

mineral growth; but instead it may be due purely to increasingly large rock volumes 

attaining equilibrium. The reaction 

glaucophane + epidote = garnet + omphacite + paragonite + quartz + water [2.1] 

may also be a result of increasing attainment of bulk equilibrium. Glaucophane, 

garnet, omphacite and epidote may all coexist at a fixed PT; but the range of bulk 

compositions for which this occurs will be limited. Thus a small change in bulk 

composition of rock volume brought about by increasing the equilibrium volume 

may cause reaction [2.1] or its reverse to occur. Growth or dissolution textures 

resulting from attainment of widening local equilibrium through such reactions are 

inherently difficult to distinguish from those resulting from changing PT conditions. 

Areas of metabasites, which do not show a penetrative foliation, preserve an 

apparently undeformed ophitic gabbroic texture which takes the form of patches of 

light and dark minerals mimicking the distribution of plagioclase and mafic minerals 

in the original gabbro (Dixon, 1969). Areas of mafic pyroxene and hornblende are 

now represented by actinolite and glaucophane, while former areas of plagioclase are 

represented by zoisite, epidote and paragonite with quartz, probably some muscovite 

and, rarely, lawsonite. Garnet and omphacite occur largely between different 

compositional areas, inferred to be the result of reaction between 

glaucophane/actinolie and epidote/zoisite in neighbouring rock micro-volumes. 

Dixon proposed that the original igneous mineral assemblage of augite, 

orthopyroxene, anorthite, albite, olivine and possibly also hornblende, underwent 

'saussuritisation' and 'uralitisation' at some early stage prior to blueschist 

metamorphism, by a reaction such as 

augite + anorthite + water = zoisite + actinolite 	[2.2] 
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to produce the assemblage zoisite, actinolite and albite. Serpentinization of olivine 

and orthopyroxene is also proposed to have occurred at this time. Recently, Putlitz et 

al. (2000) have shown that Syros metgabbros preserve isotopic compositions 

consistent with sea-floor alteration prior to high P low T metamorphism, which is 

consistent with this interpretation. Later, during high-pressure blueschist 

metamorphism, the reactions 

albite = jadeite + quartz 	[2.3] 

and 

actinolite + 2jadeite = glaucophane + 2 diopside 	[2.4] 

occurred, leading to the assemblage: zoisite, actinolite, omphacite, glaucophane and 

quartz. Garnet may be formed contemporaneously in, calcium-rich and iron-rich 

lithologies, by a reaction such as: 

anorthite + fayalite = garnet (Ca Fe2Al2Si3O12) 	[2.5] 

Along the margins of the undeformed blocks showing ophitic gabbroic texture, are 

belts cut by microscopic to mesoscopic shear-zones. Further out, these shear zones 

coalesce to form a penetrative foliation, which differs from that in the gneissic 

meatabasites in the preservation on isolated, low-strain augen with undeformed 

gabbroic textures. 

Growth of garnet and omphacite in the undeformed metagabbroic rocks between the 

discrete shear zones, is deduced by Ridley (1984a) to be the result of up temperature, 

prograde, metamorphism. Here, in contrast to the gneissic metabasite, a 

glaucophane-epidote fabric did not develop probably due to kinetic restrictions and 

lack of bulk chemical equilibrium in the undeformed rock. Apparent paragonite-

actinolite assemblages are preserved which are predicted to be unstable at the 

prevailing PT conditions. These are good evidence for a lack of bulk chemical 

equilibrium as they are concluded to result from the coexistence of independent local 

equilibrium domains with the assemblages paragonite-glaucophane-epidote or 

actinolite-galucophane-epidote respectively (Dixon, 1969). Progressive deformation 

associated with the formation of the shear-zones promoted bulk equilibrium in the 
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areas where it occurred. Either an increase in temperature, or an enlargement of the 

equilibrium volume or both, may have caused garnet and omphacite to grow rather 

than the formation of a gl aucophane-epi dote fabric. A further possibility is that the 

garnet and omphacite-bearing assemblages are low in silica (see equation [2.1]). 

A complication in the mineral growth history is the development of a metastable Ca-

rich glaucophane phase caused by differing rates of ion diffusion in amphiboles 

(Ridley and Dixon, 1984). This resulted in an initially high ratio of omphacite to 

garnet. On recrystallisation of the metastable amphibole to stable glaucophane, the 

excess omphacite was resorbed while garnet growth continued. 

Greenschist retrogression in all lithologies is patchy in the north and almost complete 

in much of the south of Syros. Continuous extension appears to be associated with 

greenschist retrogression (Bond, 1999), however, the overprint of blueschist minerals 

by greenschist minerals is frequently static, often mimetic after blueschist textures 

(Ridley, 1982; Barr, 1989). Locally zones of east-west extensional strain have 

produced syn-deformational growth of albite and chlorite in shear zones (Bond, 

1999). 

Conclusions 

Consideration of the mineralogy of non-metasomatised rocks may be used to predict 

the non-metasomatised starting condition of the blocks within the serpentinite matrix. 

Blocks of both metasedimentary schist composition and of metagabbroic 

compositions occur within the serpentinite melange, and also bounding the outcrops 

of melange unit above and below. 

Within metasedimentary schist lithologies, reorientation of the matrix fabric and 

growth of porphyroblasts, such as garnet, containing inclusion trails are purely non-

metasomatic features. Late growth of lawsonite porphyroblasts is related to an 
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infiltration event but not directly to the presence of the ultramafic serpentinite matrix 

of the melange. It is therefore not a bimetasomatic phenomenon. 

Mineral growth or resorption, other than lawsonite growth, which is later than S 1 and 

unassociated with minor dynamic recovery, may be considered the product of 

metasomatic reaction associated with the presence of the serpentinite melange. The 

exception to this is growth of minerals such as albite, chlorite and actinolite, which 

could be the products of greenschist retrogression. 

Because the serpentinite matrix appears to take up the majority of the strain in the 

melange unit, the mineralogy of the metabasite blocks within the melange is most 

likely to resemble that of the undeformed metagabbros described from surrounding 

masses. The metabasite blocks are, therefore, expected to show a lack of bulk 

equilibrium with paragonite-glaucophane-epidote and actinolite-gI aucoph ane-epi dote 

assemblages, and possibly associated metastable amphiboles. Relics of early 

metamorphic actinolite and even possibly igneous augite may be preserved (e.g. 

Dixon, 1969). 

If chemical interaction with the surrounding matrix is ignored, the metabasite block 

may also be expected to have a predominance of glaucophane and epidote over 

garnet, omphacite and paragonite. However, loss of silica to the ultramafic matrix 

will drive compositions towards garnet and pyroxene via promotion of reactions such 

as [2.1], which releases silica (Dixon, 1969). Therefore, where silica loss to the 

ultramafic matrix occurs, garnet and omphacite will dominate over glaucophane and 

epidote. 

Fe-rich, ferrogabbro lithologies will still show a greater proportion of garnet, 

omphacite and paragonite than their Fe-poor counterparts (figure 2.7). The growth 

of metasomatic products, however, may occur alongside the reaction [2.1]. 

Alternatively, garnet and omphacite growth may be earlier, in which case garnet 

inclusions may preserve relics of the pre-metasomatic mineral assemblage. 
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As with the schist, a retrogressive origin for growth of minerals that are stable in the 

greenschist facies must be considered. Comparison of such features with 

retrogression in unmetasomatised schists may well be a useful aid. 

2.4 Fluids during deformation and metamorphism on Syros 

Barr (1989, 1990) investigated the composition of fluids in equilibrium with the 

metasediments on Syros during blueschist facies metamorphism. She used a number 

of techniques including comparison of petrographic data from equilibrium 

assemblages and petrographic grids developed from the internally consistent data set 

of Holland and Powell (1985); stable isotope studies on schist and marble; and fluid 

inclusion studies on quartz minerals and segregations and on garnets. 

She concluded that the fluid in equilibrium with the blueschists was water-rich with 

X(CO2) :!~ 0.002 mol%. However, there appear to have been small scale variations in 

the fluid composition from which Barr (1989) deduced that each rock layer evolved 

as a closed, buffered system during blueschist metamorphism, and the input of 

external fluid was low or non-existent. 

The fluid inclusions studied by Barr (1989, 1990) show variable salinity ranging 

from almost pure water to halite saturation. Inclusions in garnets notably show 

salinities at the lower end of the range. Barr (1989, 1990) concludes that hydration 

reactions may have been responsible for increasing salinity (Crawford et al., 1979) at 

a relatively late stage, post garnet growth. She also postulates that such a late, halite-

saturated fluid might be associated with the relatively late growth of lawsonite, 

which occurs in some schists. This poses a problem in areas where lawsonite is 

abundant, in that the amount of water-rich fluid necessary to drive lawsonite-forming 

reactions, involving calcite as reactant, to completion, should also have created 

isotopic homogeneity which Barr's study appeared to exclude. 

57 



Chapter 2: Geology of the study area 

Bloor (1998) concluded that the growth of lawsonite in the northern greyschists was 

the result of a vein-controlled fluid infiltration event. Lawsonite growth occurs just 

at the onset of the development of folds in the existing planar Si fabric. This times 

the event to be coincident with the change in deformation style which Bloor 

associates with transfer of the structural pile from the down-going slab to the hanging 

wall; that is, with the onset of the second phase of the high-strain deformation event. 

This fluid infiltration event was fracture controlled and highly channelised, and fluid 

pathways are now marked by quartz veins and lawsonite haloes in the adjacent 

schist. Because of its channelled nature, the existence of such a fluid promoting 

lawsonite growth does not contradict Barr's (1989) conclusion that pervasive 

external fluid input to the schist, which she studied, was low or non-existent within 

the blueschist facies. 

The result of the channelled fluid infiltration event in the greyschists is a gain in Ca, 

Al, Sr and Pb and a loss of Si, Na, K, Ba, Rb and Zn (Bloor, 1998). Bloor (1998) 

postulates that the infiltrating fluid was originally derived from eclogite-forming 

reactions occurring in deeper, hotter parts of the subduction zone. Similarities 

between the character of the metasomatism and rodingitization, indicate that the fluid 

may have interacted with ultramafic material between formation and interaction with 

the greyschists. 

The composition of the fluid believed to have been responsible for greenschist 

retrogression in the Cyclades has been considered by a number of authors 

(Schliestedt and Matthews, 1987; Barr, 1989 and 1990; Bröcker, 1990; Bröcker et 

al., 1993; Bond, 1999). The fluid-rock ratio appears to have been low and Bond 

(1999) concluded that at least some fluids associated with greenschist retrogression 

added Na to the rocks on Syros. High 180 is observed on Sifnos but not on Tinos, 

and there is some indication that the fluid composition was buffered by interaction 

with marble units. Barr's (1989) fluid inclusion study on retrogressed schists from 

Syros shows X(CO2) :!~ 0.002 mol%, as in the unretrogressed blueschists, and the 

presence of sphene also indicates a water-rich fluid. Barr's data also shows a range 

1I 



Chapter 2. Geology of the study area 

of salinities, indicating at least two distinct fluid populations. The highest salinities 

are lower than some which occur in the unretrogressed blueschists, and Barr 

postulates that the higher salinity population in the greenschist may be a 'memory 

population' associated with the high salinity inclusions of the blueschists. 

2.4.1 Summary and discussion 

The fluids present during both the blueschist and greenschist metamorphic events 

appear to have contained negligible amounts of CO2, while concentration of salt was 

more significant. However, the data summarised above were obtained from 

metasedimentary units and, even within a single unit, the fluid composition varied on 

a small scale. How applicable such fluid composition data are to the fluid of the 

serpentinite melange is, therefore, debatable (see also 2.4.2). For lack of any better 

guide, a low CO2  fluid is used in the modelling of chapter 9 but it should be born in 

mind that this is only a supposition. 

The fluid responsible for the growth of lawsonite in the schist may also not have any 

direct relevance to metasomatism within the serpentinite melange. Although Bloor 

(1998) suggests partial equilibration of the lawsonite-generating fluid with 

ultramafic, quartz saturation in the lawsonite-related veins suggests that the fluid was 

not in full equilibrium with serpentinite, within which a low silica activity will be 

maintained by the equilibrium with talc. However, the lawsonite-generating fluid, or 

a related fluid, may have infiltrated the serpentinite melange at a similar time 

possibly resulting in similar Ca- and Al-rich infiltration metasomatism. 

2.4.2 Comparison with other blueschist terrains 

Giaramita and Sorensen (1994) investigated the compositions of fluid in low 

temperature eclogites from the Samana Peninsular, Dominican Republic, and the 

Franciscan Complex, California. They compared their results to fluid compositions 

from other subduction complexes, including Santa Catalina Island (Sorensen and 
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Barton, 1987) and Monviso in the western Alps (Philippot and Selverstone, 1991; 

Nadeau et al., 1993) and concluded that two fluid regimes are found in subduction 

complexes. 

In the Samana Peninsular, Franciscan Complex (Giaramita and Sorensen, 1994) and 

Santa Catalina Island (Bebout and Barton 1989 & 1993; Bebout 1991) a low-salinity 

aqueous fluid was present which Bebout and Barton deduce to have originated from 

a sedimentary source. In contrast, at Monviso (Philippot and Selverstone, 1991; 

Nadeau et al., 1993) both high-salinity and low salinity inclusions are recorded. 

Giaramita and Sorensen (1994) suggest that the low-salinity fluid is best explained 

by large scale fluid infiltration occurring during eclogite-facies metamorphism, while 

Philippot and Selverstone (1991) conclude that small scale migration of locally 

derived fluids results in the mixed salinities observed in Monviso. 

Giaramita and Sorensen (1994) propose that the differing fluid compositions may be 

explained by differing histories of the complexes within the subduction zone. 

Material coupled to the hanging wall of a subduction zone at an early stage will have 

the potential to interact with infiltrating fluid derived from material being subducted 

and devolatilized beneath. Material that is devolatilized within the subducting slab 

will have a much more limited ability to interact with external fluid sources. The 

rocks of Santa Catalina Island, the Franciscan Complex, and the Samana Peninsular 

are therefore interpreted as sections of relatively high-T metamorphic units that 

accreted to the slab-mantle wedge contact above a subduction slab during the early 

stages of subduction. In contrast, the Monviso rocks are interpreted to have formed 

via the blueschist-to-eclogite transition within a subducting slab itself. 

Giaramita and Sorensen (1994) place the blueschist terrain of Syros in this second 

category based on the fluid inclusion data of Barr (1990) described above. If this is 

the case, then the blueschist-grade metasomatism observed around the serpentinite 

melange blocks on Syros may well be largely bimetasomatic in nature with only 

limited infiltration, possibly on a length scale of only a few centimetres (Nadeau et 
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al., 1993). Philippot and Selverstone (1991) also concluded that pulses of fluid at 

Monviso are associated in time with increments of shear and tensile failure in the 

rocks. This is in agreement with the deformation-enhanced permeability, which 

Bloor (1998) concluded to be associated with the growth of lawsonite. However the 

timing for the transfer of the Syros packet from the down-going slab to the hanging 

wall, as estimated by Bloor (1998), is within the high-temperature blueschist facies 

metamorphism. The only eclogite-facies reaction noted on Syros is the partial 

growth of omphacite and garnet in some metabasites, and the majority of the rocks 

have not undergone the blueschist-eclogite transformation. Therefore, the terrain is 

not directly comparable with that of Monviso as it did not reach such high 

metamorphic grades. 

Bloor (1998) pointed out that the maximum pressure reached by the Syros rocks is 

closer to that of Santa Catalina Island than of Monviso and as such the subduction 

history of Syros may be more closely comparable to that of Santa Catalina Island. 

Clearly, however, fluid flow on Syros was not sufficient to homogenise isotopic 

signatures in the schist units. Syros, therefore, does not appear to fit neatly into 

either category proposed by Giaramita and Sorensen (1994). 

From oxygen isotope studies, however, Bebout and Barton (1989) conclude that the 

ultramafic melange on Santa Catalina Island represents a channel of relatively high 

fluid-flow in the subducting slab. If a broadly similar fluid flow regime is applicable 

to the serpentinite melange on Syros, as suggested by Bloor (1998), it may account 

for a considerable volume of fluid flow, as expected from a packet which was 

underplated prior to devolatilization to eclogite facies, while also accounting for 

preservation of isotopic heterogeneity within the surrounding schists. 

If such a regime of channelled fluid flow existed on Syros, then although fluid-flow 

in the surrounding metasedimetary and metabasic rocks was apparently relatively 

low, this may not imply similarly low fluid-flow in the ultramafic melange. This 

suggests that the majority of metasomatism within the serpentinite melange may be 
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the product of infiltration. However, Sorensen and Grossman (1989) concluded that 

the blocks in the melange, which Bebout and Barton (1989) deduce to have had a 

high fluid-flow, have rinds that are largely of bimetasomatic origin. Clearly, 

therefore, the component mechanisms of rind formation are not easy to predict. 

2.5 The origin of the metabasite-serpentinite unit 

The metabasite-serpentinite unit of Syros contains the melange of serpentinite matrix 

and blocks of more competent lithologies known as the serpentinite melange. These 

are the blocks-in-matrix exhibiting the metasomatic alteration that is the subject of 

the present study. 

A number of metabasite assemblages believed to be sections of disrupted ophiolite 

are preserved in the Attic Cycladic Crystalline Complex and a range of mechanisms 

are proposed for their emplacement (Jones and Robertson, 1991; Katzir, 1998; Katzir 

et al., 1996 and 1999). A few are interpreted as slices of tectonically emplaced sub-

continental mantle (Katzir et al., 1999), but most are concluded to be the ocean floor 

of the Pindos Basin sensu lato. The floor of this basin was, apparently, largely 

subducted and partially obducted during the convergence and collision of the 

Apulian and Pelagonian microcontinents between the Mid-Jurassic and the Lower-

Eocene (section 2.2). The serpentinite melange and associated metabasite rocks, 

which form the metabasite-serpentinite unit on Syros, are most simply interpreted as 

such a disrupted ophiolite section. The composition of the blocks in the serpentinite 

melange includes Fe-rich and Fe-poor metagabbros, rocks of granitic origin, marble 

and sedimentary schists2. Larger blocks often contain complex, virtually 

undeformed, igneous textures and intrusive contact relations typical of ophiolitic 

high-level gabbro/dyke-complex zones, thus indicating their igneous, ophiolitic 

2  It should be noted here that 'ophiolitic' melanges in the Tethyan belt are not exclusively composed 
of disrupted oceanic crust. They may contain fragments of early rift volcanics and disrupted 
seamounts. An example is the Avedela Melange of the northern Pindos (Jones and Robertson, 1991). 
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origin. There is some debate, however, as to the mechanism of its emplacement into 

the carbonate-dominated sequence on Syros. 

Dixon and Ridley (1987) propose the emplacement mechanism as an ophiolitic 

debris flow or olistostrome. The original magmatic material is presumed to have 

been emplaced and eroded to form the melange within the sedimentary sequence 

prior to the onset of subduction and blueschist facies metamorphism (figure 2.8). 

This is a similar formation mechanism to that proposed by Katzir (1998) for the 

blueschist melanges in southern Evvia. Considerable evidence exists that the gneiss 

serpentinite belt on Syros is, in fact, a debris flow and therefore part of the 

sedimentary succession. 

The metabasite-serpentinite unit is best exposed in the north of Syros as the 'gneiss-

serpentinite belt' mapped by Dixon (1969) which includes a melange of 

metagabbroic and other blocks in a serpentinite matrix. Metagabbro and other exotic 

blocks begin to appear in the metasedimentary schists some metres below the full 

development of the melange unit and these may clearly be interpreted as representing 

the first input of the ophiolite debris into the sequence. Thinly interbedded 

limestones, ultramafics, calcareous schists with chromite debris and isolated 

metabasite clasts which are observed at Aspro on the north-east coast, may also be 

interpreted as the product of varying proportions of ophiolitic debris input and 

bioclastic sedimentation. Polymictic breccias with angular blocks of gabbros, 

trondjemites, occasional limestones and basic rocks are also observed in the gneiss-

serpentinite belt and are consistent with a debris flow origin. In this case limestone 

was also clearly being eroded alongside the ophiolite. Finally, the metabasite-

serpentinite unit is apparently conformably overlain by a sequence of metapelitic 

schists, psammitic gneisses and marbles which indicates that it is part of the 

sedimentary succession. 

In contrast to Dixon and Ridley (1987), Balihaus et al. (1999) propose that the 

metabasite-serpentinite unit, is a tectonic melange marking the trace of a major thrust 
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obducting ophiolite 

erosion and sedimentation 

a) Triassic (?) Erosion of an obducting , or obducted, ophiolite forms a sedimentary sequence 

including the ophiolite melange of the gneiss-serpentinite belt. 

,S 	subducting slab 

entrained sediments / 

also subducted 

Cretaceous Subduction of the sedimentary sequence containing the ophiolitic gneiss-
serpentinite belt melange to high-grade blueschist facies conditions. 

Eocene Initial decompression and cooling gives Mid-Eocene cooling ages in the blueschists 

Figure 2.8: Schematic diagram of the formation of the gneiss-serpentinite belt, Syros, as proposed by 
Dixon and Ridley (1987), taking into account age data as discussed in chapter 2. 
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fault in the subducting plate (figure 2.9). They conclude, from geochemical 

evidence, that the plutonic and metabasite fragments in the gneiss-serpentinite belt 

may mark maximum crustal thinning at a spreading axis. The fracturing of the 

subducting plate occurred at this structurally weakest point, then continued through 

the plutonic section of the lower crust of which fragments are now exposed as the 

eclogite and metagabbro blocks in the serpentinite melange unit. Seck et at. (1996) 

also obtained geochemical data on the metabasite-serpentinite unit and concluded 

that the original ophiolite formed in a supra-subduction zone, back arc setting, 

possibly in proximity to a transform fault. However they drew no conclusions as to 

the origin of the melange and their work does not preclude the emplacement of the 

melange as a debris flow. 

The proposed formation mechanism of Ballhaus et al. (1999) appears to be at odds 

with the observed field data that indicate an input of metabsite material into an 

undisrupted sedimentary sequence below the level of the main gneiss-serpentinite 

belt. This phenomenon and the thinly interbedded limestones, ultramafics, 

calcareous schists and isolated metabasite clasts at Aspro is unsatisfactorily 

explained if the unit is considered to be a tectonic melange. Therefore the proposed 

emplacement mechanism of Dixon and Ridley (1987), of the metabasite-serpentinite 

unit as an ophiolitic debris flow and hence an integral part of the sedimentary 

succession, seems most plausible. 
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spreading axis 

t 

Spreading axis and subduction, possibly in a back-arc setting. 

thrust fault 

subducting slab 

Old, inactive spreading axis is subducted. Major thrust fault fractures slab at the point of 
maximum crystal thinning forming a tectonic melange, which is the gneiss-serpentinite belt. 

Figure 2.9: : Schematic diagram of the formation of the gneiss-serpentinite belt, Syros, as proposed 
by Ballhaus et al. (1999). This proposed mechanism does not agree with field data, which suggests 
that the gneiss-serpentinite belt is part of the sedimentary succession on Syros. 
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3.1 Introduction 

The following chapter includes a description of the serpentinite melange, as it crops 

out on Syros, based on the work of previous authors and observations made during 

this project. The areas chosen for study are outlined, and some of their key features 

are described. This description is followed by a mineralogical study of the 

serpentinite matrix, and general observations on the metasomatic zones, particularly 

the outer, talc-bearing zones adjacent to the serpentinite matrix. The metasomatic 

zones and the mineralogy of the blocks within the melange are discussed in detail in 

the following chapters (chapters 4 to 8). 

3.2 Exposure of the serpentinite melange 

There are a number of areas of exposure of serpentinite melange, or its metasomatic 

derivatives, on Syros. The largest area is in the gneiss-serpentinite belt in the north, 

which was mapped by Dixon (1969) (figure 3.1). The structure of the gneiss-

serpentinite belt is described by Dixon (1969) and Ridley (1982) and is fairly 

complex with no coherent stratigraphy. Within the belt there are two major horizons 

of 100 in to kilometre-sized metabasite bodies separated by ultramafic. These 

metabasite bodies are now boudinaged, with thinner and more attenuated ultramafic 

horizons intercalated with metabasite and metasediment towards the upper contact of 

the unit. The base of the unit in the east is marked by a late syn-metamorphic 

tectonic contact that cuts out underlying stratigraphy and, which, in the west, was 

mapped by Dixon (1969) as lying within the serpentinite melange horizon. The base 

of the unit in the west appears to be stratigraphically conformable with the banded 

schist unit below. 

The main unit of melange with a serpentinite matrix can be traced from the coast at 

Trakhilaki (north of On-nos Megas Lakkos) about 2.5 km eastwards to where it is 

truncated by a late normal fault (figure 3.1). East of this normal fault, a small slice 

of chlorite-ankerite rock, inferred to have previously been serpentinite, occurs 
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against the major thrust fault south of Grizas. This chlorite-ankerite rock may 

originally have been part of the main serpentinite belt but it is not possible to be 

certain. 

There are also four further areas of melange outcrop just below the base of the 

gneiss-serpentinite belt. Three are in the east and one in the west. They occur within 

the schist-marble sequence and are therefore structurally lower than, and separate 

from, the main unit described above. Thus there are two distinct serpentinite 

melange units; a main upper unit and a thinner, lower one. Both, however, will have 

undergone similar conditions of blueschist metamorphism and consequently the 

metasomatism, observed in each unit, is expected to be comparable. 

There are a wide variety of block compositions in both melange units, with 

metagabbros, eclogites, pyroxenites, glaucophaneite and j adeite rocks all having 

been observed (Dixon, 1969; Dixon and Ridley, 1987; this study). Block size varies 

from centimetres to over 10 in across (plate 3.1). The serpentinite matrix itself is 

soft, and areas of melange are frequently distinguishable from a distance by the large 

blocks exposed above ground by erosion of the matrix. The soft nature of the 

serpeninite also makes the ground ideal for cultivation, where it is not too steep, and 

many areas of melange are, or once were, fields. In these areas, only the large blocks 

remain and the matrix has clearly been highly disrupted. In areas of steep ground 

and near the coasts, however, the melange has not been disrupted by human activity 

and both the matrix and the smaller blocks are generally preserved intact. 

3.2.1 The upper serpentinite unit in the north 

The upper serpentinite unit is truncated east of the villages of Kambos and San-

Mikhali by a late extensional fault, and cut by a second such fault about 0.5 km 

further west, on the western side of the village of Kambos (figure 3.1). The base of 

the serpentinite between these faults is clearly discordant with the underlying marble 
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(Dixon, 1969; Ridley, 1982) while to the west it overlies schist and there is no 

obvious tectonic break between this and the underlying marble. 

The western end of the upper serpentinite unit is attenuated (Ridley, 1982) with thin 

slivers visible on the coast which cannot be easily traced inland outcropping along 

the coast at Trakhilaki (figure 3.1). The timing of this attenuation is uncertain. It 

may have occurred during the Si flattening event or S2 shearing event documented 

by Bloor (1998) or during the prolonged period of layer parallel extension 

documented by Bond (1999). The two most northern outcrops of serpentinite along 

the coast at Trakhilaki are duplicated sections interbedded with impure marbles and 

phengite schists. Only about 20 m wide, they can be traced six hundred metres 

inland where they join the main serpentinite melange body. The intervening 

marble/schist unit at this point occurs as isolated blocks in the serpentine. The 

duplication resulting in the two interbedded sections of serpentinite melange is 

concluded by Ridley (1982) to have occurred early in the tectonic history of the unit, 

so the melange will have undergone peak blueschist metamorphism in its current 

setting. 

3.2.2 The lower serpentinite unit in the north 

The lower serpentinite unit is mapped, by Dixon (1969) and Ridley (1982), in four 

localities just south of the gneiss serpentinite belt. One of the larger of these areas, 

between the two branches of the main thrust fault in the east, is poorly exposed. 

However, at Dixon's locality 'Polychrome Point' (Dixon 1969; Dixon and Ridley 

1987), on the coast north of On-nos Kastri (figure 3. 1), and in the further outcrop, 

three hundred metres north, the melange is well exposed. It is seen to consist of a 

highly glaucophanitized serpentinite matrix and to include blocks ranging from 

centimetres to several meters in diameter. A similar melange unit occurs in the west 

in the schist unit south of Ormos Megas Lakkos (Ridley 1982). 
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This lower serpentinite has been interpreted as an olistostrome unit in the 

sedimentary sequence (Ridley, 1982; Dixon and Ridley, 1987), and, therefore, may 

represent an early, minor input of ophiolitic debris to the sedimentary succession 

prior to the deposition of the main gneiss-serpentinite belt and associated serpentinite 

melange unit. 

3.2.3 Other melange outcrops in the north 

North of the gneiss-serpentinite belt Ridley (1982) has mapped a number of small 

outcrops of serpentinite melange and its metasomatic derivatives. These outcrops are 

small and mostly altered from serpentinite. They include glaucophane eclogites 

rimmed with glaucophane in a chlorite, serpentinite and Mg-glaucophane matrix; and 

chlorite matrix with glaucophane clasts east of Khondhres (figure 2.2). However 

they contain few, if any large clasts or blocks. Because of this and the altered nature 

of the melange matrix, these small outcrops were not sampled in the present study. 

3.2.4 Melange outcrops in the allochthonous units 

Serpentinite melange or its metasomatic derivatives occurs in all the allochthonous 

blueschist units on Syros (figures 2.2 and 2.3). Poor exposure and later greenschist 

overprinting affect the units furthest south with much of the serpentinite matrix 

having been chioritized. Two poorly exposed chlorite-serpentinite belts occur in the 

Messaria allochthonous unit (Ridley, 1982) and a meta-igneous gneiss and 

serpentinite melange unit occurs as a displaced slice on a low angle fault in the 

Volakos unit. In the Pordhika unit, cuspate chlorite-serpentinite belts with included 

blocks are observed. The foliation in the gneiss is parallel to the serpentinite belts 

directly adjacent to them but the serpentinite shows no obvious alignment and the 

gross structure is undetermined (Ridley, 1982). 

The Ermoupolis-Kouroupi allochthonous unit is almost entirely metabasite and 

serpentinite. It has no clear internal stratigraphy but appears to follow a rough 
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synformal structure (Ridley, 1982). Serpentinite melange is exposed in a strip 

running roughly north-south then curving east and extending down to the coast north 

of Ermoupolis (figure 2.2). It contains metasomatised blocks apparently largely of 

metabasic origin, up to lOOm in diameter. South of Kouroupi there is a 

glaucophanite matrix melange with angular omphacite garnet blocks 10 to 20 cm 

across. 

The Khirassou-Kefalos unit, separated from the main autochthonous unit by the 

Galissas fault zone, contains a number of serpentinite horizons. At the summit of 

Khirassou, towards the southern end of the unit, there is a small outcrop of 

serpentinite melange, similar to that observed in the north of the island, including a 5 

in block of unfoliated glaucophane-eclogite. Foliation in the surrounding gneisses is 

roughly parallel to enclosed serpentinite horizons as in the Pordhika unit. Other 

areas of metabasite with serpentinite horizons occur to the north and south of this, the 

peninsula to the south of Kini bay being the most northerly example. The overall 

structure of the Khirassou-Kefalos unit is unclear; but it is thought to be a down-

faulted section of the main metabasite-serpentinite unit seen in the north. 

3.3 Overview of localities studied 

Areas of ultramafic melange were studied and sampled from three of the units on 

Syros: the Ermoupolis unit, the northern end of the Khirassou-Kefalos unit around 

Kini, and the northern part of the main autochthonous unit. These locations were 

chosen as being far enough north to avoid major retrogressive greenschist 

overprinting and because they show good examples of exposed block interiors as 

well as metasomatic rinds. 

Brief descriptions of the localities, including some of the key features of each, are 

given below. 
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3.3.1 The Ermoupolis locality 

The Ermoupolis unit was studied at a locality just north of Ermoupolis where the 

serpentinite melange is exposed at the coast. The main area of interest at this locality 

is a large ferrogabbroic block, referred to herein as '8Ea', with visible metasomatic 

rind extending to talc and carbonate. A smaller gabbroic block, '8Eb', which 

displays a range of internal structure and composition, was also studied. Both these 

blocks are described further in chapters 6 and 7. 

3.3.2 The Khirassou-Kefalos unit at Kini 

The blocks of the ultramafic melange at the northern end of the Khirassou-Kefalos 

unit (figure 2.2) were studied along the shore south of Kini bay, referred to hereafter 

as the 'Kini locality'. Most of the blocks along this shore are loose, having been 

weathered out of the steep hillside above. The exceptions are sections of cliff at the 

back of the beach and flat areas that appear to be bedrock. Because of the loose-

lying nature of almost all of the blocks, no complete rind sequences extending out to 

unmetasomatised serpentinite matrix are observed. A few blocks show metasomatic 

zone sequences out to talc, which in better preserved rind sequences appears to occur 

adjacent to serpentinite (see also section 3.5). Most, however, have only an inner 

metasomatic rind, frequently chloritic as described in the following chapters, or no 

rind at all. In contrast to the poor exposure of the rind sequences, the interiors of the 

blocks are usually well displayed and this is the most useful feature of the blocks 

observed at the Kini locality. In one particularly good example, 6K7, the block is 

split in half with both portions preserved. 

Block lithologies observed at Kini include metamorphosed ferrogabbro, Fe-poor 

gabbros and metasedimentary schist. Blocks of mixed lithologies are common and 

many meta-igneous blocks contain clearly preserved igneous textures of fractured 

meta-igneous clasts in a meta-igneous matrix, which are discussed further in chapter 

6. 
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Some greenschist retrogression is observed at Kini, predominantly in the cliffs at the 

back of the beach. However, this retrogression appears to be strongly controlled by 

albite veining as noted in many areas by Bond (1999), and has not affected the 

majority of the blocks. 

3.3.3 The main unit in the North 

As has already been described (section 3.2) there are two identifiable ultramafic 

melange horizons in the main autochthonous unit on Syros and both occur at the 

northern end of the island. Blocks along the whole length of the larger, upper 

melange unit were studied, including blocks from the duplicated slivers, interbedded 

with impure marbles and phengite schists, near the west coast (section 3.2.1). Block 

lithologies include metamorphosed plagiogranite, ferrogabbro, Mg-gabbro and 

metasedimentary schist. Blocks of mixed compositions also occur, and their textures 

indicate that the mixing is of igneous origin. Areas of serpentinite melange in the 

north have frequently been cultivated and although many fields are now abandoned, 

the soft matrix rock rarely crops out in such localities. Larger blocks and their 

immediate rinds are still frequently preserved, however, and areas of undisturbed 

melange do occur, mostly on steeper hillsides and near the coast. 

The lower melange unit was studied on the eastern side of the island at 'Polychrome 

Point', north of Ormos Kastri, where the exposure of the melange is almost 100% 

and some block interiors are also visible. Blocks range from a few centimetres to 

several metres in diameter and lithologies include metagabbro, schist and marble 

(plate 3.1). 

3.4 The Matrix 

Unmetasomatised, serpentine-bearing, matrix was only found in the main 

autochthonous unit in the north. It frequently possesses a strong schistosity, which is 

bent around included blocks and projections from enclosing lithologies. Away from 
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Plate 3.2: Electron 
backscatter image of 
serpentine melange matrix 
showing antigorite 
pseudomorphing pre-
serpentinite minerals, 
probably igneous olivine or 
pyroxene, surrounded by 
finer-grained antigorite 
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Plate Plate 3 1 Examples of varying size and 
composition of blocks within serpentinite 
melange on Syros a) a 25 cm sized block of 
marble b) a 2-3 in sized block of metagabbro. Both examples are from the lower melange unit 
(see main text) at 'Polychrome Point' (figure 3.1) 

Plate 3.3: a) and b): talc growing preferentially around the edges of pseudomorphs in 
antigorite, from serpentinite matrix of the main (upper) melange unit in the north of Syros. 
Both a) and b) are taken at x 1 magnification under crossed polars. 
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included blocks, areas of fine-grained serpentine, several centimetres to several 

metres across, are separated by slip surfaces and cut by occasional talc veins. The 

talc veins are also occasionally sheared. Branching chlorite veins, up to 0.5 cm wide, 

also cut the serpentinite matrix in such areas. These talc and chlorite veins indicate 

the former presence of infiltrating fluids within the serpentinite melange. 

Serpentinization is thought to have occurred during ocean floor metasomatism. This 

is supported by the recent work of Putlitz et al. (2000) who have shown that Syros 

metgabbros preserve isotopic compositions consistent with sea-floor alteration prior 

to high P low T metamorphism. Such alteration may have occurred during 

greenschist metamorphism on or near the spreading axis, as in the case of the East 

Taiwan ophiolite (Liou and Ernst, 1979). Alternatively it may have occurred as the 

result of multiple alteration episodes on the ocean floor and during initial obduction 

as observed, for example, by Schandl et al. (1989), Ohanley et al. (1992) and 

Dubinska (1995). Peak metamorphic conditions appear not to have exceeded those 

of the serpentinite stability field as no trace of metamorphic olivine has been found. 

The upper limit of the serpentinite stability field is thought to be around 500°C at 15 

kb (Deer et al., 1992). However, experimental data of Ulmer et al. (1994) suggest 

that antigorite may be stable at considerably higher temperatures at the 15 kb 

pressures reached by the rocks on Syros. 

3.4.1 Mineralogy 

The serpentine mineral, forming the majority of the ultramafic matrix, is identified as 

antigorite from its platy habit. The antigorite varies considerably in grain size with 

textures occasionally indicative of olivine or orthopyroxene pseudomorphs (plate 

3.2). Common accessory minerals include magnetite, chrome-bearing magnetite, 

chromite and rutile, the last conceivably a breakdown product of titanoclinohumite. 

Alteration of antigorite to talc has occurred to varying degrees. The abundance of 

talc is presumed to be dependent on the proximity of the more silica-rich blocks to 
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the enveloping gneisses and schists, as was also noted by Dixon (1969), with talc 

forming from serpentinite by addition of silica via reactions such as: 

serpentinite + 2 Si02  = talc + H20 	[3.1] 

Matrix exposure in many areas, however, is not complete enough to confirm the 

relationship between talc abundance and proximity of silica-rich blocks. Talc 

abundance may also be related to infiltration of a relatively silica-rich fluid. 

Talc appears to nucleate preferentially along antigorite grain boundaries and 

particularly around the edges of larger pseudomorphic crystals (plate 3.3) and crystal 

aggregates, and talc veins cutting across the antigorite, indicate infiltration of a 

silica-rich fluid. Talc is also seen in the centres of some pseudomorphs. This latter 

may be an indication of talc being reconverted to antigorite, possibly due to a down-

pressure retrogressive overprint (see chapter 9) but there is no other evidence of such 

a reaction. 

Pale green to colourless tremolitic amphibole is associated with the talc in some of 

the studied samples. Crystals are subhedral to euhedral and appear to be in 

equilibrium with the talc. In one example (plate 3.4), the crystals are relatively large 

(-2 mm) and occur in a well-defined lens apparently pseudomorphing an earlier 

phase, possibly an earlier antigorite pseudomorph. Amphibole is not obviously 

associated with veining nor does it appear to vary in abundance with greater 

proximity to blocks, however, its patchy and late growth suggests that it may be the 

product of infiltration of fluids with compositions controlled by sources external to 

the serpentinite. This hypothesis is also supported by study of the metasomatic zones 

around the blocks described in the following chapters (e.g. chapter 4, section 4.5). 

Highly dispersive, pleochroic chlorite occurs in the matrix. This chlorite frequently 

has a very similar habit to that of the antigorite and is most satisfactorily explained as 

a late alteration of the antigorite. As with the amphibole, the abundance of this highly 

dispersive chlorite does not appear to be related to the proximity of blocks in the 

melange indicating that it is not a bimetasomatic product. Its patchy occurrence 
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Plate 3.4: Tremolitic amphibole 
pseudomorphing and earlier phase, 
possibly an antigorite pseudomorph 
after igneous olivine or pyroxene. 
The pseudomorph is surrounded by 
talc with minor antigorite also 
occurring in the sample. The 
sample is from talc-rich 
serpentinite matrix from the main 
serpentinite unit exposed in the 
north of Syros. Photo taken under 
x2 magnification and crossed 
polars. 

t 

Plate 3.5: three examples 	47 MR  
of metasomatic rind 	 . 	.. 
around melange blocks 	 . 	 . 
which consists of a 

O  
Iry 

lt  
complex mix of chlorite, .,. 
amphibole and talc. 	- - 	 . 	- 
a) block 6K7 from the  
Kim locality (1 lb hammer 	 ' 
for scale) This block is 
fractured approximately 	 .. . 	 . 	.. . 
in half This view isof  
the southern end of the 	 ... 	. 
landward half and shows 	 i. 
the fracture face and part 	 •. 	. 	.. 	 . 
of the metasomatic rind. 

 Note the wide area of 
blue-green amphibole 	- 
cutting into the block 	 I' 

below and to the left of the 
end of the hammer handle, which is disussed in chapter 7. b) block 4KA from the Kini locality 
(measuring tape set to 10 cm for scale). This block is described further in chapter 6. c) block 
5N9 from 'Polychrome Point' (llb hammer for scale). Similar metasomatic rinds, and that of 
block 6K7 in particular, are discussed in chapter 7. 
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suggests fluid-controlled alteration and it may be related to vein-controlled 

greenschist facies retrogression (Bond, 1999) or possibly to a blueschist facies fluid 

(see chapter 7). 

Electron microprobe data (appendix IV) shows that the highly dispersive chlorite is 

low in A1203  (12.5-14.4 wt%) and high in Si02  (30.8-33.2 wt%) with average 

chemical formula (Mg9.3Fe2 o.9Fe3 03Cro1A1i .3)(Si6.3A11 .7)020(OH)16 . It is also high 

in magnesium and low in iron compared to chlorite in, for example, the metagabbroic 

blocks (chapter 6, table 6.2). Since antigotite is close to the ideal magnesian 

composition, Mg12Si8O2o(OH)16, and essentially alumina-free, such a Si-rich and 

Mg-rich chlorite is a likely result of chlorite replacement of antigorite, as it reduces 

the mass of aluminium which must enter the system. The source of the aluminium 

itself is not clear. It presumbaly entered the system as a dissolved species, although 

solubility of aluminium species is ususally considered to be very low (see chapter 9). 

In some areas all the antigorite appears to have been converted to Si-rich chlorite 

with grain-size variations and pseudomorphs still preserved. Talc and amphibole 

have not been altered during the antigorite replacement event and it seems possible 

that the conversion of antigorite to Si-rich chlorite may be related to the chlorite 

veins observed in some areas. Such conversion of antigorite to Si-rich chlorite may 

have resulted from addition of iron and aluminium to the matrix via a fluid phase. 

This is considered further in chapter 7. 

Small amounts of a second, very pale or non-pleochroic, magnesium-rich chlorite 

also occur in the matrix. The origin of this chlorite is unclear, but it may be related 

to bimetasomatic chlorite in the rinds of nearby blocks (see chapter 4, 6 and 7), and 

appears to be part of the peak metamorphic assemblage. From electron microprobe 

analysis (appendix IV) the composition of this Mg-rich chlorite is close to 

(Mg8.9Fe2 o.9Fe3 o. iAl2.0(Si58Al2.2)020(OH)16, which, is noticeably less Si-rich and 

Mg-rich than the highly dispersive chlorite described above. 
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3.4.2 'Polychrome Point' -  the lower melange unit 

In contrast to the serpentinite matrix observed in many areas of the upper melange 

unit in the north, the matrix of the lower melange unit at Polychrome Point is largely 

composed of amphibole, chlorite, talc and carbonate. This matrix is reminiscent of 

the metasomatic rinds observed around many blocks both at Polychrome Point and 

elsewhere in the upper melange unit at all three localities studied (plate 3.5). It is 

also reminiscent of the metasomatic rind formed at contacts between melange and 

schist, observed at the edges of the upper serpentinite unit in the gneiss-serpentinite 

(chapter 8). This suggests that the high density of blocks and the limited thickness of 

the melange unit have resulted in metasomatism of the majority of the melange 

matrix as well as that directly adjacent to the blocks and schist edges. 

Pyrite is also present in a number of the blocks at Polychrome Point indicating a 

reducing environment. This is not a feature observed in other areas of the melange 

studied and its origin is unclear (see also chapter 10). 

3.4.3 Distribution and orientation of blocks 

The blocks within the melange range in size from a few centimetres to tens of metres 

across. The metagabbroic block, Monolith 1 (Dixon, 1969), which lies within the 

upper melange unit in the north about 800 in east of Kambos (figure 3. 1), is one of 

the largest. It rises over 10 in above the ground and is a highly visible landmark. 

Blocks are distributed randomly within the serpentinite melange, with no apparent 

grouping in composition or size. The ratio of blocks to matrix varies from high in 

concentrated clumps with blocks in mutual contact, to low in more sparsely 

populated areas, though, even when dispersed, blocks are usually within 20 in of 

their nearest neighbours. Dixon (1969) also noted that, in places, the width of the 

serpentinite matrix between walls of country rock is less than the width of the block 

within the matrix apparently as a result of shearing and attenuation of the melange, 

and 'expulsion' of the ultramafic matrix. 
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The distribution of blocks appears haphazard on a regional scale, however, many 

blocks are found to lie oriented with their long axis parallel to the fabric of the 

serpentinite matrix of the melange. It is also noticeable that the majority of blocks 

are rounded, with a conspicuous lack of angular, fractured edges, and with the 

external surface unrelated to internal angular magmatic contact features. 

By inference, block-matrix fabrics record a history of bulk strain and net relative 

displacement of matrix relative to blocks during and after peak metamorphism. The 

strain and relative displacements suffered prior to metamorphism, however, can only 

be inferred from general considerations of the nature of the blocks and the overall 

settings. 

The preferred interpretation is that the melange was clastic (olistostromic) in origin 

with a substantial ultramafic component, which, on metamorphism and deformation, 

differentiated into the present 'rigid-blocks-in-plastic-matrix' configuration. Matrix 

and blocks together may have moved relative to the enclosing schists and gneisses 

prior to and during the period of strain recorded. The matrix may also have moved 

relative to the blocks within it due to their widely differing competences. Locally, 

matrix flow may have been inhibited around very large blocks or in 'stagnant' 

regions and, when the matrix was more or less totally squeezed out, it can be inferred 

that both blocks and matrix stopped moving relative to the envelope of schists and 

gneiss. The combination of these complex relative movements and an overall 

prevailing strain field may account for the haphazard distribution but fairly consistent 

orientation of blocks within the serpentinite matrix. The sphericity of the blocks may 

be the result of numerous collisions with other competent blocks and the enveloping 

schists and gneisses during deformation in the melange, in a process analogous to 

that which results in the formation of rounded beach pebbles. Bimetasomatic 

reactions may also have contributed to the sphericity of the blocks, as is discussed 

further in chapter 4. 
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Because of the complex movements of the plastic matrix around the blocks, the 

definition of an in situ block is relative and almost all blocks will have moved with 

respect to the enclosing matrix during or after metasomatic alteration, whether this 

movement was the result of deformation during peak metamorphic conditions or 

during the uplift path, or of surface weathering. For the purposes of this study, the 

orientation of the blocks relative to the regional structure is unimportant. Therefore, 

study of loose blocks is useful and may prove as informative as study of blocks, still 

embedded within the melange, where significant movement of matrix has occurred 

relative to the block. 

3.5 The outer metasomatic zones 

A total of over fifty blocks in the serpentinite matrix were studied to a greater or 

lesser extent. In addition, a number of areas of contact between ultramafic melange 

and neighbouring units, which are also observed to have been affected by 

metasomatism were studied. 

Ideally, to study the bimetasomatism on Syros, a selection of complete zone 

sequences from block centres to unaltered serpentinite matrix would be measured. 

Idealised zone sequences such as those produced in the literature (chapter 1) would 

then be constructed, and to a certain extent this was achieved. However, due to 

continuous deformation during the period of metasomatic rind growth (chapter 2), 

bimetasomatic zone sequences have been tectonically disrupted. This has occurred 

to varying extents and restricts the data sources to rare relatively undeformed 

contacts, particularly for information on the outer parts of the zone sequences which 

are most affected. 

In all cases, where they are preserved, the outermost metasomatic zones (those 

closest to the serpentinite matrix) were noted to be talc bearing. This is also the case 

in the zone sequences noted in the literature (chapter 1) involving an ultramafic 
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reactant. The talc zones are very soft, as is the serpentinite-matrix itself, and the 

outer sections of the zone sequence are therefore highly susceptible to deformation. 

One block, 8Ea, at Ermoupolis, appears to possess outer talc-bearing zones which are 

relatively intact, and have thus, presumably, formed in a relatively 'stagnant' area of 

the melange. These zones are described in detail in chapter 7. All the other outer 

talc-bearing zones observed around other blocks, however, are highly disrupted 

consisting of mixes of talc, chlorite, carbonate, amphibole and bits of serpentinite 

matrix, and frequently show tight or isoclinal folding. Examples of such disrupted 

outer zones, described later in the text, include those around blocks 9J (chapter 4), 

Si, 5N1, GB (chapter 5), and a number of metagabbroic blocks (chapter 7). 

Dixon (1969) notes that in areas where the ratio of blocks to matrix is high, the 

matrix is rich in talc and chlorite, or is composed entirely of one or both of these. 

The partial or entire conversion of the matrix to talc or chlorite, noted by Dixon 

(1969) and also in the present study may be a reflection, in part, of the continuous 

disruption and reformation of bimetasomatic zones. This deformation will 

sporadically and continuously replace unaltered serpentinite in contact with block 

edges thus reducing the length of the diffusion path and increasing the rate of 

production of bimetasomatic products (chapter 1). 

The amount of talc produced from bimetasomatic reaction, whether or not the rate of 

the process is increased by deformation, will be limited if either of the products is 

entirely consumed. This appears to have occurred in some cases, in the melange on 

Syros, where all available serpentinite has been converted talc. One such example is 

around block 9J at Trakhilaki (chapter 4) where melange matrix is limited to a 

maximum of around 10 in on either side of a relatively large block (although the 

extent of the serpentinite parallel to the schistosity is unmeasurable). All visible 

matrix has also been converted to talc at the Ermoupolis site around block 8Ea 

(chapter 7). 
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If all serpentinite is consumed, the nature of the bimetasomatic system is altered and 

the zone sequence will no longer continue to develop according to the principles 

stipulated in chapter 1. For example, the activity of silica will no longer be fixed by 

the reaction of serpentinite to talc: 

serpentinite + 2 S102  = talc + H20 	[3.1] 

allowing a(Si02) to rise and thus reducing the drive for silica loss from the block. 

Thus the extent of bimetasomatic loss of silica from blocks and also loss and gain of 

other components may be limited in cases where all the available serpentinite has 

been converted to talc. 

The combined effects of deformation and, in some cases, limited available 

serpentinite make study of the outer talc zones very difficult, and direct measurement 

of the width of such zones, as is desirable for any quantitative modelling of 

bimetasomatic zone growth, is all but impossible. However, some useful 

quantitative calculations may still be made and are discussed in the following 

chapters. 

3.6 The inner metasomatic zones 

The inner parts of the metasomatic zones of the blocks on Syros were first described 

by Dixon (1969) who primarily noted an abundance of monomineralic glaucophane. 

He concluded that the formation and alteration of the blocks themselves was the 

result of reaction between the blocks and the enclosing sepentinite. Dixon (1969) 

also postulated that this metasomatic alteration of the blocks involved loss of silica; 

exchange of Ca2  and K for Nat; oxidation (possibly as part of desilication 

reactions); and loss of Cr, Ni and Co. Dixon (1969) also notes that the mineral 

assemblages of some of the blocks in the serpentinite matrix are compatible with the 

meta-igneous gneiss assemblages of the larger masses in the gneiss-serpentinite belt, 

if the lowered activity of silica (a(Si02)) of the blocks is taken into account. 
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It is apparent from field observation that a number of different block compositions 

exist on Syros; and, from study of literature on the formation of bimetasomatic zones 

(chapter 1), it is clear that differing rock compositions may have a large effect on the 

zone sequence developed. Therefore, for examination of the better-preserved inner 

zone sequences, as well as for discussion of the possible metasomatic alteration of 

their interiors, the blocks were divided into lithological types. The following five 

chapters study the meta-felsic blocks, metagabbroic blocks and metasedimentary 

blocks in turn starting with a detailed study of one of the best exposed blocks, 9J. 
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4.1 Introduction 

Silica-rich, meta-igneous lithologies are the least common block lithologies found in 

the serpentinite melange on Syros and were observed in only four melange blocks. 

All occur in the main autochthonous unit in the upper of the two melange-horizons in 

the north of the island. The best exposed of the meta-felsic blocks is block 9J where 

large sections of well-preserved metasomatic rind and also the block interior are 

visible (figure 4.1). Due to this excellent exposure (plate 4.1), the block's relatively 

homogenous composition and simple mineralogy it was selected for extensive 

detailed study, and is described and discussed in the present chapter. 

Block 9J is exposed in a gully on the coast just north of Ormos Megas Lakkos3  

(figure 3. 1), an area referred to as Trakhilaki by Ridley (1982). Mentioned by Dixon 

(1969) and Dixon and Ridley (1987), the block is located in the northern of the two 

slivers of melange interbedded with impure marbles and phengite schists described in 

the previous chapter. Block 9J is sheathed in a thin metasomatic rind containing 

chlorite and amphibole and is embedded in matrix of talc and talc + carbonate ± 

chlorite ± amphibole, which is concluded to have formerly been serpentinite. The 

quartzite and schist country rock occurs within 10 m on either side of the block and 

is discussed further in chapter 8. 

The in situ part of block 9J comprises two larger masses joined by a narrower section 

(plate 4.1). The most easterly part of the block is the upper of the two large masses 

which is located nearest the top of the gully and is roughly 10 m long, with 2-4 m 

width exposed and 2-5 m of height above the ground. The lower, adjoining mass is 

roughly 10 m long by 2 m wide, tapering from about 3 m exposure above ground to 

nothing down the gully. The south-west face of the upper part and the south face of 

the lower part are fracture faces roughly perpendicular to the block edge, which 

expose the block interior. Two large detached sections of block also occur near the 

The bay of Ormos Megas Lakkos is also varyingly referred to as 'Elia' and 'Lia' bay (Bond, 1999). 
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Figure 4.1: Simplified small-scale map of block 9J and the surrounding schist, showing the positions 
of sample traverses A, A*,  B C and D. 	 4. 
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Plate 4.1: View of block 9J from the south looking down into the gully. Metasomatic rind can be seem on the 
upper surface of the block towards its lower, western end, and in the thinner region in the middle of the block 
(in shadow), which is the location of traverses A and B (see also figure 4.1). The loose block section to the 
east (figure 4.1) is just visible at the edge of the shot. The loose block-sections by the shore are just out of 
shot to the west (left). 
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shore. These are not in situ and appear to be sections of the southern part of the 

block that have broken off. The two sections measure 2 m x 4 m x 2 m high and 2.5 

m x 1 m x 2 m high respectively. A further small, detached section of block is also 

exposed near the top of the gully. Before exposure, weathering and detachment of 

some block sections, the block was probably about 20 m long, at least 5 m wide and 

5 m or more high, with its long axis aligned parallel to the strike of the surrounding 

schist and the boundaries of the melange unit (figure 4.1). The block edges are 

rounded with no sharp fracture surfaces preserved, as is noted to be the case with all 

blocks within the melange and as discussed in chapter 3 (3.4.3). 

4.2 Origin 

Block 9J is believed to derive, via metasomatic or hydrothermal alteration, from a 

felsic igneous parent. X-ray fluorescence data shows the Si02  content of block 9J to 

be between about 65 and 72 wt%, and the analyses recalculate to around 65-88 % 

normative albite (appendix III). The rocks of the serpentinite melange on Syros are 

believed to have formed in an ocean ridge setting (chapter 2). Felsic, or granitic, 

igneous rocks in the melange will, therefore, have originated from ocean ridge 

granites (ORG), or plagiogranites (Coleman and Peterman, 1975; Pallister and 

Knight, 1981; Aldiss, 1981; Lemoine et al., 1987; Borsi et al., 1996). 

The trace elements Rb, Y, and Nb, or Rb, Yb and Ta can be used to determine the 

origin of granites via granite classification plots such as those used by Pearce et al. 

(1984), which distinguish between ORG, within plate granites (WPG), volcanic arc 

granites (VAG), and syn-collision granites (SCG). However, ocean ridge granites, 

will undoubtedly have undergone sea floor metasomatism and metamorphism during 

which process, Rb is a highly mobile element (Cann, 1970; Hekinian, 1982). 

Therefore, plots utilising Rb concentrations will be unreliable as indicators of granite 

origin. Nb and Y, however, are immobile during sea floor processes (Cann, 1970), 

therefore, a Nb-Y plot should be valid as an indicator of the granite origin. 
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A Nb-Y plot was constructed using X-ray fluorescence data from samples taken from 

near the centre of block 9J (figure 4.2). The majority of the points fall within the 

ORG field supporting the contention that the block is, indeed, a metamorphosed 

ocean ridge plagiogranite. 

The possibility that even the most 'internal' samples taken from block 9J have, in 

fact, been chemically altered by metasomatism, due to the presence of the 

serpentinite melange, which surrounds the block must be considered. Such a 

possibility is significant because it would mean that the central samples from the 

block are not representative of the original composition, prior to the metasomatism. 

Most central samples, however, show a small range of values in oxide and trace 

element concentrations but no consistent trends as might result from metasomatic 

alteration. Therefore it seems reasonable to conclude that these samples are not 

affected by metasomatism. 

Comparisons of major and minor element contents of block 9J to analyses of 

plagiogranites from the literature (Coleman and Peterman, 1975; Coleman and 

Donato, 1979; Pearce et al., 1984; Pe-Piper and Piper, 1991; Jenner and Swinden, 

1993; Nakada et al., 1994; Borsi et al., 1996) show that the major discrepancy 

between the two is in the very high Na20 values of block 9J (figure 4.3). This 

suggests that block 9J may have undergone some Na20 enhancing alteration process, 

which has not affected the samples presented it the literature. This discrepancy may 

be due to analyses in the literature having been selected to avoided secondary 

alteration processes as far as possible, while such process may well have affected 

block 9J. One possible secondary alteration process, which may have affected block 

9J, is albitization. 

Albitization involves the partial or complete replacement of plagioclase or alkali 

feldspar by albite and a consequent increase in the Na20 content, usually at the 

expense of CaO and K2O. Albitization can be achieved in a number of ways. A 

common process involves the residual water-rich vapour released during the final 
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Figure 4.2: Nb-Y granite classification diagram with samples from the central area of block 9J 
plotted. Granite fields after Pearce et al. (1984): ORG = ocean ridge granite field, WPG = within 
plate granite field, VAG = volcanic arc granite field, SCG = and syn-collision granite field. 
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stages of crystallisation of a granitic body re-reacting with the feldspars of the 

already crystallised granite. The vapour contains high concentrations of Na and 

converts the plagioclase and alkali feldspar of the granite to albite, which is stable 

under the lower temperature vapour-rich conditions. 

Another method of albitization occurs on the sea floor when sea-water in thermal 

circulation cells, within the basalt layer of the oceanic crust, reacts with ocean floor 

basalts. Sea-floor albitization is part of spilitization, or low grade metamorphism of 

basalt resulting in an albite-chlorite-actinolite rock. No form of plagioclase is stable 

with sea water at 25°C (Ramseyer et al., 1992) and albitization is believed to occur 

between about 350°C and 600°C under greenschist to amphibolite facies conditions 

(e.g. Liou and Ernst, 1979; Evarts and Schiffman, 1983; Ramseyer et al., 1992) 

possibly during metasomatism on, or near, the spreading axis (Liou, 1979; Liou and 

Ernst, 1979). 

The extent of albitization is dependent on the degree of infiltration, with greater 

albitization resulting from a higher fluid-rock ratio (e.g. Evarts and Schiffman, 1983; 

Rosenbauer et al., 1988; Shau and Peacor, 1992). High Na content, high Si02  

content and low Mg2  content in the fluid are also believed to favour albitization 

(Rosenbauer et al., 1988). Because of the necessity for a high fluid-rock ratio, 

albitization is likely to be less common in deeper regions of the oceanic crust where 

fluid infiltration is limited. 

Limited fluid infiltration and associated albitization were noted in the Del Puerto 

ophiolite, California by Evarts and Schiffman (1983). However, they also infer that, 

as the crust cooled, fractures and faults penetrated down to plutonic levels and sea-

water was able to percolate along these. While the massive impermeable peridotite 

and gabbro was relatively unaffected by this infiltration, young mafic to silicic 

dykes, which also utilised these fractures, interacted extensively with the sea-water 

and were consequently albitized. 
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The plutonic regions of the East Taiwan ophilolite (Liou, 1979; Liou and Ernst, 

1979), in contrast to those of the Del Puerto ophiolite, show fairly ubiquitous 

albitization; but here the plutonic regions have undergone a more complex history 

involving brecciation prior to the deposition of the overlying volcanic layers. Such 

brecciation may well have enhanced fluid flow and albitization of the rock. 

Taking the above discussion into account, it seems plausible that the plagiogranite of 

block 9J was albitized during sea-floor alteration processes, although it is likely that 

not all plagiogranite from the plutonic regions of ophiolites will be albitized. 

Similarly, the albitization of the 9J plagiogranite does not necessarily imply that the 

gabbro and ultramafic regions of the melange were hydrothermally altered to the 

same extent or indeed at all. 

4.2.1 Original compositional variations 

Ranges in oxide and trace element contents may be indicative of original 

compositional variations. Unmetamorphosed plagiogranite blocks on Cyprus show 

considerable compositional variation (Dixon, personal communication) and the 

composite blocks on Syros (see chapters 5 and 6) are ample example that variations 

in composition occur on a centimetre and decimetre scale due to original igneous 

processes. 

Within block 9J there are large variations in Cr and Ba and smaller variations in Ce 

and La between some 'central' samples with similar major element contents 

(appendix III). Variations in the ratio of A1203  to Zr, both usually considered as 

immobile elements (Mehnert, 1969; Cann, 1970; Hekinian, 1982; Linder et al., 

1992), are also indicative of original compositional variations. A study of variation 

in the major and trace elements contents of samples along linear traverses through 

the block, was made. The results (figure 4.4) indicate that the block consists of 

domains, around 10-30 cm in diameter, which may be distinguished by relatively 

sharp fluctuations in a number of major and trace element concentrations with 
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distance. These domains are believed to be original block features, probably formed 

by progressive fractional crystallisation of small melt fractions 'trapped' in the block. 

The formation of 'graphic' intergrowths of quartz and feldspar in granophyres is an 

example of a similar process, although on a slightly smaller scale. 

4.3 Mineralogy 

The apparently unmetasomatised mineralogy of the interior of block 9J is jadeite 

(a(jd) = 0.807 to 0.996) and quartz, with minor white mica, including both muscovite 

and paragonite (appendix IV), and glaucophane, accessory sphene, rutile and zircon. 

The texture is homogeneous with no visible fabric and the rock is around 70% jadeite 

by volume. Jadeite crystal size is around 1.5 mm but tends to be smaller in areas of 

lower Si02  content. The jadeite crystals are subhedral and are roughly equi-

dimensional rather than being strongly elongate. Quartz occurs as isolated crystals 

and as inclusions in jadeite, but mostly as inter-connecting 'pools' between areas of 

densely packed jadeite crystals. 

Glaucophane crystals are euhedral or fibrous up to a maximum length of 1-2 mm. 

They occur scattered throughout the rock and as inclusions within the jadeite, 

particularly within the cores and are clearly part of the original blueschist 

mineralogy. Electron microprobe data (appendix IV) show that there is some 

variation in core-rim zoning in individual glaucophane crystals, but the majority zone 

to purer glaucophane composition (figure 4.5). Plotting the data on a Myashiro 

diagram (figure 4.6), shows that there is no coherent core-rim trend in Fe2  or Fe 3+ 
 

concentrations in these minerals, aithopugh a majority zone to lower Fe3 . 

The pyroxenes in the block centre (figure 4.7) show a definite trend of increasing 

jadeite content from core to rim. A similar trend was observed by Dixon (1969) in 

pyroxenes from the eclogite-jadeite block, 5N1 (see chapter 5), and by Carpenter 

(1979) in pyroxenes from both blocks in the serpentinite melange and from larger 

gabbroic and gneissic masses in the gneiss-serpentinite belt. This zoning involves 
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mostly a decrease in the acmite component (simply replacement of Fe' by A13 ) but 

also, especially in the case of 5N1 (data from Carpenter, 1979), a decrease in the 

augite component (substitution NaAlCa i Mgi). Data from block 9J (N4-117A, 

analyses 20 & 22, appendix IV) gives the following change in composition from core 

to rim: 

Nao.96Cao.04Al0.87Fe3 0.09M90.04Si206  + 0.06 AlFe3 1  + 0.02 NaAIMg 1  Ca 1  

= Nao.98Cao.02Al0,95Fe3 003M90.02Si 206 	 [4.1] 

Zoning towards more jadeite-rich compositions in pyroxenes from metagabbros may 

be due to the prograde, up temperature reaction of glaucophane + epidote to garnet + 

omphacite (Ridley, 1984). However, such an explanation is clearly not applicable to 

a rock with the composition of 9J. Zoning towards more jadeite-rich compositions 

is, in this case, probably the result of growth of pyroxene by a reaction such as: 

2 albite + actinolite = glaucophane + 2 diopside + 2 quartz 	[4.2] 

(or equivalent Fe3tbearing  reactions) in combination with the breakdown of albite: 

albite = jadeite + quartz 	[4.3] 

The proportion of 'actinolite' in the original block was presumably small, in 

agreement with the minor growth of glaucophane that is observed in block 9J. 

Reaction [4.2] therefore, resulted in the assemblage albite, glaucophane, diopside, 

quartz. The albite would then continue to break down to jadeite and quartz (reaction 

[4.3]) with the more jadeite-rich pyroxene growing around the already present 

diopsidic cores, as is seen to occur in block 9J (figure 4.7). 

Partial retrogressive reaction of jadeite and quartz to albite has occurred, most 

ubiquitously in areas where the pyroxene is closest to its jadeite endmember 

(NaAlSi206). Because the jadeite is impure, the growth or albite by the reverse of 

reaction [4.3] becomes: 

px1  (JdAugAc) + qz = ab + px2  (Jd<Aug>Ac>) 	[4.4] 

For example, using the pyroxene analyses N4-117A-20 and N4-117A-22, mentioned 

above, the following reactions may be written. 
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For the rim composition of the pyroxene, the end member reaction, where the entire 

jadeitic component is converted to albite, is: 

Nao.98Cao.02Al095Fe3 0.03M90.02Si206  

= 0.95 NaA1S1308  ± 0.05 Na0.6Ca04Fe3 0.6Mgo.4Si2O6  (Di4oAc60) 	[4.5] 

Other reactions can be written where a certain proportion of the jadeite component 

remains in the pyroxene: 

Nao.98Cao.02Al0.95Fe3 0.03M90.02Si206  

= 0.94 NaA1Si308  + 0.06 Nao.67Cao.33Alo.17Fe3 0.5Mgo.33Si2O6  (Jd17D133Ac50) [4.6] 

Nao.98Cao.02Alo,95Fe3 0.03Mgo.o2Si2O6  

= 0.93 NaA1S i3O8  + 0.07 Na071  Cao29A1o29Fe3 o.42Mgo.29Si2O6  (Jd29Di29Ac42) [4.7] 

Similar reactions, for the more jadeite-poor pyroxene compositions closer to the 

crystal cores, could result in 'relic' pyroxenes with compositions such as Jd7Di29Ac64  

or Jd13Di27Ac60. All these calculated compositions for 'px2' in reaction [4.4] lie 

within the field of 'relic' pyroxene analyses (figure 4.7). The reaction produces 

'lagoons' of albite around the jadeite crystals with outer 'reefs' of pyroxene that have 

an acmite-rich composition. The total width of lagoon and reef is very small, less 

than 0.05 mm, within the block centre. It is worth noting that a shift towards more 

jadeitic compositions in pyroxene analyses may in some cases be the result of mixed 

pyroxene-albite analysis, a hazard of analysing very small crystals such as those that 

occur in retrogressive reefs. 

Backscatter imaging (plate 4.2) clearly shows that the acmite-rich pyroxene 'reefs' 

are discontinuous. The amount of acmite is also seen to be proportional to the 

amount of jadeite retrogression. The acmite rims appear to mark the original extent 

of the pyroxene crystal. The presence of the acmite reefs implies that, once acmite 

nucleated during the initial stages of the replacement reaction, it was kinetically 

favourable for the crystals to grow by diffusion of components from the jadeite 
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Plate 4.2: Electron backscatter 
image showing albite 'lagoons' 
and discontinuous acmitic 'reefs' 
(thin white areas beyond 
pyroxene crystal edges and 
albite), around partially 
retrogtressed jadeite crystals in 
the centre of block 9J. Quartz 
occurs around pyroxene crystals 
outside the acmitic 'reefs'. 

Plate annotations: jd =jadeite, qz 
= quartz, ab = albite. 

Plate 4.3: The metasomatic rind of block 9J. 
Rind on the western (seaward) end of the 

block is a complex mix of pyroxene, 
chlorite, talc, glaucophane and actinolite. 

rind in the region of traverses A and B is 
also a complex mix of glaucophane and 
green pyroxene with actinolite and talc 
further from the block. 

Plate 4.4: Electron backscatter image 
showing patchy replacement of jadeite 
(mid grey) by omphacite (light grey) at the 
edge of block 9J. Albite occurs as a 
retrogressive product around some 
partially altered jadeite crystals as in Plate 
4.2 above. 

Plate annotations: jd = jadeite, om = 
omphacite, ab = albite, gi = glaucophane, 
chl = chlorite. 
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reactant through the albite, rather than for new crystals to nucleate adjacent to the 

reacting jadeite. Dixon (1969) describes the same phenomenon and notes that 

'reefing' is not always perfect with acmite-rich grains sometimes nucleating in the 

albite band. 

4.4 Bimetasomatic alteration 

As was mentioned in chapter 3, all the ultramafic, serpentinite matrix around block 

9J appears to have been converted to talc-bearing lithologies. The inner part of the 

metasomatic zone sequence, in which talc is scarce or absent, is preserved on the 

well-exposed upper parts of the in situ block sections and the displaced sections of 

block near the shore. 

This inner metasomatic 'rind' is relatively thin, reaching a maximum of around 20 to 

30 cm including a layer of apparently altered block. The rind is a complex mix of 

pyroxene, chlorite, talc, and amphiboles of varying compositions (plate 4.3) and 

initial inspection reveals no obvious sequence of concentric zones, as would be 

expected from bimetasomatism. However, there is consistency in a number of 

features of the inner rind. A layer of green omphacitic pyroxene, 5 cm wide occurs 

adjacent to the edge of the pale, jadeite block, in many sections, and is apparently the 

product of relatively minor chemical alteration of the block edge. Where this is not 

the case, lavender-blue glaucophane is seen in direct contact with apparently 

unaltered block. Similarly pale, pleochroic Mg-rich chlorite with a composition 

relatively close to the clinochiore endmember (see section 4.4.4) is seen outside the 

green pyroxenite layer except where blue sodic amphibole intervenes. These 

observations suggest that the sodic amphibole is, in fact, partially obliterating an 

ordered bimetasomatic zone sequence. 

Samples of the inner rind were analysed predominantly from 4 areas, which are 

marked A to Don figure 4.1. The following discussion is a description of features of 

the inner rind with reference to areas A to D of the block edge where appropriate. 
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4.4.1 The inner pyroxene band 

A band of omphacitic pyroxene is seen to occur around the edge of the block in areas 

where it is not obliterated by glaucophane infiltration, as illustrated in figure 4.8. 

This pyroxene is termed the 'inner pyroxene band' and its outer edge is taken as the 

'block edge'. In the field, the inner pyroxene band appears as a darker green layer at 

the edge of the pale, jadeite block, and is around 5 cm wide. In thin section it is seen 

to consist largely of pale green omphacitic pyroxene with minor albite and accessory 

minerals. 

Backscatter imaging (plate 4.4) and electron micoprobe data show that the jadeite-

rich pyroxene of the block centre is, at the block edge, patchily replaced by a more 

omphacitic pyroxene (high reflectance). Probe data (appendix IV), plotted on figure 

4.9, show two distinct compositions of pyroxene, 'old' and 'new', with a 

compositional gap between the two groups of analyses. 

This discontinuity on composition appears to be the result of a miscibility gap in the 

jadeite-omphacite solid solution series, which was first suggested by Essene (1967). 

Carpenter (1979, 1980) used pyroxenes from Syros, amongst others, to determine the 

topography of the miscibility in Na-pyroxenes and the mechanisms of exsolution. 

He concluded that the exsolution and antiphase microstructures in omphacites can be 

successfully interpreted in terms of a combined system in which a field of cation 

ordering (P2/n) is superimposed onto a broad miscibility gap between disordered 

(C2/c) end members, namely jadeite and augite (figure 4.10). The effect of adding 

an acmite component to the system, with the atomic radius of Fe3  lying between the 

radii of A13  and Mg2 , is broadly similar to increasing temperature, reducing the 

drive for both ordering and exsolution (Carpenter, 1980) and thus reducing the size 

of the miscibility gap. At the PT conditions of peak blueschist metamorphism on 

Syros, around 15 kb and 450-500°C, the miscibility gap between the P2/n omphacite 

structure and the C2/c augite structure will not be present, and the phase diagram will 
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amphibole 

talc + chlorite 

Figure 4.8: Schematic diagram of the block edge and metasomatic rind at block 9J excluding the 
'outer pyroxene band' (see figure 4.15). The inner pyroxene band is a distinct layer of green 
omphacite around 5 cm wide at the edge of the jadeite-quartz block. The edge of the jadeite quartz 
block is, however, also altered chemically to a depth of 20-30 cm from the block edge, with two 
distinct chemical zones: altered block (1), where silica loss is predominant; and altered block (2), 
which includes the inner pyroxene band, where addition and loss of a number of components has 
occurred (see main text section 4.4.2). The chlorite zone lies adjacent to the inner pyroxene band 
with the contact between the two defined as the 'block edge'. The outer edge of the chlorite zone is 
marked by termination of exposure or by a talc chlorite zone or amphibole (indicated schematically 
on diagram). The amphibole cuts into the block through all the apparently bimetasomatic zones 
observed, as indicated schematically, becoming visibly bluer and more glaucophanic towards, and 
within the block, (see also main text section 4.5). 
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9J block centre: N4-117A 	 / 
9J inner pyroxene band: N4147 	
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Figure 4.9: Pyroxenes data from the inner pyroxene band (see main text) and the centre of block 9J 
(as figure 4.7) showing the compositional gap between impure jadeite ('old px') and omphacite 
('new px'). Data are given in appendix iv 
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Jadeite 	Orrphocite 	Ai.ite 

Figure 4.10: Equilibrium phase diagram of temperature against composition for jadeite-augite, after 
Carpenter (1980). The composition limits are not defined precisely but an attempt has been made to 
incorporate the available temperature data. A single field of ordered omphacite, with P2/n symmetry, 
is shown bounded by wide two-phase fields at low temperatures. The C2/c to P2/n ordering 
transformation is thought to be second order in character (Carpenter, 1980) so there is no two-phase 
region between the ordered and disordered fields at high temperatures. At the estimated temperatures 
of peak blueschist metamorphism on Syros, 450-500 °C, the two-phase field between omphacite and 
augite has disappeared while that between jadeite and omphacite is still present. 

Jadeite 	 Augite 

NoAISiJ6 	 Ca(rvig,Fe2iS06 

Figure 4.11: Schematic jadeite-augite-acmite ternary phase equilibrium diagram for pyroxenes at 
—500 °C showing the two-phase field, or miscibility gap, between impure jadeite and omphacite. 
Based on figure 4.9, after Carpenter (1980). 
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look as in figure 4.11. This is in good agreement with the observed pyroxene 

analysis from Syros. 

The examples of zoning, spanning the miscibility gap, in pyroxenes from Syros 

given by Carpenter (1979) may be the result of up-temperature metamorphism or 

metasomatic processes, in block 9J, however, the omphacitic pyroxene appears to 

grow as the result of metasomatic processes. In block 9J, the 'new' pyroxene does 

not form zones around pyroxene, which would indicate additional growth of 

pyroxene. Instead, the new pyroxene grows by a replacement involving the 

conversion of the older, jadeititc, pyroxene. No isochemical reaction involving 

replacement of jadeite by omphacite may be written for the phases present in block 

9J indicating a metasomatic origin for the omphacitic 'new' pyroxene. Thus from 

this and the positioning of the new, omphacitic pyroxene as a band around the edge 

of block 9J, it seems certain that the new, omphacitic pyroxene is the result of 

metasomatic processes, probably the result of block-matrix bimetasomatism. As 

such it is comparable to the 'altered country rock' zone of Sandford (1982) (chapter 

1). 

Textures 

Two types of texture are observed in the inner pyroxene band at different points 

along the exposed edge of block 9J. Near D, at the upper edge of the more easterly 

section of the block, and also at B, the pyroxene grain size reaches a maximum of 1 

mm and, as such, is noticeably smaller than that of the jadeite of the rest of block 9J. 

Pyroxene habit is subhedral to anhedral and new omphacitic pyroxene growth 

appears to be largely as a replacement ofjadeitic pyroxene. The overall pyroxene-

texture roughly mimics that of the block centre (compare plate 4.2 and 4.4). 

The contact between the jadeite of the block and the inner pyroxene band is 

apparently gradational although relatively sharp at D. Towards the block edge, the 

pyroxene becomes more omphacitic and grain-size decreases. Quartz content also 
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decreases, and no quartz is present within 10-20 cm of the block edge (figure 4.8). 

Albite pools occur in the inner pyroxene band, but reach a maximum of only 0.5 mm 

in diameter and are scarce, with their abundance and size decreasing towards the 

block edge. Some albite pools, near the inside edge of the inner pyroxene band, 

contain small amphibole crystals, as do quartz and albite pools within the block. 

However, those nearer the block edge contain no amphibole, and fresh pyroxene is 

seen in these pools. This latter is interpreted as omphacitic pyroxene growth that 

occurred via new crystal nucleation rather than replacement of the jadeite. However, 

a further episode of pyroxene growth associated with the retrograde reaction 

jadeite + quartz = albite 	(reverse of [4.3]) 

is also a possible source for fresh pyroxene in albite pools although the composition 

of such a pyroxene would be less jadeite-rich than that of the pyroxenes observed. 

Similar textures are also observed at B. 

At C, along the edge of the more westerly section of the block, a 'wheat-sheaf' or 

'rosette' texture is seen in the inner pyroxene band. This texture is formed where 

pyroxene crystals grow outwards from a cluster of closely adjacent nuclei (plate 4.5). 

The number of successful nucleations per unit volume is small, resulting in sprays of 

large crystals, rather than multiple evenly distributed and randomly oriented new 

grains. An analogous process is the growth of pegmatites, where fluid inhibits 

nulcleation and promotes transport of dissolved material. 

In some cases growth of crystals outwards from closely adjacent nulclei results in 

one crystal apparently overgrowing another at right angles (plate 4.6), where the first 

grows continuously on either side of the central nucleation point; but in most cases a 

spray of crystals results. Most crystals are around 1 mm or less in length, but some, 

which grow on either side of the central nucleation point, reach 2 mm or more. 

Cores of rosettes are clearly preferential sites for nucleation but the original nature of 

these has now been obliterated by the new pyroxene growth. 
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Plate 4.5: Wheat-sheaf or rosette' texture pyroxene from the inner pyroxene band of block 
9J. a) in plain polarised light, b) under crossed polars, both photographs taken at x 1 
magnification. 
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Plate 4.6: 'Wheat-sheaf or rosette' texture pyroxene, from the inner pyroxene band of block 
9J, where one crystal has grown (horizontally) on both sides of the nucleation point and 
therefore, appears to overgrows a second crystal oriented at right angles (vertically), a) in plain 
polarised light, b) under crossed polars, both photographs taken at xl 0 magnification. 
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Plate  4.7: Shearing and fabric development at a sharp contact between the inner pyroxene 
band of block 9J and jadeite-nch block, a) in plain polarised light, b) under crossed polars, 
both photographs taken at x2 magnification. 
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The proportion of omphacitic pyroxene nucleating as new crystals, to that formed by 

replacement of jadeitic pyroxene, is clearly much greater in this area than in areas D 

and B described above. What causes this increased ratio of nucleation to 

replacement is unknown but a higher volume of fluid or deformation during growth 

may play a part. 

Contact with jadeite block 

The contact between the inner pyroxene band and the jadeite block is much sharper 

in some regions of the block edge than others and these areas are noted to contain 

abundant rosette-texture omphacite. In such cases, shearing appears to have 

occurred, with a zone of finer-grained material, showing a strong fabric, occurring at 

the boundary (plate 4.7). If shearing did occur, it may have caused the sharpening of 

the boundary observed. The stresses causing the shearing may also have resulted in a 

higher nucleation-to-replacement ratio in the new omphacitic pyroxene, via 

processes analogous to growth of neoblasts in and around strained crystals in many 

deformed rocks. 

Accessory minerals 

Accessory minerals, in both textural variations of the inner pyroxene band are zircon 

and sphene ± white mica. The white mica content is apparently related to the 

original potassium content of the relevant area of block, and tends to decrease 

towards the outer edge of the inner pyroxene band. At the contact of this outer edge 

with an adjacent chlorite zone, however, white mica is abundant. This abundance of 

white mica apparently reflects a lack of stability of any potassium-fixing mineral 

within the chlorite zone, which is discussed further in section 4.4.4, below. 

Zircon crystals present in the inner pyroxene band are unzoned and predominantly 

euhedral as is also the case within the block centre of 9J. This suggests that zircons 

in the inner pyroxene band are inherited from the block apparently unaltered by 
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metasomatism. This is in agreement with the unreactive nature of zircon and its 

frequent preservation, unaltered, during metamorphic, metasomatic and weathering 

processes (e.g. Speer, 1980). More significantly the observation that zircon in the 

inner pyroxene band is inherited from block 9J indicates that the inner pyroxene band 

overgrew the jadeite block. The inner pyroxene band may, therefore, be termed 

'altered country rock' and correlated with the similar 'altered country rock' zones 

observed in previous studied of bimetasomatic zone sequence (e.g. Sandford, 1982). 

Epidote occurs in a few cases within the inner pyroxene band, but is apparently 

associated with late albitization, growing in areas where jadeite has broken down 

(this is seen more clearly in block 5N1, chapter 5). 

Volume changes 

Where replacement of jadeite by omphacite is the dominant process over nucleation 

and growth, the smaller resultant grain size and the scarcity or lack of quartz or albite 

pools indicates that the formation of the inner pyroxene band may have involved an 

overall decrease in volume. A volume decrease may be expected to result in the 

formation of tension fractures, and healed fractures are indeed observed. A 0.5 cm 

fracture displaying crack-seal pyroxene growth (plate 4.8) is observed in the area of 

rosette textured pyroxenes at C. A much smaller fracture (0.2 mm across), but with 

similar crack-seal pyroxene growth, is seen at D, where the majority of omphacite 

growth is replacement of jadeite. Volume decrease by loss of pyroxene volume may 

be expected to result in a higher concentration of accessory minerals. However, the 

distribution of sphene and zircon is too patchy and variable within the 

unmetasomatised block centre to be a reliable indicator of volume loss. 

4.4.2 Chemical alteration of the block edge 

Bulk chemical composition analysis of samples from five traverse (A, A*,  B, C and 

D) running from the inner pyroxene band into the central part of block 9J (figure 4.1) 
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Plate 4.8: Crack-seal texture within the inner 
pyroxene band of block 9J. a) and b) are the 
two sides of a single 0.5 cm fracture. The vein 
in b) is a late retrogressive albite vein. Both 
photographs taken under crossed polars at x2 
magnification 

Plate 4.9: Two 
examples of 'island and 
reef textures in 
pyroxenes within the 
inner pyroxene band of 
block 9J. The texture 
results from the 
preservation of less 
jadeitic cores and 
omphacitic rims while 
jadeitic areas of the 
crystal react with quartz, 
under retrogressive 
conditions, to form 
albite. a) and b) taken at 
x20 magnification under 
ppl and xpl respectively. 
c) and d) taken at x 1 
magnification under ppl 
and xpl respectively 
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were carried out by X-ray fluorescence (appendix III). Bulk chemical data plotted 

against distance for each traverse (figure 4.12) show that alteration from the original 

block composition has occurred at the block edge. This alteration extends about 20 

to 30 cm into the block from the block-chlorite contact at the block edge; but internal 

compositional variations and the asymptotic nature of the chemical alteration 

towards block interior compositions makes its exact extent hard to judge. The width 

of altered block, however, is clearly considerably greater than its visible expression, 

which is the 5 cm-wide dark green, inner pyroxene band. 

In the region of altered block, the most prominent feature is silica loss with silica 

decreasing from 65-70 wt% in the block centre to around 55 wt% (appendix III); but 

a large number of other components were also clearly mobile. 

Graphs of oxide concentration against distance for traverses A to D running from the 

centre to the edge of 9J, show that, in roughly the outer 20-30 cm of the block, two 

distinct zones are present. Changes in concentrations of components vary slightly 

from one traverse to the next, but there is a consistent general pattern in most major 

and some minor components (figure 4.12). 

Between about 20-30 cm and 10 cm from the block edge ('altered block (1)', figure 

4.8), all major components, with the notable exception of Si02, show an increase in 

concentration. In this region Si02  falls from around 65 wt% to 60 wt%. Harker 

diagrams, plots of oxides against Si02, (Harker, 1909) may be used to determine how 

much of the increase in other component concentrations is due solely to this loss of 

silica. Such plots will show straight lines, which may be extended back to 100 wt% 

Si02, if wt% oxide changes are due solely to removal of silica. If plots give lines 

extending back to less than 100 wt% Si02, it implies that the component in question 

has been added, or another component, besides silica, has been lost in significant 

amounts. If plots give lines extending back to greater than 100 wt% 5i02  it implies 

that the component in question has also been lost from the system, or significant 

amounts of another component have been added. Harker diagrams, for samples from 
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Figure 4.12: Major element oxide concentrations, in weight percent (wt%), as a function of 
distance along all traverses in figure 4.1. Distance 0 is the block edge (figure 4.8). 
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Figure 4.12 (continued): Major element oxide concentrations, in weight percent (wt%), as a 
function of distance along all traverses in figure 4.1. Distance 0 is the block edge (figure 4.8). 
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Figure 4.12 (continued): Major element oxide concentrations, in weight percent (wt%), as a 
function of distance along all traverses in figure 4.1. Distance 0 is the block edge (figure 4.8). 
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Figure 4.12 (continued): P 205  concentration, in weight percent (wt%), and trace element 

concentrations in parts per million (ppm) as a function of distance along all traverses. Distance 0 is 

the block edge (figure 4.8). 
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Figure 4.12 (continued): Trace element concentrations, in parts per million (ppm), as a function of 
distance along all traverses in figure 4.1. 
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Figure 4.12 (continued): Trace element concentrations, in parts per million (ppm), as a function of 
distance along all traverses in figure 4.1. 
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Figure 4.12 (continued): Trace element concentrations, in parts per million (ppm), as a function of 
distance along all traverses in figure 4.1. 
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Figure 4.12 (continued): Trace element concentrations, in parts per million (ppm), as a function of 
distance along all traverses in figure 4.1. 
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the edge of block 9J (figure 4.13), show that the increase in the majority of 

components between about 20 and 10 cm from the block edge is largely a 

'residualisation' effect due to loss of S102, with possible minor addition of CaO and 

MgO. 

Trends on Harker plots of trace elements are less clear, but Sr, Sc, Ni and V (figure 

4.14) show similar profiles to CaO and MgO, indicating that these trace elements and 

major element may be linked. Sr is well known to occupy similar sites to Ca in 

many minerals. Sc, Ni and V have similar charge and ionic radii to Mg and Fe2 . 

Therefore these elements are likely to occupy similar sites within minerals, with Sc, 

Ni and V lowering their chemical potentials by substituting for Ca and Mg. Thus the 

chemical potential gradients in Sc, Ni and V in the block-matrix system are likely to 

be similar to those of Ca and Mg and, ;onsequently, their concentration will be 

linked. 

From about 10 cm into the block outwards to the block edge, where it is in contact 

with the chlorite zone beyond ('altered block (2)', figure 4.8), Si02  concentrations 

fall from around 60 to 55 wt%. A1203, Na20, Ti02  and Nd also show decreases in 

concentration. All other major components (CaO, MgO, Fet0t,  MnO, K20) show a 

continuing, and increasingly steep, increase in concentration, as do a large number of 

trace elements including Cr, Ni, Sc, V, Cu, Rb, Ba and Sr. 

Other trace elements such as Zr, Nb, Y and La show varying increase or decrease 

within different traverses (figure 4.12). The variable increases and decreases of Zr, 

Nb, Y, and La within the block and towards the block edge are apparently linked to 

the contents of zircon and Ti-bearing phases such as sphene and rutile, which vary 

considerably even within the unmetasomatised block interior. Variations in the 

concentrations of these components from one area of block to the next, superimposed 

on largely residualised block-edge alteration may account for the variable block-edge 

profiles observed. 
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Figure 4.13: Harker plots for the major components of block 9J in the outer 20-30 cm of traverses 
A, A*,  B, C and D (figure 4.1). Dashed lines are ideal trends for pure Si02  loss. 
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Figure 4.13 (continued): Harker plots for the major components of block 9J in the outer 20-30 cm 
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132 



13 	 • Traverse A 
Traverse A*  
Traverse B 

X Traverse C 
AL 	 A Traverse D 

80 

70- 

60 

E 50 
CL 
a 40 

> 30 

20 

10 

0- 

Chapter 4: Block 9J 

200 
180 x • Traverse A 

160 x 8 Traverse A*  

140 X Traverse B 

120 >< Traverse C 

CL 100 A Traverse D 

CO 	80 
60 ><x 
40 
20 
0 

50 	 60 	 70 	 80 	 90 100 

SiO 2 Iwt% 

6 
>4, 	 • Traverse A 

	

5 	 Traverse A*  

E 	
A 	 Traverse  

CL 	
X Traverse C 

	

a 3 	 A Traverse D 
C.) 

	

2 	 A 

A 

	

1 	 < x 

0 
50 	 60 	 70 	 80 	 90 	 100 

SiO2wt% 

180 

	

160 	 • Traverse A 

	

140 	 Traverse A* 

	

120 	
Traverse B 

	

100 	
X Traverse C 

CL  
a 	 A 	 A Traverse D 

80 z 
60 

x 

	

40 	 x 	A 
20 

	

0 	 p 	 p 

50 	 60 	 70 	 80 	 90 	 100 
Si02 /wt% 

50 	 60 	 70 	 80 	 90 	 100 
Si02 /wt% 

Figure 4.14: Harker plots for selected trace elements in the outer 20-30 cm of traverses A, A*,  B, C 
and D (figure 4.1) from block 9J. Dashed lines are ideal trends for pure Si02  loss. 

133 



Chapter 4: Block 9J 

All components that show a decrease at the block edge, namely A1203, Na20, Ti02  

and Nd, have lower concentrations in the ultramafic matrix than in block 9J. 

Therefore, their profiles at the block edge may be seen as the result of simple 

diffusion out of the block down a concentration gradient. Of those that show a 

marked increase in concentration at the block edge, MgO, Fe203, MnO, Cr, Ni, Sc, 

V, Zn and Cu all have much higher concentration in the ultramafic matrix than the 9J 

block (figure 4.12). Their profiles at the block edge, therefore, may be viewed as the 

result of diffusion into the block from the ultramafic matrix. However, Cu shows a 

higher concentration at the block-edge than within either the block or the ultramafic 

matrix. Other components also show a similar peak in concentration at the block 

edge. These include CaO, Sr, K20, Rb, Ba and Pb. 

As has already been noted (4.4.1), white mica is seen at the contact between the inner 

pyroxene band and the chlorite zone and electron microprobe data (appendix IV) 

show that this mica is phengite. The occurrence of this phengite is discussed further 

in section 4.4.4, but at present it is noted that the observed peak in K20 may be 

correlated with this occurrence of phengite. Peaks in Rb, Ba, and Pb, which are all 

compatible in the mica X-site, may also be correlated with the observed occurrence 

of phengite at the block edge. 

CaO and Sr concentrations appear to be linked and are presumably related to the 

increasing augite components of the pyroxene. The source of calcium for this 

observed calcium enrichment at the block-edge, however, is not obvious. 

One possibility is that crystallisation of calcium-bearing pyroxene at the block edge 

lowered the calcium activity sufficiently to cause flux of calcium from the block 

centre or the serpentinite matrix. No depletion of CaO away from the centre of block 

9J is observed, as would be expected from progressive leaching of calcium from an 

initially relatively homogeneous block. In contrast, the lowest values of CaO are 

observed in some of the central sections of traverses (figure 4.4). Therefore, it is 
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concluded that block 9J was not the calcium source for the increased calcium 

concentration at the block edge. 

If formation of the calcium-rich inner pyroxene band did not cause depletion of 

calcium from the block, it seems unlikely that the calcium source would be the 

serpentinite matrix which has an average CaO content of only 0.3 wt% (appendix 

III). The block edge, therefore, has around 15 times the calcium concentration of the 

serpentinite matrix. Thus for a 10-20 cm zone of Ca-enrichment, 1.5-3 m of matrix 

would have to be entirely depleted in calcium. Alternatively, a larger area of 

serpentinite may be partially depleted. Unfortunately lack of preserved serpentinite 

around block 9J, and poor exposure and tectonic disruption of the serpentinite 

melange matrix in other areas, make any calcium depletion impossible to detect or 

measure. 

A second possibility is that the calcium was sourced externally to the block-

serpentinite matrix system. The metasediments bounding the serpentinite melange 

unit and the sedimentary blocks within it, for example, have a high calcium content 

and may provide a sufficient source of calcium for the observed calcium enrichment 

at the edge of block 9J. Calcium from such an external source must be transported 

through the serpentinite matrix to block 9J in a fluid phase. This may occur via 

diffusion in a pore fluid or by infiltration. However, infiltration would almost 

certainly result in some degree of veining (see section 4.5) for which there is no 

evidence in the case of the calcium addition to block 9J. Therefore, there is no 

evidence from the 9J block-edge that the calcium source was anything other than 

diffusion controlled. Other possible external sources of calcium, besides nearby 

metasediments are discussed in chapter 10. 

Where rosette textured omphacite is observed, at C, Ca, but also Mg, Fe, and Mn 

concentrations are higher, and Si, Al and Na concentration lower than at D and B, 

where omphacite growth is predominantly replacement of jadeite. This is a more 

pronounced 'edge effect' rather than simply a larger influx of calcium as might result 
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from contact with a selectively percolating, specifically calcium-rich, fluid, and 

probably indicates a greater extent of interaction with all external sources and sinks 

of components. This again suggests that area C experienced higher fluid-rock ratios 

or more effective material transfer (e.g. due to concurrent deformation) than areas D 

and B. 

44.3 Retrogressive albite growth 

At the centre of block 9J, albite occurs only as thin 'lagoons' at the edge of jadeite 

crystals where jadeite and quartz have reacted to form albite and acmitic pyroxene 

below the jadeite-quartz stability curve. Near the block edge, however, albite is 

more abundant and the breakdown of jadeite more extensive. Albite occurs along 

with quartz, up to about 40 cm inwards from the block-chlorite contact (figur 4.8) 

with the proportion of quartz decreasing towards the block edge. Within about 10 to 

20 cm of the block edge, no quartz remains and 'pools' around pyroxene crystals are 

entirely composed of albite. Breakdown of jadeite also occurs to an increasingly 

large extent as the proportion of albite to quartz increases towards the block edge. 

Within the inner pyroxene band, however, the later omphacitic pyroxene was 

apparently stable during albite growth. Where the outer parts of jadeite crystals have 

been converted to omphacite, the jadeite now breaks down to albite leaving the 

omphacite as a relict 'reef'. The less jadeitic centres of some of the pyroxenes are 

also preserved forming an 'island and reef' texture (plate 4.9). These differ from the 

island and reef textures described in 4.2.1 in having reefs of omphacitic rather than 

acmitic compositions. The breakdown of the jadeite will, as in the centre of the 

block, result in a relict 'acmitic pyroxene' component. This may grow on the relict 

omphacite reef, or it may nucleate as separate crystals. Fresh-looking pyroxene 

crystals occur within albite pools in the inner pyroxene band but they may be 

independently nucleated omphacite from the formation of the inner pyroxene band, 

rather than acmitic relic from albite formation. Study of the composite eclogite-

jadeite block 5N1 (chapter 5) indicates that the 'murky' coloured alteration, observed 
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in many jadeite crystal cores and around rims, may be small acmite/aeginne crystals, 

or possibly intergrowths of albite and pyroxene. 

One of the most notable features of the albitization of block 9J is that, apart from the 

very minor 'reefs' and 'lagoons' in the centre, its extent is limited to the outer 40 cm 

of the block. This suggests that extensive albitization may be reliant on the presence 

of a fluid which did not penetrate further than about 40 cm into the block. The inner 

pyroxene band may have been particularly susceptible to albitization promoted by a 

fluid phase if its formation did result in a volume decrease and the formation of 

tension cracks as discussed earlier. Thin albite veins have been observed in some 

areas, indicating that this may have been the case. 

A possible reason for the lack of extensive penetration of an albitizing fluid beyond 

about 40 cm into block 9J is the volume change associated with the reaction 

jadeite + quartz = albite 	(reverse of [4.3]) 

This involves a volume increase of around 20% (see appendix II). Such a volume 

increase on albitization may simply cause an overall volume increase to the former 

jadeite-quartz body. However, if albitization is controlled by an infiltrating fluid, it 

will be spatially patchy and bulk volume increase will be unlikely as albitizing areas 

may well be surrounded by unaltered jadeite-quartz of unchanging volume. Such a 

situation may result in fracturing of the jadeite-quartz rock, which would promote 

further fluid infiltration and albitization. However, minor volume increase may also 

be achieved by the filling of interconnecting pore spaces in the albitizing body. This 

process would seal fluid pathways and prevent further penetration of an albitizing 

fluid. Such a mechanism of fluid pathway sealing may explain the limited extent of 

albitization in block 9J and its occurrence only towards the outer edges of the block. 

4.4.4 The chlorite zone 

The chlorite zone rims the block outside the inner pyroxene band and is considered 

to be part of the bimetasomatic zone sequence. It is composed solely of chlorite and 
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accessory minerals except where it is invaded by later amphibole. The chlorite 

ranges from colourless to slightly pleochroic, and electron microprobe data 

(appendix IV) from near the chlorite-block contact at B and D give average 

compositions of (Mg8 .8Fe2 1  Fe3 02Al2)(Si58A122)020(OH)1 6 and 

(Mg3 ,7Mno, i  Fe2 0,9Fe3 0, 1  Al 2.2)(Si57Al2 .3)020(OH)16  respectively, which are close in 

composition to the more magnesium-rich, chlorite observed in the matrix (chapter 3) 

and relatively close to the clinochiore endmember (Mg10Al2Si6AI2020(OH)16). 

The inner edge of the chlorite zone is adjacent to the inner pyroxene band except 

where late amphibole intervenes (figure 4.8) and the chlorite is envisaged to have 

progressively replaced the pyroxene of the inner pyroxene band as the zone sequence 

developed (see also 4.4.7). The outer edge of the chlorite zone is, in most cases, 

either marked by the encroachment of amphibole (see section 4.5) or by the 

termination of exposure (figure 4.8). In some areas, however, minor talc occurs with 

chlorite (± amphibole), possibly marking the edge of a chlorite + talc (± amphibole) 

zone (figure 4.8). At C, the chlorite zone is badly eroded but in the other areas 

sampled, it is at least partly preserved. The greatest width of chlorite zone was 

measured at D, and is around 15 cm ending in termination of exposure. 

Area D 

Near the block at D, the chlorite grain size is small, reaching a maximum of 0.5 mm, 

while further away it reaches a maximum of 1mm. The outer parts of the chlorite 

zone at D show a fabric. This varies from weak and inconsistent at 10 cm from the 

inner edge of the zone, to strong and running roughly parallel to the block edge at the 

outer edge of the exposure, 15 cm from the inner pyroxene band. This may represent 

a general increase in strain away from the block edge. 

Accessory minerals within the chlorite at D are abundant and include sphene (± rutile 

cores), zircon, epidote/clinozoisite, allanite and apatite. Patches of retrogressive 

albite are also common near the boundary with the inner pyroxene band. Epidote 
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appears only close to the block where the fabric is weak or non-existent, with allanite 

becoming more abundant as the amount of epidote decreases. Apatite occurs only at 

distance from the block where the fabric is well developed. 

As has already been noted above (section 4.4.1), white mica is found at the chlorite-

pyroxene contact. It is concluded to grow due to a build-up of potassium at this 

boundary as the bimetasomatic zone sequence developed. This will occur as the 

chlorite-pyroxene zone boundary advances into the block and chlorite and accessory 

minerals replace pyroxene (see also section 4.4.7). White mica is not observed to be 

stable within the chlorite zone, probably because magnesium activity is too high or 

sodium activity too low (see chapter 9, figure 9.6), causing sodium-rich micas to 

break down to chlorite. Potassium activity is not high enough to stabilise pure 

muscovite, thus neither chlorite nor any of the accessory minerals observed to be 

stable within the chlorite zone contain potassium. However, the block being 

replaced by the advancing chlorite zone contains potassium at up to 0.25 wt% K20 

(see figure 4.4 and appendix IV), and it appears that overall potassium concentrations 

are maintained by growth of white mica with X(K) = 0.96, X(Na) = 0.04 at the 

block-chlorite contact where silica and sodium activities will both be higher than in 

the chlorite zone (see chapter 9). 

Areas A and B 

At A, the chlorite-pyroxene contact is obscured by an incursion of glaucophane. 

Chlorite only occurs outside this glaucophane band where it is pale green and non-

pleochroic with a poorly developed fabric parallel to the block edge and grain size up 

to 1 mm. The chlorite occurs with talc and accessory sphene as well as the 

amphibole, which appears to overgrow the other mineral phases present. 

Within 30 cm of A, for example at B, the chlorite-pyroxene contact is visible and 

glaucophane extends to varying depths within the chlorite zone. The chlorite is 

mostly relatively coarse-grained, at around 1 mm, right up to its contact with the 
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pyroxene, but patches of finer-grained chlorite are seen in some samples, where 

glaucophane overgrowth is absent. Talc is only seen to occur at distance from the 

pyroxene. The closest occurrence is at A where talc occurs only 1 cm from relics of 

pyroxene in the glaucophane incursion (see also 4.2.10). Talc-bearing areas also 

sometimes show shearing with bands of reduced grain size and pronounced fabric. 

Accessory minerals include sphene and apatite and, in one case, small anhedral 

amphibole crystals presumably related to the glaucophane incursion event. In places, 

sphene is seen to overgrow zircon (plate 4.10). However it is unclear if this 

overgrowth is related to the formation of the chlorite zone or to later retrogression 

which is marked by the occurrence of albite pools near the contact between pyroxene 

and chlorite. 

Bulk chemical analyses of the chlorite zone, by X-ray fluorescence, show high Al, 

Fe, Mn and Mg, and moderate Ti, Zn and V (presumably linked to Mn, Fe 2+  and Mg) 

reflecting the predominance of chlorite. Zr, Y and Nb contents are also high, 

reflecting the presence of zircon, and the REEs: La, Ce, Nd, and Th, which energy 

dispersive spectroscopy (EDS) data (appendix IV) confirmed to be present in allanite 

in block 9J, also show high abundances. Phosphorous is abundant in samples that 

contain apatite. Concentrations of all other components are low or below detection 

levels. 

4.4.5 The outer pyroxene band 

Both at B and at C, a thin, chromite-bearing pyroxene band occurs, apparently within 

the chlorite zone, or at the contact between chlorite and chlorite + talc (± amphibole) 

(figure 4.15). At C, the chlorite inside the Cr-pyroxene band is about 10 cm thick 

and badly eroded. Where as at B, the chlorite inside the Cr-pyroxene band reaches a 

maximum width of 1.5 cm and appears to be pinched out laterally between the inner 

and outer pyroxene bands within 5 cm of this. 
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Plate 4.10: Sphene overgrowing zircon in 
the chlorite zone of block 9J. The 
overgrowth may be related to formation of 
the chlorite zone or to later retrogression, 
which is marked by growth of albite in 
nearby areas of chlorite. 

Plate annotation: zr = zircon, sph = sphene 
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Plate 4.11: Cr-rich pyroxene in the outer 
layer of the outer pyroxene band (see 
main text), with adjacent Cr-free 
pyroxene of the inner layer of the outer 
pyroxene band and chlorite ± talc (+ 
amphibole) of the chlorite + talc zone. 
Photograph taken at x2 magnification, 
under plain polarised light. 
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showing complex zoning between 	 C - 	- 
omphacite (mid grey) and more acmitic  
pyroxene (light grey) in a pyroxene crystal, . 
within the chlorite zone at area B of block  
9J. The texture is thought most likely to be 	 .. 	. 	- 	. 
the result of retrogressive alteration of  
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Plate 4.13: Glaucophane veining in block 9J, 
indicating that glaucophane crystallised from an 
infiltrating fluid.. The majority of veins are a few 
millimetres wide. The measuring tape shows the 
approximate position of traverse D. Hammer for scale. 
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main text section 
4.4.5). 

142 



Chapter 4: Block 9J 

Area B 

At B the outer pyroxene band reaches a maximum of 0.4 cm in chromium-rich 

regions, and in other places almost peters out entirely. It lies at the contact between 

fine and coarser grained chlorite, with the inner edge of the zone in contact with fine-

grained (0.2 mm) chlorite with minor pyroxene, zircon, sphene and retrogressive 

albite. The outer edge is in contact with chlorite, talc and amphibole, with chlorite 

grain size up to 1 cm. In places, however, the 'inner' chlorite band, inside the outer 

pyroxene band, has not formed, and the outer pyroxene band merges with the inner 

pyroxene band (figure 4.15). 

The outer pyroxene band consists of pyroxene with interstitial chlorite and talc, and 

is formed of two distinctive layers. The inn layer is a relatively dense mass of 

pyroxene with accessory zircon and sphene and no chromium-enrichment. This 

reaches a maximum width of 2.5 mm. Chromium-rich pyroxene with or without 

inclusions of chromite and allanite occurs, with interstitial talc ± accessory sphene, 

as a discontinuous layer on the outer edge of this inner band, and also as isolated 

pyroxene crystals and clumps of chromite and pyroxene within the chlorite-talc (± 

amphibole) zone (plate 4.11). The maximum width of the outer Cr-pyroxene layer is 

1 mm. Where the Cr-pyroxene layer is widest and most continuous, the chlorite zone 

behind is also at its widest. Similarly where the outer pyroxene band is very thin and 

where the outer pyroxene band merges with the inner pyroxene band, no Cr-

pyroxene layer occurs. 

The pyroxene crystals of the inner layer are more densely packed than those of the 

chromite-bearing outer layer (figure 4.15b). They are also roughly equi-dimensional 

in habit and slightly cloudy in appearance, reminiscent of the partially replaced 

jadeite crystals seen within the inner pyroxene band suggesting that they too are the 

products of jadeite replacement. Pyroxene crystals of the outer layer are generally 

smaller than those of the inner layer, although some, particularly those containing 
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chromite inclusions, reach up to 2 mm in length. Most are clear, acicular in habit and 

show no relation to ajadeite precursor suggesting that they nucleated as new crystals. 

Compositional data (appendix IV) were obtained by electron microprobe analysis 

from pyroxenes in area B (sample N4-132A), where the chromium-pyroxene layer of 

the outer pyroxene band and the inner chlorite band are widest (plate 4.11). These 

data are shown on figure 4.16 alongside previously discussed data on pyroxenes from 

the block centre and inner pyroxene band. 

The majority of pyroxene in the chlorite between the inner and outer pyroxene bands 

has similar compositions to the 'new' omphacitic pyroxene in the inner pyroxene 

band. These pyroxene crystals are therefore regarded as relics of an inwardly 

migrating inner pyroxene band, which was being converted to chlorite at its outer 

margin. 

A second pyroxene composition observed in the chlorite is considerably more 

acmitic (figure 4.16). Backscatter imaging (plate 4.12) shows that the relationship 

between the two pyroxene compositions, which occur as dark and light areas in the 

image, is complex and does not show any consistent core-rim zoning. It is thought 

most likely, therefore, that the higher reflectance, more acmitic pyroxene is the 

product of retrogressive green schi st-faci es alteration, associated with albite pools, 

which also occur within the chlorite. 

Chromium-free pyroxene from the outer pyroxene band has similar augite contents to 

the 'new' omphacitic pyroxene of the inner pyroxene band, but a higher acmite 

content (Fe 3  to Al ratio) and there is a small composition gap between the two 

groups. Core-rim zoning in the chromium-free pyroxene of the outer pyroxene band 

is variable but the most extreme zoning (indicated on figure 4.16) is to augite-poor, 

jadeite-rich compositions. This suggests an influx of Na and possibly Al during 

pyroxene growth, presumably by diffusion from the block. 
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Figure 4.16: Pyroxenes data from the Outer pyroxene band (see main text) of block 9J. Data for the 
inner pyroxene band and block centre are also shown, as in figure 4.8. Data are given in appendix 
iv. 

0 	0.1 	0.2 	 0 	0.1 	0.2 
a) 	 Cr3 	 b) 	 Cr3 

Figure 4.17: Pyroxenes data from the outer pyroxene band (see main text) of block 9J (sample N4- 

132A), showing a) the dependence of Fe3  on Cr3  and b) the independence of Na on Cr3 . Full 
data are given in appendix iv. 
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The majority of chromium-bearing pyroxene from the outer pyroxene band has a 

higher augite content than the chrome-free pyroxenes, and those with a lower augite 

content tend to have lower a chrome content. Cr-contents reach a maximum of 

almost 6 wt % Cr203  (appendix ITT) and figure 4.17 shows that Cr 
3,  is inversely 

proportional to Fe 31  in these pyroxenes, but independent of Nat. Thus zoning from 

Cr-rich cores, often around chromite inclusions, to relatively chrome-poor rims 

involved predominantly simple Fe3 Cr-1  substitution, with some minor component of 

NaAICa Mgi 

Area C 

At C, the outer pyroxene zone is 5-8 mm thick. Its inner edge is against poorly 

preserved chlorite while its outer edge is adjacent to a mix of chlorite and amphibole, 

similar to that at B, but lacking talc. The zone is composed of pyroxene with 

interstitial amphibole and minor chlorite, partly altered to vermiculite. Chromite 

occurs as irregular patches most abundantly towards the outer edge of the zone. 

Chromium-bearing patches form the centres of the densest clusters of pyroxene 

crystals with chromite crystals up to 1.5 mm across, but now partly altered to 

pyroxene. Allanite occurs in crystals up to 0.7 mm across, occasionally showing 

epidote/clinozoisite cores and often closely associated with sphene. Sphene also 

occurs as ragged crystals up to 1 mm long and is more abundant in areas away from 

chromite. 

The pyroxene is pale green omphacite with that near the chromite showing the bright 

green of chrome-enrichment. Pyroxene textures are a mix of an apparently relict 

jadeite texture with densely packed, slightly cloudy crystals; and sprays of rosette 

texture, indicating newly nucleated pyroxene crystals, where the pyroxene is much 

clearer. Maximum crystal size in both cases is around 1 mm. The chromium-

enriched pyroxene, which occurs within about 2 mm of patches of chromite, is 

predominantly clear with occasional rosette sprays. 

146 



Chapter 4: Block 9J 

Thus the outer pyroxene band at C is similar in form, although considerable wider, 

than that at B. The outer edge of the outer pyroxene band at C is also in contact with 

a talc-free 'outer' chlorite-bearing zone (figure 4.15) rather than a talc-bearing zone 

as at B. 

Origin of the outer pyroxene band 

The occurrence of the chrome-pyroxene band is somewhat of an anomaly in that it 

does not appear to be part of a progressively widening zone sequence. The source of 

the chromium must, almost certainly, be the ultramafic matrix and the replacement of 

chromite by pyroxene suggests that the chromite was already present prior to the 

formation of the chrome-pyroxene band. The ultramafic matrix contains chromite 

(chapter 3), thus chromite would have occurred, in places, adjacent to the edge of 

block 9J at the onset of bimetasomatic alteration. The high chrome-content, 

apparently, induced growth of chrome-pyroxene locally, around already existing 

chromite, resulting in the chrome-pyroxene layer of the outer pyroxene band (figure 

4.18). 

The patchy and discontinuous nature of the outer chromite-bearing layer and the 

outer pyroxene band, as a whole, supports this proposed method of formation. 

Zoning in both Cr-bearing and Cr-free pyroxene towards more augite poor and 

jadeite-rich compositions is also in agreement with an early timing for the 

crystallisation of the pyroxene. Augite-rich core compositions would crystallise 

initially with later, progressive diffusion of felsic components, such as Na and Al 

from block 9J resulting in more jadeitic rims. 

As bimetasomatism progressed, changing component activities meant that chrome-

pyroxene was no longer crystallising. However, it apparently remained stable while 

the non-chromium enriched pyroxene of the block-edge adjacent to it broke down to 

chlorite. Therefore, the chromium-enriched pyroxene band remained as a relic 

partial-zone as the pyroxene of the block edge broke down to chlorite. 
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Figure 4.18: Schematic diagram showing the proposed mechanism of formation of the chromite-
bearing outer pyroxene band at block 9J. a) the initial juxtaposition of the jadeite + quartz block, 
9J, and serpentinite matrix with minor chromite. b) diffusional exchange between the block and 
matrix forms thin zones of omphacite, chlorite and talc at the block edge and causes chromium-rich 
pyroxene to grow around chromite grains in the matrix directly adjacent to the block. c) continued 
bimetasomatism results in widening of the omphacite zone, termed the 'inner pyroxene band', at the 
expense of jadeite; widening of the chlorite zone at the expense of the inner pyroxene band and the 
talc zone; and widening of the talc zone at the expense of the serpentinite (not shown). The 
chromium-rich pyroxene layer of the outer pyroxene band, meanwhile, remains relatively stable and 
is left as a relic. 
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The inner layer of the outer pyroxene band shows no obvious chrome-enrichment. 

Its width is apparently proportional to the amount of chromite and Cr-pyroxene 

adjacent to it and it is concluded also to have been left as a relic. This interpretation 

of the outer pyroxene band as a relic of an earlier stage in the metasomatic zone 

sequence development is also supported by consideration of component-activity 

diagrams in chapter 9. 

4.4.6 The talc-rich outer zones 

As has already been mentioned the 'matrix' around block 9J is composed entirely of 

talc and talc + carbonate ± chlorite ± amphibole, which was presumably once 

serpentinite, and thus may more correctly be labelled as 'talc-rich outer 

bimetasomatic zones'. These outer zones are poorly exposed, but the carbonate 

content increases near the contact with the overlying schist and marble indicating 

that its presence may be the result of the proximity to these calcium-rich lithologies. 

This is discussed further in chapter 8. The chlorite observed shows green-yellow 

pleochroism and is highly dispersive. It may be Si-rich chlorite as observed in other 

areas of the matrix, where it appears to be a replacement of antigorite. If this is the 

case, there may have been small lenses and pockets of antigorite remaining 

unconverted to talc. This is unsurprising as the process of antigorite to talc 

conversion is nowhere seen to occur at a uniform front and syn-bimetasomatic 

deformation (chapter 2) will leave some areas more susceptible to alteration than 

others. 

All areas of the talc-bearing matrix show a moderate to strong fabric formed by 

alignment of talc crystals. No complex folding was noted, as in other cases close to 

blocks, but shearing and tectonic deformation may well have been occurring during 

the silication of the serpentinite matrix. 

An estimate of the width of talc zone resulting from the observed desilication of 

block 9J was calculated using methods described in appendix II. These calculations 
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give estimated widths of a pure talc zone between about 13 cm and 19 cm. Inclusion 

of chlorite, amphibole or carbonate in the zone may increase the width, but the 

predicted width is still small compared to the observed width of talc around block 9J, 

which extends as much as 10 m on either side of the block. It is therefore clear that 

the talc observed cannot be solely the result of desilication of block 9J and silica or 

carbonate must also have diffused from the surrounding schist. This is as expected 

and is discussed further in chapter 8. 

4.4.7 Summary of zones and extent of zone growth 

The edge of block 9J displays a zone sequence apparently of bimetasomatic origin 

which comprises (figure 4.15) altered block, including the inner pyroxene band; 

chlorite; a "iscontinuous thin outer pyroxene band including Cr-pyroxene; and 

chlorite ± talc ± amphibole (see below). The Cr-pyroxene-bearing outer pyroxene 

band appears to be the relic of an early crystallisation of Cr-pyroxene around already 

existing chromite within the ultramafic matrix. This Cr-rich pyroxene was then left 

as a relic during later bimetasomatic zone development. As such, it marks the 

original position of the block-matrix contact. 

The contact between areas of chlorite with different grain sizes at D appears to be 

sharp. The grain-size change may represent the original block-matrix contact in 

which case it appears that about 10 cm of chlorite are formed from original block 

material and at least 5 cm from ultramafic matrix at D. At B, however, only 1.5 cm 

of fine-grained chlorite occurs before coarse chlorite + talc (+ amphibole). The outer 

pyroxene band, which appears to mark the original block-matrix contact, also marks 

the contact between fine- and coarse-grained chlorite; so only a maximum of 1.5 cm 

of chlorite has grown from replacement of the block. At C, 10 cm of chlorite is 

observed inside the outer pyroxene band. The difference between these latter two 

widths, and also that suggested by grain-size variations at D, may indicate that block 

geometry played a significant part in the extent of bimetasomatic zone formation. 
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The very small distance of 1 cm between relics of pyroxene in glaucophane and talc 

with chlorite at nearby A, also indicates limited zone growth in the area of A and B. 

Traverses A and B lie in a geometric dip in the block edge. As is shown in figure 

4.19, after some initial zone growth, an uneven surface geometry may result in larger 

diffusion distances between the unaltered serpentinite reactant and the block edge in 

such geometric dips. Zone width was noted by Frantz and Mao (1979) to be 

proportional to (time)°5. Thus rate of zone growth decreases with time, which is the 

result of increasing diffusion distance with time. Therefore, areas of geometric dips 

in the block where diffusion distance to the serpentinite matrix is larger, will have a 

slower zone-growth rate. A further consequence of the process of bimetasomatic 

zone growth on an uneven block surface, is that the surface becomes less uneven due 

to higher rates of zone growth at prominences and lower rates in dips. In such a way, 

bimetasomatic alteration may have contributed to the noted sphericity of blocks in 

the melange and the lack of angular fractured surfaces (see also chapter 3). 

The outer pyroxene band at B is at the contact between chlorite and chlorite + talc, at 

C it is apparently within the chlorite zone, and at D the block-matrix contact is also 

apparently within the chlorite zone. Therefore it appears that the block-matrix 

contact moves from the chlorite-chlorite + talc contact into the chlorite zone. Such 

movement is in agreement with the theory of bimetasomatic zoning as discussed in 

chapter 1. 

45 Amphibole 

Amphibole of a variety of different compositions occurs in and around block 9J. In 

the field these compositional variations may be observed in the variety of amphibole 

colours ranging from lavender blue glaucophane to bluish green actinolite. The 

colour change is often quite rapid, but never abrupt and amphibole nearer talc-

bearing lithologies is observed, generally, to be of a more greenish hue. 
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Figure 4.19: Schematic diagram showing a possible method for the development of variation in the 
thickness of bimetasomatic zones sequences as the result of an uneven surface geometry. a) the initial 
juxtaposition of block and matrix a non-planar boundary. b) at any time, T, the diffusion distance 
across the growing talc zone is longer where there is a dip in the block surface geometry (effectively a 
lack of serpentinite reactant in the dip), thus diffusional growth in this region will be slower and the 
bimetasomatic sequence will develop at a slower rate. c) at the later time, T2, the bimetasomatic zones 
developed in the dip in the block edge, which are dependent for their growth on diffusion of 
components from the serpentinite matrix, will consequently be thinner than elsewhere along the block 
edge. 
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With the exception of the small glaucophane crystals within the jadeite-quartz block, 

which are concluded to be of the original blueschist mineralogy (see section 4.2), the 

amphibole is clearly of metasomatic origin (as illustrated in figure 4.15). Inspection 

of the block and inner rind (e.g. plate 4.3) reveals that, in many areas, lavender-blue 

glaucophane occurs in veins indicating that the glaucophane is a product of 

infiltration metasomatism. These cut into the block and are clearly visible up to 1 m 

inside the block in some areas (plate 4.13). However, amphibole of a variety of 

compositions occurs in the inner rind of block 9J and the possibility that some of this 

amphibole is part of the bimetasomatic zone sequence must be considered. The 

various compositions and zoning patterns of amphiboles from a number of different 

areas of the block rind are described below. 

4.5.1 Sodic and partially sodic amphiboles 

Blue, sodic amphibole occurs around block 9J in contact with pyroxene and chlorite. 

A clear example of this is at area A, where sodic amphibole has apparently infiltrated 

several centimetres into the pyroxenite block edge. This is fairly unusual and in 

other areas it is clear that the pyroxenite block edge is relatively impermeable, with 

amphibole incursions restricted to fractures. Amphibole that penetrates this far into 

the block is relatively pure glaucophane, with 2Va  40-50°. Crystals are platy and up 

to 6 mm long, forming a dense mass with only minor interstitial pyroxene, chlorite 

and talc. Accessory sphene ± rutile cores, zircon, allanite and apatite are also present 

in amphibole-rich areas. Zircon and allanite occur as inclusions in amphiboles, but 

sphene appears to be largely broken down, in many cases leaving only rutile within 

amphibole crystals. These purely sodic amphibole crystals are not zoned, but show a 

mottled extinction, which appears to be the result of strain. 

Further into the block, glaucophane occurs in veins 1 to 2 mm wide, confirming that 

it grew as the result of an episode of infiltration. In some cases glaucophane veins 

also contain quartz, which appears to be stable with the surrounding jadeite (plate 
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4.14). This is significant as it indicates that the glaucophane infiltrated the block 

within the PT limits of the jadeite-quartz stability field. 

Beyond the pyroxene of the block and the block edge at A, amphibole forms diffuse 

'veins' within the chlorite zone and along the chlorite-pyroxenite contact. These 

amphibole incursions take the form of dense bands of amphibole surrounded by a 

zone on both sides where individual amphibole crystals occur scattered throughout 

the chlorite, apparently overgrowing it. The majority of this amphibole is also 

glaucophane, with euhedral to subhedral crystals up to 8 mm long, much larger than 

amphibole crystals within the block or elsewhere in the metasomatic rind. Some 

amphibole crystals show patchy alteration to green, actinolitic amphibole, or partial 

actinolitic rims. The extent of the alteration to, and new growth of, green actinolitic 

amphibole, appears to be related to the proximity of shear zones. These shear zones 

are around 1 cm across and occur within the chlorite zone where it contains minor 

talc. The amphibole is also clearly sheared, with reduced grain-size and orientation 

of crystals parallel to the shear. 

In other areas and beyond the chlorite zone, amphibole is seen, in the field, to grade 

rapidly from blue sodic amphibole to blue-green and green calcic amphibole (plate 

4.15). At B, amphibole, which is greenish-blue in hand specimen, occurs with 

chlorite adjacent to the outer pyroxene band, apparently merging into a 5-10 cm band 

of almost pure amphibole beyond this. In thin section, amphibole crystals close to 

the outer pyroxene band, show complicated two and three-layer zoning. Some have 

glaucophane cores with patchy actinolitic replacement, largely around the edges, as 

at A (plate 4.16). Other crystals have actinolitic cores surrounded by a thin band of 

glaucophane. This glaucophane is, in turn, surrounded by actinolite with a higher 

birefringence than that of the core (plate 4.17). 

From electron microprobe data plotted in Na 
M4 Al' space (figure 4.20), show that 

amphibole compositions in these partially sodic, partially calcic amphiboles, span a 

compositional gap with no analyses falling between a slightly barroisitic actinolite, 
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Plate 4.14: Glaucophane + quartz vein 
cutting through jadeite + quartz block, 
block 9J. Quartz within the vein is stable 
with the jadeite of the block indicating that 
veining occurred within the quartz-jadeite 
stability field (see main text). Photograph 
taken at x2 magnification under plain 
polarised light. 

Plate 4.15: Blues sodic amphibole 
grading into blue-green calcic 
amphibole in the metasomatic rind of 
block 9J (loose block section by the 
shore). Chlorite and green, 
omphacitic pyroxene are also present 
in the metasomatic rind. 1 lb hammer 
for scale. 
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Plate 4.17: Electron backscatter image 
showing three-layer zoning in amphibole 
crystals from the chlorite + talc zone at 
area B, block 9J. A thin band of 
glaucophane (mid grey) separates a calcic 
core and calcic rim (light grey). 

Plate annotations: gl = glaucophane, tr = 
calcic amphibole, chi = chlorite. 

Plate 4.16: Electron backscatter image 
showing patchy actinolitic replacement 
(light grey) of glaucophane crystals (mid 
grey), in the chlorite + talc zone at area B, 
block 9J. The amphibole crystals show 
characterising euhedral shapes. The very 
light grey crystals are Cr-rich pyroxenes of 
the outer pyroxene band, while the high 
reflectance (white) mineral is apatite. 

Plate annotations: gI = glaucophane, tr = 
calcic amphibole, px = pyroxene, chl = 
chlorite, ap = apatite. 

155 



Chapter 4: Block 9J 

9laucophane 
2 

1.8 x 

1.6 
g1aucoane rim 

1.4 x 

1.2 

1 winchesite 

0.8 I 
\ 	

..ç\S; 

0.6 
+ retro rim 

: 
XX: 

O 9J block centre: X1382 
9J block centre: N4-117A 
9J inner pyroxene band: N4-147 

>< 9J amphibole at B: N4-132A 
Matrix amphibole: N13-103 

- Matrix amphibole: N1.1B 

barroisite 
calcic core 	 at AI > 0.5 

X 

0 actinobte0.1 	 0.2 	 0.3 	 0.4 

	

A'( 	
tschermakite/pargasite 
atAl"=2 

Figure 4.20: Amphibole data from area B of block 9J (see figure 4.1 and main text) plotted in 

Na(M4)Al space. The solid line shows the zoning trend from calcic core to glaucophane, across 

the miscibility gap. The dashed grey arrows indicate the range of calcic amphibole in the 

retrogressive rims. Data from amphiboles in block 9J and the matrix is also plotted. Full data are 

given in appendix iv. 
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Figure 4.21: Amphibole data from area B of block 9J (see figure 4.1 and main text), plotted in Ca-

Na(A) space. The solid line shows the zoning trend from calcic core to glaucophane, across the 

miscibility gap. The dashed grey arrows indicate the range of calcic amphibole in the retrogressive 

rims. Data from amphibole in block 9J and the matrix is also plotted. Full data are given in 

appendix iv. 
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with 0.8 Na M4,  and glaucophane, with 1.4 Na M4. This compositional  gap appears to 

correspond to a miscibility gap between sodic amphiboles and calcic amphiboles. 

This miscibility gap involves a discontinuity in occupancy of the M4 site and has 

been documented by Coleman and Papike (1968), Himmelberg and Papike (1969), 

Klein (1969), Black (1970, 1973), Ernst et al. (1970), Ernst and Dal Piaz (1978), 

Ernst (1979), and Triboulet (1978), and discussed by Robinson et al. (1982). The 

existence of such a miscibility gap in Syros amphiboles has not previously been 

specifically documented. However, data from metagabbroic blocks within the 

serpentinite melange gathered during the present study (chapter 7) display a similar, 

although slightly more restricted compositional gap. 

Figures 4.21 shows that the calcic amphibole cores of the composite calcic-sodic 

amphiboles, whi& show an initial decrease and then an increase in Na 
(M4)  (figure 

4.20) are also zoned towards slightly higher and then lower NaA.  A-site occupancy 

in both sodic amphibole and calcic amphibole increases with increasing Al("), in a 

roughly linear manner, to a maximum of around 0.17 moles Na per formula unit in 

some calcic amphiboles (figure 4.22). The ratio of A1A1SL1 Mg 1  substitution to 

NaAISL1  substitution, in the amphiboles is roughly 1:1. 

The outer calcic amphibole rims and calcic amphibole replacement around the edges 

of glaucophane crystals vary from compositions similar to those of the calcic 

amphibole cores to more APV  and Na-poor and Ca-rich compositions (figures 4.20 

and 4.21). The compositions of small euhedral calcic amphibole crystals also lie in 

this range. The optical properties of this later amphibole are similar to those of the 

replacement of glaucophane at A, suggesting that the late calcic amphibole in the two 

areas is related. 

Variation in Fe2 and Fe3  contents in the composite amphiboles is shown in figure 

4.23. The sodic amphiboles have lower Fe3  and higher Fe2  than either generation of 

calcic amphibole. Zoning in the calcic cores is to slightly lower Fe3 , while Fe3  in 

the late calcic amphibole rims reaches higher values than in the cores. 
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Further away from the block, in area B, amphibole forms an almost monomineralic 

layer which is a blue-green in colour. In thin section the amphibole in this area is 

seen to consist of colourless actinolitic cores with blue rims of crossite. Around a 

few larger crystals, pale green to colourless rims occur outside the blue crossite and 

these are concluded to be of a similar origin to the calcic amphibole rims observed 

nearer the block and at A. Amphibole crystal size in the blue-green monomineralic 

amphibole layer is small, reaching a maximum of 3 mm, and there is a strong, 

chaotically folded fabric with 'sheared' zones of finer grain-size. The amphibole 

appears to be overgrowing chlorite and patches of sphene, rutile and chlorite occur. 

4.5.2 Wholly calcic amphiboles 

Pale green to colourless calcic amphibole without sodic amphibole rims also occurs 

around block 9J, outside the pyroxene of the inner pyroxene band and the block 

centre. Such amphibole often appears to overgrow pale green chlorite of apparent 

bimetasomatic origin. Accessory sphene ± rutile, apatite and zircon are also often 

present, all of which are also common accessory minerals in the chlorite zone (4.2.8). 

As observed in the sodic amphibole at A, sphene is frequently broken down leaving 

only rutile as inclusions in amphibole crystals. In some areas the rock is almost 

monomineralic amphibole, with only small patches of chlorite and accessories. In 

such areas the amphibole is usually fine-grained with a strong, chaotically folded, 

fabric indicating concurrent or later deformation. 

In many cases, the colourless or pale green amphibole crystals show two phases of 

zoning. Cores of crystals zone gradually to lower birefringence and generally higher 

extinction angle. High 2Vs (80-85°) and extinction angles over 20° indicate that the 

amphibole is actinolite. However, the increase in extinction angle with lowering 

birefringence suggests that the amphiboles do not lie strictly in the tremolite to ferro-

actinolite series and may indicate some A-site occupancy by Na as recorded in 

amphiboles at B. Beyond the zoned cores is an outer rim of higher birefringence. 

Again this higher birefringence is accompanied by a lowering in extinction angle. 
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The optical properties of the outer rims of these amphiboles are very similar to those 

of the sodic amphibole at A, suggesting that they may have formed during the same 

growth phase. 

At C, very pale green tremolitic actinolite (2V: 80-85°) forms a relatively dense mass 

of subhedral to anhedral grains overgrowing platy pale green chlorite. Amphibole 

grain size is highly variable reaching a maximum of 4 mm but there is no zoning 

visible. Most crystals are strained and some appear to be 'shattered', fractured 

mostly along cleavage traces. Many amphibole crystals also have ragged edges, 

especially where they are surrounded by chlorite. The ragged edges of amphibole 

crystals surrounded by chlorite suggests that amphibole was breaking down and 

being replaced by the chlorite 

4.5.3 Chromite and pyroxene in amphibole 

In a number of areas, including area A bright green pyroxene occurs surrounded by 

monomineralic amphibole (plate 4.3). In thin section some of these pyroxenes are 

cloudy in appearance and have ragged edges, while others are clearer, less ragged 

and bladed in habit. Both these pyroxene textures are reminiscent of those in the 

outer pyroxene band. 

In part of the rind of one of the displaced block sections by the shore, which consists 

of calcic amphibole with a strong fabric and small grain-size, chromite occurs in a 

1.5 mm sized, chlorite-rich, patch. Chromite grains are up to 0.1 mm in size and 

some are included in ragged-looking chrome-rich pyroxene crystals which, in turn, 

are surrounded by chlorite. Other chromite crystals are included in the amphibole 

that surrounds the chlorite-rich patch. In such cases the amphibole too is chromium-

rich. 
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The occurrence of chromite and bright green, pyroxene, some of which shows clear 

Cr-enrichment, suggests that the amphibole overgrew an area that was once part of 

an 'outer pyroxene band' relics of which remained preserved in the amphibole. 

The overgrowth of the outer pyroxene band by amphibole is significant as is 

discussed below. 

At B, the outer pyroxene band is seen to occur within the chlorite zone or at the 

contact between the chlorite zone and a chlorite + talc ± amphibole zone, and, if an 

effectively monomineralic amphibole zone existed, it must occur beyond this chlorite 

+ amphibole zone. The outer pyroxene band appears to mark the original contact 

between block 9J and the ultramafic matrix as discussed above. From the theory and 

modelling of bimetasomatic zoning, as discussed in chapter 1, the position of the 

initial contact between reacting bodies may start and possibly remain at the same 

contact between two zones. Alternatively, it may start at a contact between two 

zones and be overgrown by one or other adjacent zone which is growing at both its 

boundaries (e.g. Joesten, 1977). If this latter occurs, then the initial contact will lie 

within the same zone for the remaining duration of bimetasomatic zone growth 

(figure 1.2). Therefore, if a zone is not adjacent to, or does not contain, the initial 

contact, then progressive zone-sequence growth will not move it to contain the initial 

contact. 

Since, at B, a pure amphibole zone is not adjacent to the initial block-matrix contact, 

in the form of the outer pyroxene band, its overgrowth of the same contact, in 

another area of the same block rind, cannot be accounted for by progressive 

bimetasomatic zone growth. Therefore, the microscopic evidence also points to a 

non-bimetasomatic origin for the amphibole around block 9J. 
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4.5.4 Origin of the amphibole 

From the above observations, it appears that calcic amphibole cores grew with 

zoning towards the rim expressed by the exchange vector Si Na" 1  Al"_ 

Glaucophane crystallised as rims around the calcic amphibole, and probably also as 

new crystals, within the quartz-jadeite stability field. The occurrence of much of the 

glaucophane in veins indicates that it resulted from an episode of fluid infiltration. 

Macroscopic evidence (e.g plate 4.3) also shows that the calcic amphibole, which 

appears bluish-green in hand specimen, does not occupy a consistent place within the 

zone sequence and is, therefore, also the product of infiltration. 

The zoning from calcic amphibole to sodic amphibole may be a continuous process 

resulting from increasing interaction between a single infiltrating, amphibole-

crystallising, fluid and the high sodium activity of block 9J (see also chapter 9). 

Alternatively, sodic rims may have grown later, as the result of a second fluid 

infiltration event, or due to bimetasomatic diffusion of components from block 9J. 

The first and last possibilities are in fact very similar and differ only in the degree of 

interaction between sodium-rich, block-derived fluid and infiltrating, amphibole-

crystallising fluid during the actual infiltration event. The degree of this interaction 

will clearly be dependent on the proximity of the block to the infiltrating fluid. Thus 

fluid very close to or within the block will experience greatest interaction with 

sodium-rich block-equilibrated fluids, and thus be most likely to initially crystallise 

glaucophane. This may explain the wholly sodic amphibole crystals observed within 

and near the block, for example in area A. 

After the infiltration of the amphibole-crystallising fluid, bimetasomatic diffusion of 

sodium from block 9J will continue, and this may have resulted in the thin, sodic 

rims observed on amphiboles more distant from the block. Some calcic amphibole 

crystal cores, in areas where a strong fabric is present, are clearly fractured prior to 
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the growth of sodic rims indicating that the growth of sodic rims in these areas at 

least, occurred as a separate episode to the initial calcic amphibole growth. 

From the above discussion, it appears that all the sodic amphibole and calcic 

amphibole cores may be explained as the result of a single infiltration episode and 

continuing bimetasomatic diffusion of species. 

4.5.5 Bulk chemical changes 

Changes in bulk chemistry of block 9J associated with addition of glaucophane to the 

block, may be observed from bulk chemical data of traverse D (figure 4.4). In this 

traverse an area rich in glaucophane veins was sampled (N4-156, appendix III) and 

from figure 4.4 it can be seen that this area has a markedly higher Si02  and MgO 

content than the surrounding block and lower A1203, Na20, Ti02  and K20. Some 

trace elements also show marked variation from their contents in the surrounding 

block with lower concentrations of Zr, Y, Nb, Rb, Ba, V, Cu and Pb. 

This bulk compositional data reflect changes in component activities that resulted in 

stabilisation of glaucophane, which is more silica-rich and more magnesium-rich 

than the jadeite forming the bulk of block 9J. The actual changes in component 

activities that may have resulted in stabilisation of glaucophane over jadeite are 

discussed further in chapter 9. Possible sources for the amphibole-crystallising, 

infiltrating fluid are discussed in chapter 10. 

4.5.6 Timing of amphibole growth 

The apparent overgrowth of diffusion controlled bimetasomatic pyroxene and 

chlorite by both calcic amphibole and glaucophane suggests that the infiltration 

episode occurred after a considerable period of bimetasomatic zone growth. The 

slightly ragged appearance of some glaucophane crystals and, to a greater extent, 

calcic amphibole crystals surrounded by chlorite, suggests that chlorite may, later, 
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have started to replace the amphibole. This indicates that bimetasomatic zone 

growth continued after the amphibole infiltration event. In the above discussion it 

was also postulated that glaucophane rims on calcic amphibole crystals grew due to 

continued bimetasomatism. The timing of growth of glaucophane rims on calcic 

amphibole cores is discussed further in chapter 7, with reference to evidence from 

metagabbroic melange blocks. However, if bimetasomatism effectively stabilises 

glaucophane, at least in the short term, this may explain the greater degree of 

breakdown of calcic amphibole to chlorite compared to that of glaucophane to 

chlorite. 

A second stage of calcic amphibole growth partly replaced and partly grew as new 

rims around both glaucophane and zoned calcic amphibole. Small new amphibole 

crystals associated with this later stage of calcic amphibole growth are also observed. 

The apparent spatial association of the second stage of calcic amphibole growth with 

shear zones, in some cases, suggests that its occurrence is associated with 

deformation. Such deformation presumably occurred in fluid-present conditions and 

promoted the growth of calcic amphibole and the partial alteration of the sodic 

glaucophane. The composition of this second calcic amphibole is far more varied 

than that of the cores, which may be the result of its localised origins. 

It seems likely that this second stage of calcic amphibole growth is part of the 

episode of greenschist facies retrogression, and resulted from the destabilisation of 

glaucophane at lower pressures. Retrogressive greenschist-facies reactions may also 

explain the occurrence of crossite. As discussed further in chapter 6, and also by 

Maruyama et al. (1986), Liou et al. (1987), Grütter (1993) and Bond (1999), crossite 

appears to be an intermediate stage in the breakdown of glaucophane to greenschist-

facies actinolite. 
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4.5.7 Deformation and amphibole growth 

The texture and grain-size of all the amphibole observed associated with block 9J 

suggest increasing strain away from the block, with the formation of a strong fabric, 

chaotic folding and an increasing number of shear zones. Some early calcic 

amphibole crystals are clearly fractured prior to the growth of sodic rims and growth 

of late calcic amphibole thought to be associated with greenschist retrogression 

appears to be associated with shear zones. This indicates that deformation was 

occurring throughout the period of amphibole growth and over a wide range of PTt. 

4.5.8 Permeability during infiltration 

The block itself was apparently fairly impermeable to the amphibole-crystallising, 

infiltrating fluid, with glaucophane restricted to narrow veins. In contrast, amphibole 

distribution within the chlorite zone, while still apparently controlled by channelled 

infiltration, is more diffuse, suggesting a higher permeability. Within the outer talc-

bearing zones amphibole appears to be still less rigidly vein controlled suggesting a 

still higher permeability. 

4.6 Summary and conclusions 

Block 9J is a metamorphosed plagiogranite. It appears largely homogeneous, 

although some minor original compositional variations exist on a 10 cm scale. 

The unmetasomatised blueschist mineralogy of block 9J is jadeite + quartz + 

minor glaucophane ± white mica + accessory sphene and zircon. 

Bimetasomatism has resulted in the formation of a zone sequence of varying 

extent around the block, apparently dependent on block geometry. Consequently 

zone widths vary. The general sequence of zones, however, remains the same, 

with the exception of a relic zone of pyroxene and chromite, termed the outer 

pyroxene band. This appears to mark the initial contact between the block and 

the matrix. The growth of this outer pyroxene band is apparently a transient and 
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local phenomenon, dependent on the presence of chromite in the matrix directly 

adjacent to the block prior to metasomatism. As the metasomatic sequence 

developed, this chromite-bearing outer pyroxene band remained as a relic, 

forming a discontinuous zone of variable width. The resulting sequence of zones 

around block 9J is summarised in table 4.1 and illustrated in figure 4.15. 

Bimetasomatic zone 	 Zone width 

Unaltered block 	 N/A 

Altered block (including the 'inner pyroxene 	20 cm (-5 cm) 

band') 

Chlorite zone 	 Max. of 15 cm preserved 

± Outer pyroxene band + chromite 	 0.5 cm or less where present 

Chlorite + talc 	 Not measurable 

Talc ± carbonate ± chlorite 	 Not measurable 

Table 4.1: Summary of bimetasomatic zone sequence observed around block 9J. 

. 	The width of alteration at the block edge is roughly 20 cm and shows two distinct 

zones chemically. In the inner one the predominant alteration is loss of silica 

while in the outer one considerable quantities of magnesium, calcium, iron, 

manganese and a number of trace elements have been added. The inner pyroxene 

band is the visible expression of this block-edge alteration; but, at around 5 cm 

wide, it represents only the outer quarter of the full alteration zone. 

After significant development of the bimetasomatic zone sequence, an infiltrating 

fluid crystallised calcic amphibole within the inner and outer zones of the 

sequence, and glaucophane close to, and within the block. Crystallisation of 

glaucophane in the block resulted in an increase in bulk wt% Si02  and MgO and 

a lowering in wt% A1203, Na20, Ti02  and K20. The infiltration event occurred 

at high PT, above the albite stability field. Continued bimetasomatic diffusion 

after the infiltration event may account for glaucophane rims on some calcic 

amphiboles and the ragged appearance of some amphibole crystals apparently 

partly overgrown by chlorite. 
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Strain-induced fabrics developed in the rind around the block during the growth 

of amphibole. Late shearing, within the rind, also apparently promoted 

retrogressive greenschist facies alteration of glaucophane to crossite and 

actinolite, and growth of actinolitic rims on earlier calcic amphibole. 

Later, retrogressive greenschist facies alteration is recorded in albitization of 

jadeite-quartz assemblages, alteration of glaucophane to crossite and actinolite, 

and new actinolitic rims on earlier calcic amphiboles. These processes all appear 

to be largely dependent on the presence of fluids and growth of retrogressive 

actinolite appears to be related to shear zones suggesting deformation enchanced 

permeability. In the case of albitization, infiltration of albitizing fluids into the 

blocks may be restricted by volume increases resulting from the albitization 

reaction. 

4.6.1 Comparison to other blueschist melanges 

In comparison to metasomatic zones described in the literature (chapter 1) the timing 

of the amphibole incursion event during bimetasomatic zone growth and the clear 

evidence that it occurred above the albite stability field, firmly places the growth of 

the bimetasomatic zone sequence during peak metamorphic conditions. Some clear 

similarities, however, exist between the observed zone sequence around block 9J and 

examples described from the Franciscan Complex (Moore, 1984; Cloos, 1986; 

Nelson, 1991), Santa Catalina Island (Sorenesen and Barton, 1987; Sorensen, 1988; 

Bebout and Barton, 1993), the Polar Urals and the Pre-Balkash (Dobretsov and 

Ponomareva, 1965). 

The occurrence of Mg-chlorite and actinolite with, in many areas, little or no 

glaucophane is reminiscent of the literature examples (Dobretsov and Ponomareva, 

1965; Moore, 1984; Cloos, 1986, Nelson, 1991), and the discontinuous 'vein-

controlled' nature of the amphibole at block 9J is reminiscent of the discontinuous 
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actinolite zone noted by Dobretsov and Ponomareva (1965) in the Pre-Balkhash. 

The lack of a clear bimetasomatic zone sequence on initial inspection of block 9J 

also suggests that similar metasomatic rinds in other areas may be described as mixes 

of, for example, chlorite + amphibole + talc + accessories as in the case of Moore 

(1984) and Cloos (1986). 
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5.1 Introduction 

Only four blocks in the ultramafic melange on Syros were observed to contain silica-

rich, meta-igneous lithologies. The best exposed of these is block 9J which has been 

described in detail in chapter 4. In this chapter, the other three blocks containing 

felsic material are described. The three blocks all lie in the main autochthonous unit 

in the upper of the two melange-horizons in the north of the island, and contain 

varying amounts of mafic material, ranging from a small pod (block Si) to almost 90 

% of the block by volume (block GB). The three blocks are described in some detail 

below, in order to help substantiate or refute the conclusions drawn from study of 

block 9J. 

5.2 Block Si 

Block Si is one of the smallest blocks studied in detail. It lies within the main 

serpentinite band in the north, about 700 m west of the Kambos road, in an area of 

walled, but disused fields (figure 3.1). The block density in this area is low and 

block Si is almost entirely buried with only its flat upper surface is exposed. This 

upper surface measures approximately i in x 30 cm with the long axis parallel to the 

prevalent strike of the fabric in the serpentinite matrix, which runs roughly east-west 

(figure 5.1a). Because the interior of the block is not exposed, only the outer regions 

of the block and the associated metasomatic rind were sampled, and these are 

compared below to the outer sample and metasomatic rind of block 9J. 

The majority of the block is composed of pale, felsic material with a small area of 

darker, more mafic material, roughly 8 cm x 25 cm, at the southern edge. A zone of 

chlorite occurs near the block, inside the disrupted talc-bearing outer zones. 

Amphibole also occurs in this chlorite zone along part of the southern block edge. 

The block and metasomatic rind are shown schematically in figure 5.1. 
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50 cm 

Figure 5.1: a) Simplified sketch map of block Si, showing the location of the small mafic area of 
the block ,and the continuous exposure of metasomatic rind from the block out to serpentinite-
bearing matrix. b) Schematic diagram (not to scale) of block Si and its exposed metasomatic rind. 
The block is predominantly felsic, but a small area of mafic material occurs near one section of the 
block edge. Minor amounts of amphibole occurs in one area of the bimetasomatic chlorite zone. 
Beyond the chlorite zone, is a chaotic mix of talc, chlorite, serpentinite and amphibole, frequently 
in discontinuous layers. Within this chaotic mix, a general increase in the talc content occurs 
towards the outer edge of the chlorite zone. 
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5.2.1 Mineralogy of the felsic material 

The light coloured, felsic, areas of the block are composed mainly of pale green to 

colourless pyroxene. Samples are all from the exposed upper surface and they 

display textures similar to those of the edges of the 9J and 5N1 blocks. Pyroxene 

grain size is mostly around 0.5 mm where the texture is granular. Frequent 'rosette' 

textured pyroxene areas, however, have crystals up to 1 mm. 

Albite occurs in pools and associated selective breakdown of more jadeitic areas of 

pyroxene has resulted in typical island and reef textures (see chapter 4, 4.4.3). No 

growth of acmitic pyroxene is observed possibly due to the limited volume of albite 

(comparable to that of 9J (chapter 4) rather that 5N1 (5.3.1)). 

As in 9J, epidote occurs as a late stage mineral, possibly contemporary with albite 

growth but no earlier (see also 5N1, 5.3.1). Small patches of fine-grained chlorite 

also occur in a few areas. These are also apparently late and retrogressive although 

in some cases they may merge with the adjacent chlorite zone. A chlorite vein lined 

with albite is observed in one case indicating that at least some chlorite growth was 

contemporaneous with the growth of albite. 

Some areas of the block show late weathering products, with vermiculite replacing 

chlorite. Poorly crystalline calcite may also be a product of weathering or it may be 

associated with greenschist veining as documented by Bond (1999). 

Chromite was found in one sample analysed. It occurs in a small patch 2 mm across 

with chromite crystals up to 0.5 mm surrounded and partly replaced by chrome-rich 

pyroxene. The surrounding material is similar to other samples analysed, with 

pyroxene showing strong rosette-texturing and minor albite, epidote and white mica. 

In hand specimen, the chromite appears to occur as part of a diffuse and poorly 

defined vein of pale, slightly green material. In thin section this vein material 

appears similar to that around it but is altered to an opaque fine-grained intergrowth. 
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Bulk chemical analysis, by X-ray fluorescence (appendix III), shows a Cr-content of 

only 38 ppm, indicating that the occurrence of chromium is very local and a minor 

constituent of the rock. From its location near the block edge, it seems likely that the 

chromite and Cr-rich pyroxene observed at block Si is of a similar origin to that in 

the outer pyroxene band of block 9J, however, its limited occurrence at block S i, 

makes this hard to confirm. 

The silica content of the Si 'felsic areas' is around 58 wt% (appendix III), which is 

comparable with that of the outer 10 cm or so of the 9J block. This is in agreement 

with the textural observations described above, which are also similar to those of the 

block-edge of 9J. All other major and most trace elements contents (appendix III) 

are also comparable to those of samples of the 9J block-edge. Zr, however, is 

considerable lower at 100-200 ppm as opposed to 300-600 ppm, and Sr is much 

higher at 100-1000 ppm as opposed to 30-100 ppm, which may indicate a slightly 

different protolith composition or a different point on the fractionation path. Overall, 

however, the bulk chemical composition, as well as the textures observed in block 

Si, is comparable with the outer 10 cm of block 9J. 

5.2.2 The felsic-chlorite contact 

The contact between felsic material and the chlorite zone is relatively sharp although 

small relics of pyroxene persist, at least a couple of centimetres into the chlorite. 

The block adjacent to the chlorite is reminiscent of area C of block 9J. It is 

composed of dense rosette-textured pyroxene with grain-size up to 1 mm and minor 

albite and epidote. Much of the pyroxene is 'murky', apparently due to weathering 

or late albitization, with only a thin band of clear pyroxene occurring adjacent to the 

chlorite. 
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The chlorite itself is coarse grained, right up to the contact with the pyroxene, with a 

maximum grain size of 2-3 mm. Scattered patches of much finer-grained chlorite 

also occur and are apparently of the same composition. No fabric is visible. 

Accessory sphene and minor zircon is present in both the pyroxene and the chlorite 

areas. White mica occurs in the chlorite with crystals up to 0.5 mm long and also to a 

lesser extent within the edge of the pyroxene area. Its origin, as with the mica at the 

edge of 9J, is postulated to be due to the fixing of potassium in white mica at the 

block edge as the chlorite zone developed. Small crystals of green biotite are also 

found at the edge of the pyroxene. These are up to 0.1 mm long and occur interstitial 

to the pyroxene and also associated with chlorite. The timing of biotite growth is not 

certain. It may be associated with the formation of the chlorite zone, but seems more 

consistent with late greenschist retrogression. 

5.2.3 Mineralogy of the mafic material 

The more mafic area of the block consists predominantly of a dense mass of pale 

green pyroxene crystals around ragged relics of larger pyroxene crystals. The 

smaller pyroxene crystals are very similar to areas of more felsic block edge, which 

display a rosette texture. Crystals are blade-shaped and up to 2 mm long. The larger, 

ragged, crystals are between 4 and 8 mm across. Their optical properties and, 

therefore, composition appear to be similar to the surrounding small pyroxene 

crystals. It therefore seems likely that they are pseudomorphs after original igneous 

pyroxenes, rather than relics of igneous pyroxene. Their edges have been partly 

overgrown by smaller pyroxene crystals, which are also seen replacing some crystal 

centres. A murky, apparently fine-grained, alteration also replaced internal areas of 

some large pyroxene crystals. This may be late albitization under low pressure 

conditions or possibly fine-grained chlorite associated with the block edge (see 

below, section 5.2.4). 
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Both albite and epidote occur but are less abundant than in the felsic areas. 

Occasional small, green biotite crystals were also noted. Plates of chlorite up to 1 

mm across were observed in one area but these may well be linked to the adjacent 

chlorite zone (see section 4.2.5). 

The silica content of the mafic material is around 56 wt% (appendix HI), which is not 

very different to that of the felsic material. Trace element concentrations are also 

similar but the mafic material shows slightly higher concentrations of Nb and the 

transitions metals, Sc, V, Cr and Cu, as is also noted to be the case in mafic material 

from block 5N1 (see 5.3.2). The similarity in chemical composition between the 

felsic and mafic areas near the edge of blocks, such as Si, is reflected in the 

mineralogy, with mafic areas only being distinguishable by the relics of large 

pyroxene crystals. 

5.2.4 The mafic-chlorite contact 

The contact between the mafic areas of the block and the chlorite zone is much more 

diffuse than that between the felsic material and the chlorite zone, due primarily to 

the persistence of the larger pyroxene crystals where the smaller ones have been 

converted to chlorite. The width of this diffuse contact is around 5 cm. 

Pale slightly pleochroic chlorite occurs between these relic large pyroxene crystals. 

The chlorite grain-size is variable with the majority of crystals less than 0.5 mm, but 

a few are up to 1 mm across. Minor replacement of chlorite by vermiculite is 

observed in some areas. Albite pools in the chlorite occur but are less common near 

the block. Accessory sphene ± rutile is abundant, as are relics of smaller pyroxene 

crystals. Ragged, 4 to 5 mm long bands of sphene, ± rutile cores, occur. This is 

markedly different to the predominantly euheral sphene crystals observed in the 

felsic areas. 

175 



Chapter 5: Felsic-composite blocks 

Chlorite replacement of the larger pyroxene occurs in lamellae parallel to the { 1 10} 

cleavage planes and the centres of the crystals appear to be more susceptible to 

replacement than the edges. 

Green-yellow epidote occurs in this diffuse contact between the mafic block and the 

chlorite. This is thought to be a retrogressive greenschist mineral, similar to other 

epidote noted in the felsic areas and in mafic areas of other blocks (chapter 6). 

5.2.5 The chlorite zone 

The chlorite zone is composed of moderate- to coarse-grained, pale green, pleochroic 

chlorite with minor accessory minerals. The majority of the visible chlorite zone 

shows a moderate to strong fabric, roughly parallel to the block-edge and the fabric 

in the surrounding serpentinite matrix. 

Accessory minerals include sphene ± rutile cores, zircon, allanite and apatite. A 0.5 

mm patch of chromite, surrounded by chrome-rich chlorite, also occurs in one area, 

indicating that the chlorite here probably overgrew former ultramafic matrix, which 

contained accessory chromite. Sphene ± rutile cores occurs as individual euhedral 

crystals and also as ragged bands 2-3 mm long. These latter were noted in the mafic 

areas of the block and may, therefore, indicate that the chlorite zone is replacing 

mafic material in these areas. Allanite occurs as small (maximum 0.1 mm), brown-

yellow pleochroic crystals usually near, or inter-grown with, sphene. As with the 

allanite analysed from block 9J, it presumably contains significant amounts of the 

REEs La, Ce and Nd, and also Th. 

5.2.6 The outer zones 

Serpentinite matrix is visible on the south side of the block with continuous exposure 

out to talc and serpentinite. Detailed sampling of this continuous exposure reveals a 

chaotic mix, of chlorite, actinolite, talc and antigorite. There is a planar fabric, 
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trending at -245/43, which is roughly parallel to the long side of the block, and also 

the fabric in the surrounding matrix. In outcrop, poorly defined layers of 

serpentinite-rich, talc-rich and chlorite-rich material may be distinguished, with both 

yellow-green, Si-rich chlorite, and blue-green, Mg-rich chlorite present (figure 5.1). 

These layers do not occur in a systematic order and frequently repeat themselves, 

however, there is a general increase in the ratio of talc to antigorite towards the 

block-edge. No isoclinal folding was observed in thin sections, however, the 

repetitions within the sequence and its chaotic nature, point to strong tectonic 

disruption of the original zone sequence in these outer regions. 

5.2.7 Occurrence of amphibole 

Euhedral to subhedral amphibole crystals, up to 2 cm or more in length, occur in the 

chlorite zone roughly adjacent to the small pod of mafic material and extend almost 

as far inwards as the last few relics of pyroxene persist within the chlorite (figure 

5.1). The amphibole crystals overgrow the chlorite. The amphibole crystals 

incorporate the accessory sphene and rutile of the chlorite zone as inclusions, 

although in many cases the sphene has been replaced by amphibole leaving only the 

rutile cores as inclusions. The amphibole aligns with the fabric in the surrounding 

serpentinite, which is also parallel to the block edge in this area, although amphibole 

crystals are seen to cross-cut each other at angles up to 600. 

The amphibole crystals show clear zoning. The majority of each crystal is pale green 

to colourless actinolitic. Around the pale cores, are patchy areas of crossite showing 

strong dispersion (r < v). Around the blue patches there is frequently a further, very 

thin, rim of actinolite with a composition that is optically indistinguishable from that 

of the green, pleochroic amphibole cores. 

The zoning in these amphiboles is very similar to that observed in the amphibole 

around 9J particularly at B (4.5.1). The position of the amphibole adjacent to the 

mafic area of Si raises the question of whether the two are linked. The similarity of 
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the amphibole to that seen at 9J, where there is no mafic material, however, suggests 

that this is not the case, although the possibility that the adjacent mafic material 

affected the amphibole composition cannot be ruled out. 

5.2.8 Summary and comparison with 9J 

Block Si is small and almost entirely composed of felsic material. It exhibits 

compositions and textures comparable to those of the edge of block 9J, in line with 

its size and the width of the zone of chemical alteration observed at the edge of block 

9J. The position and nature of the chlorite zone is also directly comparable with that 

seen at 9J. The outer talc-bearing zones of S 1 do not contain carbonate, unlike those 

of 9J, suggesting that the carbonate at 9J is the result of the proximity of calc-silicate 

schist as postulated (4.4.6) and discussed further in chapter 8. 

The mafic material of Si appears rather similar to the adjacent block-edge felsic 

material, but the mafic area contains slightly darker green pyroxene and relics of 

larger pyroxene crystals. These latter are thought to be pseudomorphs after original 

igneous pyroxene. The contact between the mafic material and the chlorite zone is 

more diffuse than that seen between felsic block and chlorite, due to a breakdown in 

perfect local equilibrium conditions resulting in the large pyroxene crystals persisting 

further into the chlorite zone. It may be expected that other contacts between mafic 

blocks and encroaching bimetasomatic zones will be similarly 'diffuse' especially if 

there is a large range of crystal sizes. The mafic area of Si does not appear to have 

had a significant impact on the make-up of the surrounding bimetasomatic zone 

sequence. The mafic area is small, however, so this is unsurprising. 

5.3 Block 5N1 

The 'composite jadeite-eclogite block' of Dixon (1969), here referred to as block 

5N1, lies within the main serpentinite belt, 800 m west of Kambos and 300 m north-

east of the very large metagabbroic block, Monolith 1 (Dixon, 1969). The block 
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density in this area is high, although it is only 100 m or so from the area of low block 

density which contains block Si. Block 5Ni is largely composed of pale felsic 

material and is most notable for its internal structure of angular, fractured mafic 

clasts (plate 5.1). The smallest of these are less than 10 cm in diameter, while the 

most prominent of the larger ones are around 20 to 40 cm across. Most mafic clasts 

are angular and some are clearly little displaced from their neighbours (plate 5.1). 

As discussed below, the chemistry and mineralogy of block 5N1 clearly indicate that 

it is of igneous origin. The textures of mafic and felsic material visible on the 

fractured surfaces of this block were interpreted by Dixon (1969) to be a preserved 

igneous net-veining intrusive relationship resulting from the intrusion of a felsic 

magma into fractured and jointed mafic material, causing separation of mafic clasts. 

Such textures are, in fact, common in plagiogranite-sheeted mafic dyke contacts in 

ophiolite complexes (e.g. the Semail Ophiolite, Lippard et al., 1986) and the 

interpretation of Dixon (1969) is retained. 

The pattern of included mafic clasts is clearly revealed on a 4 m x 4 m fractured 

surface, both faces of which are preserved (see also Dixon, 1969). The block is split 

into a number of sections (plate 5.2) of which the two containing the fractured faces 

described above are the largest. The north-west section (figure 5.2), which has a 

vertical fractured face, measures 4 m x 3 m x 4 in high. Its fractured counterpart 

lying just to the south, with the fractured face horizontal, measures 8 m x 2 in  3 m, 

extending further east than the north-west section (plate 5.3). About a dozen smaller 

fragments make up the rest of the block, the largest of which is the eastward extent of 

the north-west section, measuring 2.5 m x 1 m x 1 m high (figure 5.2). The original 

total block size was probably around 8 m x 5 m x 4 m high with its long axis parallel 

to the strike of the fabric seen in the surrounding matrix, which trend roughly east-

west both adjacent to this block and in nearby areas. 
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Plate 5.2: Block 5Nl viewed from 
the south. The block is made up of a 
number of fractured sections (see 
also figure 5.2) of which the north-
west section is labelled and is 
approximately 4 m high. 

Plate 5.1: Fractured surface of the 
north-west section of block 5Nl 
(figure 5.2) showing mafic clasts in a 
felsic matrix. Note that most mafic 
clasts are clearly fractured form 
neighbouring clasts. 1 lb hammer for 
scale. 
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Plate 5.3: Aerial view of the two 
corresponding fractured faces of block 
5N1 which reveal fractured mafic clasts 
in felsic matrix. Top right is the north-
west section with its fractured face 
vertical. Bottom left is the larger 
counterpart block-section with the 
fractured face horizontal (see also figure 
5.2). A6 notebook for scale. 

Plate 5.4: Pyroxene from a felsic area near the centre of block 5N1 showing 'island and reef" 
texture a) under plain polarised light, b) under crossed polars. Both photographs taken under x 1 
magnification. The 'island and reef texture is thought to result from preservation of less jadeitic 
cores and rims as jadeitic pyroxene reacts with quartz to form albite under retrogressive PT 
conditions. In this case, the less jadeititc rims are thought to be the result of internal 
bimetasomatism between felsic and mafic areas within block 5N1 (see main text). 
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sample traverse 

sectioO 

counterpart (horizontal) fractured . 

face with mafic clasts 

5 m 

block 5N1, including both mafic and felsic areas 

FI_7!j_1 chlorite, talc and serpentinite matrix 

glaucophane 

Figure 5.2: Simplified aerial map showing the various fractured sections of block 5N1, and the 
distribution of glaucophane around the block-edge. The location of the sample traverse taken from 
block 5N1 is shown, as are the locations of the fractured faces, displaying mafic clasts, referred to in 

the main text. 
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To the north side of the north-west section, matrix is exposed in contact with the 

block, and the block appears to be in situ with respect to this. However, a sequence 

of samples from the block edge to serpentinite matrix, revealed that, as in other cases 

(chapter 3), the outer metasomatic zones are a complexly folded mix of chlorite, 

actinolite and minor talc ± serpentine, oxides and carbonates. 

5.3.1 Mineralogy of the felsic material 

The mineralogy of the felsic areas of the 5N1 block is very similar to that of block 

9J. Clumps of pale, dispersive jadeitic pyroxene are separated by interstitial pools, in 

this case, of albite. This albite is identified as a retrogressive breakdown product of 

the quartz, which is interpreted to have originally formed the interstitial pools. Silica 

content is not as high as in block 9J, with a maximum of 62.8 wt% measured by X-

ray fluorescence (appendix III), and this is reflected in a lower apparent ratio of 

original quartz to jadeite. Jadeite grain size is also smaller averaging about 0.2-0.3 

mm. Concentrations of other components reflect those of samples from block 9J 

with similar Si02  contents. 

As mentioned above, retrogressive albite is much more abundant in block 5N1 than 

in block 9J, and albite 'pools' form an almost continuous albite mesh surrounding 

relics of jadeite and omphacitic pyroxene. Individual albite crystals reach up to 2 

mm across and contain relic pyroxene fragments. Preferential replacement of more 

jadeitic areas of pyroxenes by albite frequently leaves a relic core, or an 'island and 

reef' pattern where a relic core and relic rim remain (plate 5.4). This suggests that all 

the pyroxene in 5N1 has jadeite-poor rims as well as the jadeite-poorer cores noted in 

the pyroxenes of block 9J. 

The growth of a less jadeitic rim on pyroxenes of block 9J was interpreted to be the 

result of block-edge bimetasomatism. It seems possible that, in block 5N1, the 

presence of mafic areas within the block resulted in a certain amount of 'internal 

bimetasomatism' between mafic and felsic areas causing more omphacitic, less 
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jadeitic rims to develop in the pyroxenes in felsic areas. Correspondingly more 

jadeitic rims might be expected on pyroxenes in mafic areas. The 'extreme zoning' 

from chloromelanite to aegirine jadeite noted by Dixon (1969), and also evident in 

the data of Carpenter (1979) (figure 5.3), may be caused by the presence of such 

jadeite rims. All mafic clasts also have diffuse margins with the felsic matrix, which 

suggests that significant exchange of material has occurred. 

Yellow-green acmitic tips have grown on many pyroxene crystals (plate 5.5 and 5.6), 

presumably by reaction of quartz and impure jadeite to albite and acmite (see chapter 

4). These show higher birefringence than the omphacitic and jadeitic pyroxenes and 

a characteristically small extinction angle. Such acmitic pyroxene also occurs as 

partial replacement of pyroxene centres giving a murky appearance to the crystal 

(plate 5.7). It seems likely that this is a better-developed version of the murky 

growth observed in pyroxene crystals in block 9J and block Si. Accessory sphene 

and zircon occur in the felsic areas of block 5N1, together with small, pale green 

amphibole crystals, but these latter are less common than in block 9J. 

In some areas, epidote occurs. Epidote crystals contain inclusions of partially 

retrogressed pyroxene crystals indicating that they developed syn or post albite 

growth and are thus also a retrogressive phenomenon. Small patches of fine-grained, 

green, pleochroic chlorite are also present, particularly in felsic areas close to mafic 

material. This chlorite appears to replace pyroxene, including the late acmitic tips 

and is therefore concluded to be a late, retrogressive, post-albitization feature. 

5.3.2 Mineralogy of the mafic material 

The mafic areas of the block, as noted by Dixon (1969), are composed of 

chloromelanite + garnet ± chlorite ± white mica and accessory pyrite, rutile, sphene 

and apatite. Garnets contain abundant inclusions of pyroxene, and are noted to be 

scarce towards the edges of the mafic areas. The chloromelanite occurs as euhedal to 

subheral blades up 0.5 mm long, which show no coherent fabric. As noted above, 
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Figure 5.3: Pyroxene data for block 5N1 from literature sources showing 'extreme' zoning from 
chloromelanite to aegirine jadeite and impure jadeite. Solid triangles are data from Dixon (1969). 
Outlined areas show data ranges from Carpenter (1979). Carpenter's data is from analyses of samples 
collected by Dixon, and Dixon's original sample numbers are shown in parenthesis. C = pyroxene 

core. R = pyroxene rim. 
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Figure 5.4: Schematic representation of tie-lines in the diopside-talc-jadeite' plane, after Dixon 
(1969). A straight line from aegirine jadeite, with minor diopside, to talc, will cut a succession of 
pyroxene-glaucophane joins. The proportion of pyroxene will decrease as its diopside content rises 
until a stable association of, for example, talc and actinolitic glaucophane is attained. 
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Plate 5.5: Yellow-green acimitic pyroxene growth forming the tip of an otherwise jadeititc 
pyroxene crystal in the felsic material of block 5N1. a) under plan polarised light, b) under 
crossed polars. Both photographs taken under xl 0 mignification. The acmite is thougth to be 
retrogressive (see main text) and grows into a pool of albite. Murky areas of acmite are also 
visible to the right of the picture (see also plate 5.7). 

Plate annotations: ac = acmite, jdlom = jadeite and impure, omphacitic jadeite, ab = albite 

Plate 5.6: Retrogressive acmitic pyroxene 
growth and 'island and reef texture in a 
single pyroxene crystal from a felsic area 
of block 5N I. The two features are thought 
to develop simultaneously (see main text 
chapter 4) under retrogressive PT 
conditions below jadeite-quartz stability. 
Photograph take at xl 0 magnification. 

Plate annotations: ac = acmite, px = 
impure, omphacitic jadeite, ab = albite. 
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Plate 5.7: Murky' acmitic cores in jadeite and impure, omphacitic jadeite crystals, a), from a 
felsic area of block 5N I, show characteristic high birefringence and small extinction angles 
under crossed polars, b). The acmite is thought to be the product of retrogressive reaction of 
impure, ompahciteic jadiete and quartz to albite and acmite (see also main text chapter 4). 
Both photographs taken under xl 0 magnification. 
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data from Dixon (1969) and Carpenter (1979) show zoning from chioromelanite to 

aegerine jadeite, in these pyroxenes (figure 5.3), which may be the result of 

bimetasomatic interaction with neighbouring felsic material. If this interaction 

occurred prior to high-pressure metamorphism, it may have resulted in the scarcity of 

garnets observed at the edges of mafic areas. 

Ragged remains of large pyroxene crystals, up to 5 mm across, are present alongside 

the chioromelanite blades, and are partly replaced by bladed pyroxenes, sphene and 

albite. They are optically similar to the smaller pyroxene crystals and, as in the Si 

block, they are probably pseudomorphs after original igneous pyroxenes. 

Platy pale chlorite crystals, with low dispersion and up to i mm across are apparently 

primary, but later-stage retrogressive fine-grained chlorite, which is more highly 

dispersive, also occurs. Mafic areas contain glaucophane ± epidote. The 

glaucophane occurs as small (0.1-0.2 mm) crystals, which were first observed by 

Dixon (1969) to be replacing platy crystals of primary chlorite and in some cases 

also appear to be overgrowing white mica. Dixon (1969) showed that ratios of Mg to 

Fe2  in coexisting garnet and glaucophane were markedly anomalous, in keeping 

with glaucophane being a secondary mineral. 

Dixon (1969) suggested that the glaucophanitization of chlorite may be correlated 

with albitization of the felsic matrix, resulting from an influx of Si02  (i.e. re-

silication) and a high sodium activity (a(Na20)). However, where albite occurs with 

glaucophane, which is predominantly towards the edges of mafic areas, the albite 

appears to be of a later generation than the glaucophane. The occurrence of 

glaucophane is described further below (section 5.3.4) but it is worth noting here that 

a pre-albite timing for the glaucophanitization is in line with the observations from 

block 9J where quartz in glaucophane-quartz veins is observed to be stable with 

jadeite. 
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Where albite is present at the edge of mafic areas, growth of acmite-rich tips are 

observed on many pyroxene crystals, as is the case in felsic areas. The majority of 

the chlorite at the edge of mafic areas appears to be retrogressive and fine-grained, 

and replaces the late acmitic pyroxene. White mica also occurs around garnets in 

haloes of mica and pyroxene, about 0.5 mm wide, which contain no glaucophane. 

The timing of these haloes is not certain, but they are clearly related to retrogressive 

breakdown of garnet. 

Bulk chemical analysis of mafic areas (appendix Ill) shows that they have a gabbroic 

silica-content, of 50-52 wt%. They also contain higher concentrations of Mg, Ca, P, 

Nb and the transition metals, Sc, Ti, V, Cr, Mn, Fe, Ni, Cu and Zn. More felsic-

looking areas adjacent to mafic material have Si02  contents between 55 to 59 wt%, 

indicating that some bimetasomatic diffusion of components probably occurred 

between felsic and mafic areas. The relatively high Na20 content of the mafic areas, 

which is around 10 wt% Na20, may also be partly the result of diffusion of sodium 

from adjacent felsic areas or it may be an addition which occurred along with 

glaucophanitization. Sea-floor albitization processes may also be responsible for the 

high sodium content (see section 4.2.2). 

The felsic material, with Si02  content of 55-59 wt% (appendix III), adjacent to the 

mafic areas differs from other felsic material in containing abundant late chlorite. 

This suggests that the crystallisation of late chlorite is dependent on the composition 

of the rock. Contents of sphene also appear to be higher than in other felsic areas, 

with Ti02  contents up to 1.8 wt%, but distribution of sphene is frequently patchy (as 

also seen in block 9J) so the significance of this is hard to determine. A higher Ti02  

content, however, may be a sign of mass loss with sphene residualised, or addition of 

Ti02, possibly by diffusion from the neighbouring mafic material. This latter would 

indicate that titanium was mobile during metasomatism. This is in contrast to its 

frequently assumed status as an immobile element (e.g. Mehnert, 1969; Linder et al., 

1992). However, joint surfaces in a number of blocks in the melange, including the 

felsic-composite block S 1 described above, are coated in thin layers of sphene 
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crystals several cm long, clearly indicating Ti mobility (see also section 5.3.3 below, 

and Bond 1999). 

5.3.3 Metasomatic alteration 

Dixon (1969) describes some of the features of the metasomatic alteration of block 

5N1. He notes the formation of a 20-30 cm wide chloromelanite zone, with minor 

pyrite and sphene, around the block-edge. The presence of this was verified during 

the present study although its maximum estimated width is up to 40 cm. Dixon 

(1969) noted that this chloromelanite zone is penetrated by glaucophane-filled 

fractures that were seen as extensions of an 'apparently continuous glaucophane 

sheath' 20-30 cm thick which surrounds the block. Dixon tentatively interprets this 

glaucophane-penetration phenomenon as progressive magnesium-metasomatism of 

the aegenne-jadeite rich pyroxenite zone. This is shown schematically in figure 5.4. 

A straight line from aegerine jadeite, with minor diopside, to talc, cuts a succession 

of pyroxene-glaucophane joins. The proportion of pyroxene decreases as its diopside 

content rises until a stable association of, for example, talc and actinolitic 

glaucophane is attained. 

The block-edge pyroxene zone 

The dark green pyroxene band, or chloromelanite zone, observed at the block edge is 

reminiscent of that observed around 9J, but somewhat thicker. In places it appears to 

reach almost 70 cm thick. However, closer study reveals that, in some cases, there 

are mafic areas adjacent to, and possibly partly incorporated within, the pyroxene 

band. In these areas, therefore, it is the mafic material that is responsible, in part, for 

the width of the chloromelanite pyroxene band at the block edge. Even taking this 

into account the pyroxene band still reaches a thickness of 30-40 cm. 

The width of the pyroxene band at the edge of block 5N1, therefore, is noticeably 

wider than that observed around block 9J. This suggests that bimetasomatic 
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alteration has proceeded to a greater degree. A wider zone of bimetasomatic 

alteration may be expected from this block, in comparison to 9J, due to the limited 

amount of ultramafic material surrounding 9J and the much larger available reservoir 

around 5N1. For a greater degree of bimetasomatic alteration, the associated chlorite 

zone will also be wider. The chlorite zone preserved at block 5N1 is only 5-6 cm 

wide. However, beyond this are the disrupted outer zones, and the outer reaches of a 

wider chlorite zone may be incorporated within these. 

The mineralogy and texture of some sections of the pyroxene band at the block edge 

are reminiscent of area C at block 9J (chapter 4). Pyroxene crystals are blade-shaped 

and reach a maximum of 1 mm in length. The rosette-texture, however, is not well 

developed. Albite pools up to 0.5 mm across occur in slightly greater abundance 

than at area C of block 9J. Pyroxenes are colourless but contain 'murky' inclusions, 

which may be very small acmitic pyroxene crystals associated with albite growth 

(see section 5.3.1). Accessory minerals are sphene ± zircon. Minor late vermiculite 

is also present. 

In some areas pyroxene crystals are clearer and greener than in others. In these 

areas, also, sphene content is noticeably higher. In these two characteristics such 

areas resemble mafic material and the felsic material adjacent to it in the block 

interior. It seems plausible, therefore, that such areas were once mafic material or 

felsic material with a mafic component added by bimetasomatic diffusion. 

White mica 

Some areas of the pyroxene zone of block 5N1 contain varying amounts of white 

mica, from a few small crystals in albite pools, to abundant large crystals up to 1.5 

mm long. Abundance of albite increases with increasing abundance of white mica, 

and chlorite is also present in these rocks, with accessory zircon and abundant 

sphene. 
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The albite appears to have crystallised later than the white mica, with albite crystals 

containing mica inclusions and replacing pyroxene, once apparently directly adjacent 

to white mica. Chlorite growth also appears to be late and may have occurred at least 

partially simultaneously, with albite preferentially replacing white mica. 

The white mica itself is K-bearing with K20 contents of samples proportional to the 

mica content. Contacts between mica-bearing and mica-absent areas are rapid but 

not sharp. These rocks are believed to have originally been gabbros, which have 

undergone K-metasomatism, discussed further in chapter 6. 

Bulk chemical changes towards the block edge 

Bulk chemical analyses were made by X-ray fluorescence (appendix HI) of samples 

from a traverse extending from the central region of the block to the chlorite zone 

adjacent to the block edge. The traverse was taken from the central region to the 

block edge on the southern side of the block (figure 5. 1), where the block appears in 

contact with melange matrix rich in talc. From field observation, the traverse may be 

divided visually into two sections. The inner section is clearly felsic material, 

composed largely of albite, jadeite and omphacite, and this was sampled to within 

about 1 m of the block edge. The outer section of the traverse is the green pyroxenite 

of the block-edge pyroxene band, which almost certainly contains some mafic 

material. 

Figure 5.5 shows oxide weight percents plotted against distance from the block edge 

for all major components. Towards the block edge, Si02  content of felsic material in 

the inner section of the traverse is seen to fall from around 62 wt% to 55 wt%, and it 

remains around 45-55 wt% within the outer section of the traverse. This fall in silica 

content in the felsic material is comparable to that observed in traverses from block 

9J. In this case, however, silica loss extends much further into the block but does not 

continue to decrease steadily to the block-edge. This suggests that the initial 
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Figure 5.5: Major element concentrations and loss on ignition (LOl), in weight percent (wt%), as a 
function of distance from the block edge, along the traverse from block 5N1 (see main text). 
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composition of the outer section of the traverse is not homogeneous and it may 

contain mafic material. 

The average silica content in the outer section of the traverse is considerably lower 

(appendix III) than that of unaltered mafic areas, indicating that silica has been lost 

from the mafic areas near the block edge as well as the adjacent felsic areas. Thus 

overall silica loss has occurred from the block as at block 9J. 

In the inner section of the traverse across block 5N1 (figure 5.5), A1203  and Na20 

show profiles similar to those of block 9J, with a slight increase in concentration and 

then a marked decrease. The concentration increases are similar in magnitude to 

those at 9J, being around 2 wt% in all cases. However, concentration increases are 

more gradual in block 5N1, and extend much further into the block, to around 2 m or 

more from the block edge, suggesting that silica loss is more widespread than in 

block 9J. As is also the case for silica-content, the concentration decreases in A1203  

and Na20 do not continue steadily within the outer section of the traverse, suggesting 

an initial variation in composition in this outer section. 

Concentrations of Fe, Mg and Ca all increase towards the block-edge in the inner 

section of the traverse, and they remain high in the outer section (figure 5.5). These 

increases towards the edge of the block are similar to those observed at block 9J 

(figure 4.12). The addition of Ca observed here, however, cannot so easily be linked 

to a local source in neighbouring schist as in the case of 9J, because block 5N1 is 50 

m from the nearest bounding schist unit and only small schist blocks are present in 

the melange nearby. A source of CaO within block 5N1 itself, however, is possible 

because the mafic areas of block 5N1 are relatively calcic compared to the felsic 

areas. Thus it may be possible for mafic areas near the block edge of 5N1 to provide 

a source of CaO and this is discussed below. 

The average CaO contents in mafic material from close to the block centre is around 

4.5 wt%, (appendix III) while CaO in the outer part of the traverse ranges from 
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around 6 wt% to greater than 10 wt% (appendix HI). This suggests that even if the 

proportion of mafic material to felsic material at the block edge is relatively high, it 

will provide insufficient calcium to account for the high CaO contents recorded in all 

the block-edge material up to around 120 cm from the block edge. Therefore, an 

external source for calcium is required, as it was in block 9J, which, as discussed 

above, cannot be so easily attributed to nearby calcium-rich sediment. Possible 

sources of calcium are discussed further in chapter 10. 

Although mafic material does not, therefore, provide a source for calcium enrichment 

observed in the traverse across block 5N1, mafic material may provide a source for 

Fe, with Fe203  between 7.3 and 9.5 wt% near the block edge up to 13 wt% in mafic 

areas within the block (appendix III). Mafic material from within the block shows 

ratios of Fe to Mg ranging from 2.4 to 3.lwt%, which is considerably higher than 

those in the outer section of the traverse, which range between 0.8 and 1.8 wt%. 

This suggests that both felsic and mafic areas of the block-edge have gained 

magnesium. The source for this Mg, as in the case of the 9J block, is concluded to be 

the surrounding serpentinite melange matrix. 

The outer part of the traverse shows a relatively high Ti02  content (figure 5.5), 

which suggests a mafic origin. Ti02  also increases towards the edge of the inner 

section of the traverse, in marked contrast to the behaviour of Ti02  in block 9J where 

Ti02  decreases towards the block edge. The proximity of mafic areas with high Ti02  

suggests that the increase in Ti02  at the edge of the felsic material in block 5N1 is 

the result of diffusion of titanium from the mafic areas. As was also mentioned 

above (5.3.2) joint surfaces coated in thin layers of sphene crystals are observed in a 

number of blocks in the melange clearly indicating Ti mobility. Ti mobility is also 

suggested by the high Ti-contents of felsic material adjacent to mafic material within 

block. 

Trace element concentrations are mostly relatively constant within the inner, felsic 

section of the traverse (figure 5.6). In the outer section, however, trace element 
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Figure 5.6: Trace element concentrations, in parts per million (ppm), as a function of distance from 
the block edge, along the traverse from block 5N1 (see main text). 

194 



Chapter 5: Felsic-composite blocks 

600 
Chlorite 	 Felsic block 	 Felsic block + felsic block edge 

400 

200 

-50 	0 	50 	100 	150 	200 	250 	3C 

Distance/cm 

- 
Chlorite 	 Felsic block 	 Felsic block + felsic block edge 

20 

15 

10 

5 

-50 	0 	50 	100 	150 	200 	250 	3( 0 
Distance/cm 

- - 
Felsic block 

Chlorite Felsic block + felsic block edge 

400 

2001 	

mafic 

-50 	0 	50 	100 	150 	200 	250 	300 

Distance / cm 

Felsic block Chlorite 	 block + felsic block edge 

300 

100 

0 	D-0-0-rEfl 

00 	50 	100 	150 	200 	250 	3 

Distance / cm 

Figure 5.6 (continued): Trace element concentrations, in parts per million (ppm), as a function of 
distance from the block edge, along the traverse from block 5N1 (see main text). 
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concentrations have a high variability (figure 5.6 and appendix III). Zr is notably 

lower in the outer section than in the felsic material of the inner section, while the 

majority of the other trace elements have higher concentration in the outer section of 

the traverse. 

The concentrations of almost all the trace elements, with the notable exception of Zr, 

are considerably higher in mafic material than in felsic material (appendix III). The 

higher concentration s of trace elements in the outer section of the traverse across 

block 5N1, therefore, supports the theory that this part of the traverse contains mafic 

material as well as altered felsic material. The relatively smooth concentration 

profiles between the inner and outer sections of the block for V, Nd and possibly Cu, 

suggests that these elements, like titanium, may have been mobile with movement 

occurring down concentration profiles from the mafic areas near the block edge to 

neighbouring felsic areas. 

In summary, it is concluded that the traverse sampled across block 5N1 contains 

former mafic material near the block edge and bimetasomatic interaction has 

occurred between felsic and mafic material. This bimetasomatic interaction has 

resulted in addition of Fe, Ti and some trace elements to the edges of felsic areas. 

Overall, silica has been lost from the edge of block 5N1, and Mg and Ca have been 

added. Gain or loss of other elements is largely masked by variations in initial 

composition and internal bimetasomatic interaction between felsic and mafic areas. 

Loss of silica appears to extend further into block 5N1 than into block 9J. This 

indicates a greater degree of silica loss, which is in agreement with the much larger 

volume of serpentinite melange around block 5N1 to act as a silica sink. A greater 

degree of bimetasomatism resulting from reaction with serpentinite matrix, is also 

supported by the width of the block-edge pyroxene band at block 5N1, which is 

considerably wider than that around block 9J. 
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The chlorite zone 

A chlorite zone occurs adjacent to the edge of the 5N1 block. It is badly eroded and 

extends to a width of only around 5-6 cm before merging with talc and the 

chaotically folded outer zones. 

The chlorite zone consists of pale green pleochroic chlorite, slightly more dispersive 

than that of the chlorite zone of block 9J. Accessory minerals include sphene ± rutile 

cores and minor allanite. Zr contents (appendix III) are also quite high (650 ppm) in 

the chlorite zone, suggesting the presence of zircon, although none were observed in 

the samples studied. Chlorite crystals are up to 1 mm in diameter and there is a weak 

fabric running parallel to the block edge. 

5.3.4 Amphibole 

Glaucophane occurs, as at 9J, in a discontinuous rind around the block (figure 5. 1), 

not a 'continuous sheath' as described by Dixon (1969). On the north side of the 

north-west section, for example, glaucophane is seen between the outer green 

pyroxene layer and more central felsic material for a distance of 170 cm before it 

peters out, leaving a glaucophane-free section of block edge. Other examples of 

glaucophane veining can be seen in many places around the block edge. 

Glaucophane can also be seen as thin veins in the block, most notably in the mafic 

areas where chlorite is altered to glaucophane (section 5.3.2). 

A clear example of the relationship between the glaucophane and the rest of the 

block is seen on the fractured face of the north-west section (plate 5.1 and 5.8). 

There is a glaucophane band with included patches of bright green, omphacitic 

pyroxene at the base of the fractured face, which varies from 0-10 cm thick in a non-

regular way. The pyroxene is similar to that seen surrounded by glaucophane at the 

edge of block 9J (chapter 4 and plate 4.3) and is apparently relics of the pyroxenite 

block edge or, possibly, of an outer pyroxene band. Some parts of the glaucophane 

rind extend upwards into veins in the mafic areas; but there are no clear glaucophane 
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Plate 5.8: Close-up view of one of 
the mafic clasts in the fractured 
face of the north-west section of 
block 5N1. Glaucophane veins can 
be seen cutting through the mafic 
clast and in some areas substantial 
'glaucophanitisation' has occurred. 
However, these veins are virtually 
undetectable in the neighbouring 
felsic material. Glaucophane rind 
at the edge of the block may be 
seen at the bottom of the picture. I 
lb hammer for scale. 
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Plate 5.10: Small felsic intrusion 
containing mafic clasts, block GB. 
The texture is reminiscent of the 
larger mafic clasts in felsic matrix 
observed at block SN 1. Ruler/colour 
bar for scale. 
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veins in the felsic areas (plate 5.8). These features may be compared to block 8Eb, 

discussed later (section 7.4.3), where glaucophane veins are seen to widen when 

crossing Fe-rich gabbro areas, compared to more evolved gabbro, showing that some 

compositions are more susceptible to glaucophane crystallisation than others. Some 

apparently isolated patches of glaucophane occur above the variable thickness 

glaucophane band. These are probably attached to the band when it is viewed in 

three dimensions. 

Parts of mafic pods exposed on the fractured face have a blue hue where they are 

close to the glaucophane band at the block edge. Some are also veined with 

glaucophane, indicating that the fluid responsible for glaucophane growth extended 

through the felsic material despite the lack of visible veining. The thin glaucophane 

veins in the mafic pods, roughly perpendicular to the block edge, indicate that the 

fluid was strongly vein-controlled. The more pervasive blue areas are due to 

glaucophane replacement of chlorite (Dixon, 1969) a process presumably also related 

to the glaucophane infiltration event. 

5.3.5 Summary 

It appears from the study of block 5N1 that the presence of mafic material within the 

block has resulted in some alteration to the composition of neighbouring felsic 

material. This includes areas near the block edge, resulting in bulk composition 

profiles, towards the block edge, that differ significantly from those of block 9J. 

The bimetasomatic sequence is apparently similar to that of block 9J, although not 

well preserved, and consists of a chlorite zone and outer talc-bearing layers, which 

have been chaotically folded. The chlorite, however, is more dispersive and is 

concluded to be more iron-rich than that around block 9J, presumably reflecting the 

higher iron content of the mafic material and, therefore, of the block overall. The 

overall width of bimetasomatic alteration is greater at block 5N1 than at block 9J, 
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which is concluded to reflect the greater amount of serpentinite reactant available 

around block 5N1. 

As with block 9J, an episode of glaucophane infiltration occurred at block 5N1. At 

block 5N1, however, its effect on mafic areas may be observed and it is seen to cause 

glaucophanitization of primary metamorphic chlorite. Field observation also 

indicates that the infiltrating fluid was less strictly vein controlled in mafic areas, 

suggesting that they are more porous than felsic material. 

5.4 Block GB 

Block GB, on the east side of the road to Kambos is another block showing a 

composite structure of felsic and mafic material. It lies within 10 m of the schist unit 

overlying the serpentinite melange unit but is still fully embedded in the serpentinite 

matrix. The exposed area of the block measures roughly 25 m x 6 m x 10 m high. 

Its northern side forms a vertical cliff while its top surface dips very gently into the 

higher ground to the south. 

The block is a mix of mafic metagabbro and felsic material. The internal structure is 

well exposed on the top surface of the block, and it can clearly be seen that it consists 

of a mix of mafic and felsic material. It is estimated that 10% of the block is felsic 

material. 

The structural relations visible include clear felsic dykes cutting through a mafic 

matrix and mafic clasts surrounded by intruded felsic material (plates 5.9-5.12). The 

largest felsic dyke (plate 5.9) varies from 20 to 40 cm in width and extends for 6.5 m 

from the most southerly (lowest) exposed edge of the block upwards. At the upper 

end it disappears, probably continuing above the present-day outcrop. The sides of 

this felsic dyke are fairly straight and parallel near the widest part (the top) while 

lower down, clasts and 'promontories' of mafic material project into the dyke. 

Other, smaller dykelets, 10-15 cm wide, (plate 5.10 and 5.12) follow the same trend 
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Plate 5.11: Mafic clasts within felsic 
intrusions, block GB. The photograph also 
shows the rough proportions of felsic to 
mafic material where the content of felsic 
material is at its greatest. Towards the west 
end of the block, the proportion of felsic 
material decreases. 1 lb hammer for scale. 

Plate 5.12: Small felsic dyke within 
block GB, which widens around 
included mafic clasts. Tape measure set 
to 10 cm for scale. 

Plate 5.13: Glaucophane occurs as a metasomatic rind, on the surface of block GB, 
in some areas (lower section of picture). This same metasomatic glaucophane, 
however, also clearly cuts into the block as veins (middle/upper section of picture). 
Pen for scale. 
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and are seen to be continuous for up to 4 m. These are more sinuous than the largest 

dyke and also contain mafic clasts and promontories. Some of these included clasts 

are as wide, or wider than, the dyke, and here the felsic material occurs round either 

side of the clast (plate 5.12). Other felsic areas observed (plate 5.11) are presumably 

sections or offshoots of similar felsic dykes if viewed in three dimensions. Later 

tectonism may have effected the structures of these dykes, especially the smaller 

[SiiN! 

5.4.1 Composition 

Internal block compositions (appendix III) range from dioritic gabbro to granodiorite 

(around 52-63 wt% Si02). There is a divide between mafic and felsic material (as 

observed in the field) at around 54 wt% Si02. Some minor overlap in S102  content 

exists between the two groups but the 'felsic' material has a higher ratio of A1203  to 

(MgO + Fe203) than the 'mafic' material. This translates into more pyroxene and 

less, or no, amphibole (e.g. Jd: NaA1Si206  rather than Gl: Na2Mg3Al2Si8O22(OH)2) in 

the rock. Na20 content is high for gabbro and diorite compositions, which may be 

the result of sea-floor albitization as discussed in chapter 4. 

5.4.2 Mineralogy of the felsic areas 

The felsic areas of block GB have a mineralogy of omphacite + jadeite + paragonite 

with accessory sphene and zircon. The textures of omphacite and jadeite are 

reminiscent of areas of the edge of block 9J that do not show a rosette-texture. They 

consists of a mix of clear, subhedral to euhedral omphacite crystals, mostly 0.5 mm 

or less in diameter; and more murky and ragged, dispersive jadeitic pyroxene, with 

crystals up to 2 mm long. Average grain-size varies from area to area depending on 

the ratio of new omphacite to jadeite. Clear omphacite also occurs, in some 

instances, in veins, or as in-fill in millimetre-wide fractures. These textures indicate 

that the growth of omphacite was at least partially related to bimetasomatic 
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interaction either with surrounding mafic material or the enclosing serpentinite 

melange matrix. 

Some felsic areas of block GB contain more abundant white mica than others, with 

K20 up to almost 4 wt%. These may be due to original compositional variations 

such as appear to account for variations in modal white mica in block 9J. 

Alternatively, they may be related to an early episode of K-metasomatism, which is 

discussed further in chapter 6. 

Retrogression 

Some retrogressive alteration of jadeite to albite has occurred, with associated 

epidote and dispersive, green chlorite. Epidote growth is apparently relatively early 

in the retrogressive sequence, it clearly post-dates some jadeite breakdown and 

associated albite growth, while further albite growth and jadeite breakdown 

continued post epidote crystallisation. Acmite/aegirine tips are observed on 

pyroxene crystals, usually in larger albite pools, the result of breakdown of impure 

jadeite. The acmitic pyroxene is also sometimes seen as unattached relics where the 

pyroxene on which it grew has also been converted to albite. 

5.4.3 Mineralogy of mafic areas 

The mafic areas of block GB have a mineralogy of omphacite + glaucophane ± 

paragonite ± epidote ± garnet with accessory opaques, rutile and sphene. Minor 

albite occurs in areas closely adjacent to felsic material, otherwise, albite is absent 

from mafic areas. The most abundant mineral is green, omphacitic pyroxene, with a 

grain size up to 3 mm. This pyroxene occurs in masses of varying density with or 

without minor subhedral garnet, up to 2 mm in diameter. 

Many pyroxene and garnet crystals contain inclusions of epidote and glaucophane, 

suggesting that they overgrew an earlier glaucophane-epidote mineralogy. However, 
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the edges of many pyroxene crystals are ragged and in some cases it appears that 

pyroxene is breaking down to glaucophane and epidote. This suggests a reversal of 

the garnet-pyroxene-forming reactions such as, 

glaucophane + epidote = pyroxene + garnet + quartz + water 	[2.1] 

suggested by Ridley (1984a), which will occur as an up-temperature reaction, and are 

discussed further in chapter 6. Reactions such as [2.1] may be driven not only by an 

increase in temperature, but also by a decrease in silica activity (see chapter 6 for 

further discussion). A reversal of reactions such as [2.1], at fixed PT, therefore, may 

be driven by addition of silica. 

A source of silica, on a local scale, may have been the felsic material of block GB 

itself, although the areas analysed in the present study do not now contain free quartz 

possibly because of their proximity to the block edge (chapter 4). Felsic and mafic 

areas are seen to be intermixed on a millimetre scale, with patches of mafic material, 

as small as 2-4 mm, enclosed in felsic material, and felsic 'layers' 1-2 mm wide 

occurring in mafic areas. Small-scale bimetasomatism or widening equilibrium 

volumes (see also chapter 2) in such a small-scale mix of lithologies may cause the 

reverse of reaction [2.1] and growth of glaucophane and epidote in some mafic rock 

volumes. 

5.4.4 The metasomatic rind 

No contact between felsic material and a metasomatic rind was noted at block GB, 

with all preserved rind apparently adjacent to mafic material. The rind on the upper 

surface of the block is not well preserved, and consists of a patchy covering of 

glaucophane and actinolite over about one third of the block towards its eastern end 

(figure 5.7a). At the base of the cliff, on the northern side of the block, metasomatic 

rind is preserved in an apparently continuous sequence out to talc and serpentinite, 

but is poorly exposed. 
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Figure 5.7: Block GB: a) Schematic aerial view of block GB showing the distribution of preserved 
metasomatic rind. b) Schematic diagram (not to scale) of the metasomatic rind of block GB. 
Glaucophane is adjacent to the block-edge and also cuts into the block as veins. Further from the 
block, the glaucophane grades into actinolite, which in places overgrows chlorite or talc 
chlorite. 
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No chlorite is observed adjacent to the block, with a sequence going from block to 

glaucophane to actinolite (figure 5.7b). In some places, what appears to be a 

glaucophane rind on one face of the block, is seen to be a vein when viewed over a 

larger area (plate 5.13). This suggests that, as at blocks 9J and 5N1, the glaucophane 

is the result of a late infiltration event and not part of a bimetasomatic zone sequence. 

A microscopic analysis of the amphibole rind reveals that the glaucophane adjacent 

to the mafic block is of the same composition and grain-size as the fine-grained 

glaucophane within it suggesting that some of the glaucophane observed within the 

block may also be a product of the infiltration event. The contact between the block 

and glaucophane is marked by the abrupt termination of the green pyroxene. Epidote 

is also absent from the glaucophane rind. Accessory sphene, ± rutile cores, occurs in 

both block and glaucophane areas. Apatite is also present, with pyroxene, within 0.5 

cm of the block edge. In some areas, the glaucophane displays a strong fabric 

parallel to the block edge, and in places is tightly folded. In other areas the fabric is 

weaker, and glaucophane occurs as strained crystals, up to 8 mm long, partially 

overgrowing omphacitic pyroxene, which has a grain-size similar to that observed 

within the mafic block areas. These latter suggest infiltration of the block by the 

glaucophane-crystallising fluid. 

Further away from the block, the amphibole is pale green actinolite displaying a 

strong, folded fabric. Folding occurred after amphibole crystallisation. Amphiboel 

grain-size is small in most areas, reaching a maximum of 1 mm in fold hinges, with 

these larger crystals being strained and partly recrystallised to smaller neoblasts. In 

some areas, however, as at block 9J, coarse-grained actinolite, with crystals up to 1 

cm long, overgrows chlorite and talc (figure 5.7b). The amphibole crystals are 

frequently broken and fractured and some possess thin, partial outer rims of crossite, 

which are concluded to be retrogressive alterations of glaucophane. No other zoning 

is apparent in these calcic amphiboles. Accessory minerals including opaques, rutile, 

sphene, epidote, allanite and apatite are present in varying abundances in these 

amphibole-rich areas. 
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The observations described above, and shown schematically in figure 5.7b, are 

compatible with those of block 9J, 5N1 and Si, and similar mechanisms of 

infiltration, fluid interaction resulting in growth of glaucophane rims, and later 

greenschist alteration of glaucophane to crossite are suggested to explain them. 

Continuous deformation during and after amphibole growth is also indicated. 

Two compositions of chlorite were noted in the rind. The first occurs with actinolite 

and may be the remnant of an original chlorite zone. The chlorite shows pale green 

to yellow pleochroism and low dispersion, but is largely altered to late vermiculite. 

The second composition of chlorite noted occurs in areas of the outer rind in folded 

mixes of talc and amphibole. The chlorite is green-yellow pleochroic and highly 

dispersive. It is apparently of the same composition to that in the outer rind of block 

9J (chapter 4) and reminiscent of the Si-rich chlorite observed in other areas of the 

matrix (chapter 3). As such it may be a replacement of antigorite and not the relics 

of an original bimetasomatic chlorite zone. 

The rind of block GB is poorly preserved, however, study suggests that it is very 

similar to the rind observed around blocks with a higher felsic content already 

described. This indicates that any features of metasomatic rinds around 

metagabbroic blocks, which are considered in the following two chapters, may be 

similar to those formed around felsic blocks 

5.5 Conclusions 

. 	Bimetasomatic zone sequences formed round felsic-composite blocks, are very 

similar to that observed around the purely felsic block, 9J. They include a layer 

of altered block and a chlorite zone consisting solely of chlorite and minor 

accessory phases. Beyond this there are talc-bearing zones and eventually 

serpentinite matrix. However, the outer zones and matrix have generally been 

disrupted by folding and shearing, with deformation apparently occurring 
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throughout the period of bimetasomatic zone-growth. This zone sequence is 

shown schematically in figure 5.8. 

Bimetasomatic zone widths are dependent on the available reservoir of 

serpentinite matrix as a sink for silica. The zone of altered block at 9J (chapter 

4), for example, where the amount of surrounding matrix is limited, is 20 cm 

wide compared to a zone up to 40 cm wide noted at block 5N1, in an area where 

serpentinite matrix is abundant. 

Loss of silica is the most far-reaching effect of bimetasomatism between felsic 

blocks and the serpentinite matrix, in some cases extending well over 1 m into 

blocks. Addition of components also occurs in the outer edges most notably the 

addition of magnesium, from the serpentinite matrix, and calcium, which may 

have diffused from nearby calc-silicate schists or have been sourced from an 

externally derived fluid. The possible sources of calcium are discussed further in 

chapter 10. 

The presence of minor to moderate amounts of mafic material has apparently 

little effect on the overall form of the bimetasomatic zone sequence. 

Bimetasomatic reaction between felsic and mafic material within blocks, 

however, does result in more complex profiles in component concentrations as a 

function of distance from the block edge. The overall higher Fe-content of 

blocks that contain moderate amounts of mafic material also results in the 

chlorite of the chlorite zone being more dispersive, and thus, apparently more 

iron-rich. 

Mafic material near the block edge is very similar in appearance to its felsic 

counterpart save for the occasional presence of large pyroxene crystals, 

apparently pseudomorphs after igneous pyroxenes, and higher concentrations of 

Ti-phases such as sphene. The presence of moderate amounts of mafic material 
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Figure 5.8: Schematic summary of the metasomatic rinds of felsic and felsic-composite blocks, 
composed from data collected in the present study, and discussed in chapters 4 and 5. The 
bimetasomatic zone sequence, between unaltered block and serpentinite matrix, comprises a zone of 
altered block, a chlorite zone and a talc-rich outer zone which is tectonically mixed with the 
serpentinite matrix and less frequently with parts of the chlorite zone. The bimetasomatic zone 
sequence has been infiltrated by an amphibole-crystallising fluid, with the crystallised amphibole 
altering in composition from actinolite in the outer parts of the bimetasomatic sequence to 
glaucophane close to, and within, the block. 
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also effects the composition of neighbouring felsic material with bimetasomatic 

exchange apparently occurring between the two, possibly prior to peak 

metamorphic PT. 

All the blocks examined show evidence of an episode of infiltration that resulted 

in crystallisation of amphibole in the metasomatic rinds of the blocks, and in 

some cases also within the blocks themselves (figure 5.8). Amphibole 

compositions vary with proximity to blocks, probably as a result of interaction of 

the infiltrating fluid with pore fluids in equilibrium with the felsic block 

lithologies and, therefore, possessing a high sodium activity. Glaucophane 

crystallised in and near the blocks while calcic amphibole, of actinolitic to 

winchitic compositions, crystallised in the metasomatic rind. The infiltration 

event, which resulted in amphibole crystallisation, occurred at a high PT, above 

the albite stability field (figure 2.4), and during bimetasomatic zone growth. 

Retrogressive greenschist facies alteration of jadeite-quartz assemblages to albite, 

glaucophane to crossite and actinolite, and growth of new actinolitic rims on 

earlier calcic amphiboles are observed around the felsic-mafic composite blocks 

Si, 5N1 and GB as they were around the wholly felsic block, 9J (chapter 4). In 

the felsic-composite blocks, however, albitization is generally more advanced, 

suggesting greater volumes of fluid present during greenschist facies PT. This 

may have resulted from higher permeability of the composite block compared to 

block 9J, and suggests that the mafic material may have been more permeable 

than the felsic material. 
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6.1 Introduction 

Meta-igneous blocks with compositions more mafic than the felsic plagiogranites 

described in chapters 4 and 5, are abundant in the serpentinite melange on Syros. In 

this chapter, the composition, mineralogy and structure of the metagabbroic blocks in 

the melange is discussed with the aim of establishing the extent of metasomatism 

associated with their period of incorporation within the serpentinite melange. 

Like the plagiogranite and felsic-composite blocks described in the previous two 

chapters, the metagabbroic blocks have metasomatic rinds which may be divided into 

an 'inner rind', most frequently consisting of a complex mix of chlorite and 

amphibole, and an 'outer rind', rich in talc. The thickness of metasomatic rind 

preserved around blocks is in the order of centimetres to tens of centimetres and 

observation of mineral stabilities and the high variance within rind assemblages 

suggests that the metasomatic rinds developed under blueschist metamorphic 

conditions. The formation of metasomatic rinds indicates that associated chemical 

alteration will have occurred during the period of blueschist facies peak 

metamorphism within the blocks, and particularly near to block-edges where they 

were in contact with the serpentinite matrix. 

Such alteration of the block edge was clearly documented in the plagiogranite block, 

9J (chapter 4), by comparison of the apparently unaltered block interior to samples 

from near the block edge. Ideally, in order to establish bulk chemical alteration in 

metagabbro melange blocks, an equivalent unmetasomatised precursor composition 

must be established. In block 9J, the block centre was established as a suitable 

precursor due to its homogeneous nature mineralogically and chemically, its clear 

state of silica saturation, and its reasonable match to likely ophiolitic plagiogranite 

precursors. The metagabbroic blocks, however, are coarser-grained and inherently 

heterogeneous in nature. This raises the question of how an unmetasomatised 

precursor composition, or compositions, may be established. 
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The centres of melange blocks may be unmetasomatised. However, appropriate 

unmetasomatised metagabbros also occur in the form of metagabbro masses within 

the gneiss-serpentinite belt of Syros, but outside the serpentinite melange. These 

metagabbros have been described by Dixon (1969), Ridley (1984a) and Ridley and 

Dixon (1984), and a number of their observations have already been discussed in 

chapter 2. Further observations were also made during the present study and 

compositions, mineralogies, and textures were compared to those observed in the 

metagabbroic melange blocks. 

The heterogeneous nature of the metagabbroic blocks also raises the question of what 

criteria may be used to recognise syn-blueschist metasomatism within such blocks. 

Metasomatism associated with the serpentinite melange may be expected to produce 

changes in bulk composition at block edges and associated changes in mineralogy 

and mineral compositions as observed at the edges of felsic plagiogranite blocks. 

Reactions driven by metasomatic alteration may also result in disequilibrium textures 

and possibly distinctive zoning in minerals. 

However, in an isochemical metamorphic system, variations in bulk composition, 

modal mineralogy and mineral compositions may be present if they were also present 

in the premetamorphic precursor rocks. In the case of the metagabbros, such 

variation may result from cumulate layering and intrusive igneous relationships, and 

the different mineral assemblages produced in such differing compositional volumes 

may react differently, or not at all, under similar conditions of metasomatic 

alteration. 

Reactions, in metagabbros, may also occur, either as the result of prograde 

metamorphism, or as the result of gradual increase in bulk equilibrium volumes as 

discussed in chapter 2. Such reactive transformations, which may be incomplete 

even in homogenous blocks, will produce a range of modal changes and a range of 
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reaction textures entirely unassociated with serpentinite-related metasomatic 

alteration. 

The problem, therefore is to distinguish modal variations and mineral zoning due to 

metasomatism from those due to the other two principal possibilities, namely frozen-

in prograde reaction textures, and reaction textures due to progressive enlargement of 

equilibrium volumes within the rock at constant pressure and temperature. 

A further important question, in relation to the metagabbro blocks, is the length scale 

of metasomatic alteration within the blocks. The plagiogranite block, 9J, is quartz-

rich in its interior, but silica activity gradients and resultant fluxes were not 

necessarily comparable in mafic blocks not initially oversaturated in silica. Thus, for 

example, the length-scale of silica loss from metagabbroic blocks may not be 

comparable to that within block 9J. 

This chapter attempts to address the problems and questions outlined above, and to 

document the extent of serpentinite-related metasomatism within metagabbroic 

blocks. This is undertaken through optical and chemical analyses of metagabbro 

melange blocks and comparison of these to unmetasomatised metagabbro masses 

outside the melange. 

It will be shown in this chapter that key reactions in mafic rocks, which produce 

garnet and omphacite at the expense of glaucophane and epidote, will be driven by 

lowering of the silica activity. They will also, however, be promoted by a rise in 

temperature and will in cases show reaction progress in the same sense by 

equilibrium volume enlargement. It will also be shown that variations in Fe2 /Mg 

ratio will produce variations in garnet-omphacite abundance in rocks of otherwise 

similar composition, which may appear to be the result of local desilication. Despite 

these many factors effecting the modal abundance of garnet and omphacite, 

significant modal increases in garnet and omphacite will be shown to occur towards 
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the edges of a number of metagabbroic blocks, which are concluded to be the result 

of progressive desilication towards the block edge. 

6.2 Abundance of quartz 

When comparing the mineralogy of the metagabbroic blocks to the mineralogy of 

metagabbroic masses from outside the serpentinite melange units, as described by 

Dixon (1969), Ridley (1982), Ridley (1984a) and Dixon and Ridley (1984), the most 

notable observation is that almost all the metagabbros sampled in the latter case 

appear to be quartz saturated in that mineral assemblages contain quartz (Dixon, 

1969; Ridley 1984a), although usually in small amounts. 

In contrast to this, almost all the mineral assemblages observed in metagabbroic 

blocks lack quartz, indicating undersaturation in silica within the blocks. This 

immediately suggests that the majority of blocks may have been metasomatised by 

loss of silica to the serpentinite matrix, as has already been documented to have 

occurred at the edge of the plagiogranite block, 9J, and confirms the relevance of 

comparison with metagabbroic masses outside the serpentinite melange. 

6.2.1 Length-scale of desilication 

The length scale of block desilication is clearly large as blocks measuring several 

metres across contain no quartz even in the block centres. The only block in which 

free quartz was, in fact, observed is block 8Ea at the Ermoupolis locality, which 

measures a least 100 m across. 

The quartz in block 8Ea was observed to occur patchily in a few areas towards the 

southern end of its exposure, at around 10 m away from the nearest visible 

metasomatic rind, which marks the block edge. This suggests desilication may have 

occurred on a length scale as much as 10 m, with blocks up to 20 m in diameter 

possibly entirely devoid of quartz. It is worth noting, however, that the modal 
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abundance of quartz would never have been very large, even in metamorphosed 

tholeiitic gabbro. Therefore, Si02  flux in solution, which is needed to remove quartz 

from a given thickness of block, would have been orders of magnitude less than in 

the felsic blocks. Because of this, the apparently larger length scale of desilication in 

the metagabbroic blocks does not necessarily mean silica loss was greater for a given 

area of block surface. 

6.3 Compositional range in the metagabbros 

Dixon (1969), Ridley (1982), Ridley (1984a) and Ridley and Dixon (1984) all note 

compositional variations in metagabbroic masses in the gneiss serpentinite belt 

outside the serpentinite melange. These occur on a number of scales from 10 m or 

metre scale banding in texture and mineralogy (Dixon, 1969) to areas of a single thin 

section volume which contain incompatible mineral assemblages. These 

observations suggest that variations in bulk composition will also occur within the 

metagabbroic blocks in the serpentinite melange, independent of any serpentinite-

related metasomatism. 

6.3.1 Bulk chemical variation 

In order to establish the range of compositional variation in the metagabbroic blocks 

within the serpentinite a large number of metagabbro samples were analyse for bulk 

chemical content by X-ray fluorescence (appendix III). These were taken from near, 

and as close as possible to, the centres of blocks in an attempt to avoid serpentinite-

related metasomatism, although all but a very few of these samples contain no free 

quartz, suggesting, as discussed above that they have at least suffered a degree of 

desilication associated with the surrounding serpentinite melange matrix. 
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Tholeiitic trends 

The metagabbroic block compositions analysed from the interiors of blocks in the 

serpentinite melange are plotted on an AFM diagram in figure 6. 1, and in T102-MgO 

space in figure 6.2, along with data from meta-felsic blocks discussed in the previous 

two chapters. 

Bulk compositions of meta-igneous melange blocks (appendix III) indicate that the 

blocks range from Mg-rich gabbro, to ferrogabbro, to diortitc gabbro, diorite and 

granodiorite and finally to plagiogranite. The trend of this sequence, can be seen 

from figure 6.1 and figure 6.2, to follow a general trend of Fe and Ti-enrichment as 

do tholeiitc magmas. However tholeiitic liquid has a maximum of around 3-5 wt % 

Ti02  (e.g. Wager and Brown, 1968; Myashiro, 1973; Brooks and Nielsen, 1978; 

Fomari et al., 1983), while the ferrogabbroic melange blocks from Syros have Ti02  

contents of up to 9 wt% (figure 6.2). This strong enrichment in Ti suggests that the 

metagabbros from Syros are tholeiitic cumulates rather than tholeiitic magmas (e.g. 

compare Eggler et al., 1973; Engel and Fisher, 1975), with Ti-contents reaching 

much higher levels than those in the liquid as Ti-rich phases crystallise out. The 

gabbros may also, however, contain varying amounts of trapped liquid. 

Further general trend along the apparent evolution series of the metagabbros are 

shown in table 6.1. 

Transition 	 Increase in 	 Decrease in 

Mg-gabbro to ferrogabbro 	Fe203*, Ti02, 	 MgO, A1203  (slight), 

Zn, Cu, V, Sc 	 Ni, Cr 

Ferrogabbro to more dioritic 	Si02, A1203, Na20, 	 Fe203*, MgO, CaO, Ti02, 

compositions 	 Zr, Y Nb (slight), REEs 	transition metals (Zn, Cu, Ni, 

Cr, V, Sc) 

Mg-gabbro to anomalous K-rich K20, A1203 	 Fe203*, transition metals 

rocks 	 especially Zn 

Table 6.1: Increases and decreases in bulk chemical component concentrations between metagabbro 

compositions plotted on figure 6.2. * total iron as Fe203  
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Figure 6.1: AFM (alkalis-iron-magnesium) diagram showing the range of meta-igneous block 
compositions from the Syros serpentinite melange. Arrows show apparent evolution trends. Open 
diamond symbols are slightly evolved ferrogabbros. All data is given in appendix III. 
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Figure 6.2: Meta-igenous block compositions, from the Syros serpentinite melange, plotted in Ti02-

MgO space. The evolution trend for the Skaegaard tholeiitic liquid, calculated by Wager and 
Brown (1968), is also plotted to illustrate the much lower Ti-content of tholeiitic liquids, which 
suggest a cumulate origin for the Syros metagabbros. The arrow indicates the suggested evolution 
trend of the Syros gabbros. 
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The observed decrease in Ni and Cr between Mg-gabbro to ferrogabbro compositions 

(table 6.1) may reflect a decrease in original modal cumulate olivine, which contains 

Ni, and clinopyroxene or spinel, which contain Cr as the liquid evolves. 

The more dioritic gabbros analysed may also be cumulates, however, relatively high 

concentration of incompatible elements such as Zr, Y and REEs in some samples 

suggests the presence of considerable amounts of trapped, relatively evolved, liquid 

magma. 

K-metasomatism 

Besides the tholeiitic cumulate trend on figure 6. 1, a further, anomalous group of 

samples can be seen ranging from Mg-gabbroic compositions towards the K20 + 

Na20 apex, on a trend reminiscent of calc-alkaline rocks. 

The bulk chemical changes, based on X-ray fluorescence analysis (appendix III) 

along this non-tholeiitic trend are given in table 6. 1, and from this it can be seen that 

the apparent calc-alkaline nature of the trend is merely an artefact of the projection. 

The trend from Mg-gabbro is associated with an increase in potassium, without the 

corresponding increase in sodium or silica that would be expected from a calc-

alkaline rock series. This is also illustrated on figure 6.3 where the anomalous rocks 

are seen to lie on a tholeiitic, rather than caic-alkaline trend in FeO-FeO total IMgO 

space. These observations indicate that the K-rich metagabbros are not products of 

igneous differentiation processes and are therefore, presumably products of 

metasomatic alteration involving addition of potassium. 

The mineralogy of these anomalous K-rich gabbroic rocks is pyroxene + white mica 

± epidote ± glaucophane ± talc with talc reflecting a low iron content (figure 6.4). 

Chlorite is present in a number of samples. Its origin, however, is unclear and it may 

be a product of bimetasomatism (see chapter 7). Tourmaline is also present in some 
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Figure 6.3: Data from Syros melange blocks and published data plotted in FeO(t0tFeO(t0ta!)1MgO 

space, where Fed""')  is total iron as FeO. Open diamond symbols are slightly evolved Fe-Ti 

gabbros. Published data (1) Poganate and Kienast (1987): Fe-Ti gabbros, (2) Cortesogno et al. 

(1977): Fe-Ti gabbros, (3) Messigna et al. (1983): Mg-Al gabbros, (4) Messigna etal. (1983): 

average compositions of Mg-gabbros and Fe-gabbros from Voltri, Monviso and Northern Apennine 

ophiolites. All data is given in appendix III. 
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Figure 6.4: Chemographic representation in the Al/2-Fe-Mg(-Si-H20) 

system. CTD = chtoritoid, GT = garnet, TC = talc. Note that chloritoid is Al-

rich and talc is Mg-rich. 
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cases as dark, schorl (Na(Fe,Mn)3A16B3Si6(0,OH)30) (plate 6.1) indicating addition 

of boron as well as K20 to the rocks. 

The K-rich metasomatism and associated tourmaline growth appears to have 

preferentially affected Mg-rich gabbros. K-rich lithologies occur as xenoliths within 

other lithologies, including transitional Mg-Fe gabbros, as is seen at 1N2 (plate 6.2). 

On an outcrop scale K-rich metagabbro, containing white mica and tourmaline, 

appears to occur as veins (plate 6.3), and in thin section, white mica within K-rich 

lithologies also occurs as veins (plate 6.4). These observations imply an origin by 

metasomatic fluid infiltration. 

The timing and scale of the K-metasomatism is not clear from these observations. 

Comparable lithologies are not documented from outside the melange suggesting that 

its occurrence is linked to the presence of the serpentinite matrix, although this is by 

no means certain from the evidence available from study of the melange blocks. 

Significantly, for the present study, the distribution of K-rich metasomatism in 

gabbros does not appear to related to the proximity of the serpentinite melange and 

thus it is concluded not to be of bimetasomatic origin. 

Conclusions 

From the above analysis and discussion it is concluded that a wide range of gabbro 

compositions occur within the cores of blocks in the melange. These include Mg-

gabbros, ferrogabbros, dioritic gabbro and also K-rich gabbros, which have 

apparently undergone K-rich metasomatism at an unknown time but possibly within 

the serpentinite melange. The metagabbro compositions observed in the cores of 

melange blocks, possibly including the precursor to the K-metasomatised gabbro are, 

thought most likely to be tholeiitic cumulates. 

The few metagabbros from outside the serpentinite melange, analysed in the present 

study fall within the range of gabbro compositions from within the melange blocks 
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Plate 6.1: Schorl tourmaline in K-rich 
gabbro from the Kini locality. Note the 
distinctive green (pyroxene) and white 
(mica and retrogressive albite) of the 
K-rich metagabbro. 100 Drachma coin 
for scale. 

Plate 6.2: A K-rich gabbroic clast (green 
and white) in transitional Mg-Fe gabbro 
(bluish grey), block 1N2. Block 1N2 is 
located in the main serpentinite unit in the 
north of Syros and is exposed in a track-
cut just to the west of the road to Kambos. 
1 lb hammer for scale. 
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Plate 6.3: K-rich gabbro (green and 
white) apparently occurring as a 
wide vein within Mg-gabbro 
(bluish-grey), block 3K 12. Block 
3K12 is a small (-4 m diameter), 
loose block from the Kini locality. 
1 lb hammer for scale. 

!;:  
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Plate 6.4: A white mica-bearing vein cutting through slightly chioritised Mg-gabbro from, block 
4K8, a) under plain polarised light b) under crossed polars. Both photographs taken under x2 
magnification. Block 4K8 is a 2-4 m diameter block, from the Kini locality, apparently 
consisting of a mix of Mg-gabbro, ferrogabbro and K-rich gabbro but with poor exposure of the 
interior. The sample photographed here is from relatively near the block edge and is, therefore, 
partly chloritized as part of bimetasomatic zone growth (see main text, chapter 7). 

Plate annotations: win = white mica, px = pyroxene, chl = chlorite. 
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(appendix HI), suggesting that the cores of these latter have not been significantly 

altered as a result of incorporation in the serpentinite melange. 

It may also be noted that bulk chemical analyses from blueschist and eclogite terrains 

within the Alps (Cortesogno et al., 1977; Messigna et al., 1983; Pognante and 

Kienast, 1987) ranging from Mg-gabbros to Ti-rich ferrogabbros also fall in a similar 

range to the Syros metagabbro blocks (figure 6.5). This indicates that the range of 

metagabbroic compositions in the Syros melange blocks is by no means unique. 

6.3.2 Internal block structure and textures 

The range of compositions observed in the metagabbro blocks of the Syros 

serpentinite-melange has been outlined above. The blocks are, almost without 

exception, not composed of a single homogeneous lithology, and instead contain 

significant compositional variation. 

This compositional variation in metagabbroic block can be dramatically obvious, as 

was also the case in the felsic-composite block, 5N1, described in chapter 5. Such 

dramatic internal compositional variation is seen in blocks such as 4K12, a 

ferrogabbroic block containing angular, epidote-rich clasts in a relatively epidote-

poor, garnet-rich matrix (plate 6.5). Another such block, showing clast-in-matrix 

textures is 4KA, with a dramatic green and red mixture of K-rich gabbro clasts, 20 

cm to 2 m in diameter, in a matrix of garnet-rich ferrogabbro (plate 6.6). The 

occurrence of these apparent intrusive clast-in-matrix relationships, with one 

gabbroic composition surrounding fractured clasts of another, suggests that the latter 

component, at least, was once liquid rather than of cumulate origin. However, 

slumping of partly solidified cumulates, as reported, for example, by Wager and 

Brown (1968) may possibly result in cumulate clasts within a cumulate matrix. 

Block 8Eb from the Ermoupolis locality contains the most complex internal structure 

observed in any block and indicates that three or more distinct gabbro compositions 
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Figure 6.5: AFM diagram showing Syros meta-igneous block compositions and published 
compositonal data from Alpine blueschist and eclogite facies metagabbros : (1) Pognante and 
Kienast (1987): Fe-Ti gabbros, (2) Cortesogno et al. (1977): Fe-Ti gabbros, (3) Messigna et al. 
(1983): Mg-Al gabbros, (4) Messigna et al. (1983): average compositions of Mg-gabbros and Fe-
gabbros from Voltri, Monviso and Northern Apennine ophiolites. Data from Syros melange blocks 
are plotted as in figure 6.1. All data is given in appendix III. 
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Plate 6.5: Block 4K 12, Kini locality. Epidote-
rich clasts occur in an epidote-poor, garnet-rich 
matrix. 1 lb hammer for scale. 
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Plate 6.6: Block 4KA, Kini locality. K-rich 
gabbro clasts in fenogabbro matrix. 1 lb 
hammer for scale. 

Plate 6.7: Block 8Eb, from the 
Ermoupolis locality, viewed from the 
west. The block has a maximum 
diameter of around 4 m. Note the large, 
pale K-rich clast near the centre of the 
picture and the darker Mg-gabbroic 
clasts to its left (north). Chlorite rind 
and minor talc are visible around the 
block to the lower and right side of the 
picture. The largest amphibole 
incursion is also clearly visible 
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Plate 6.8: K-rich gabbroic clast from block 
8Eb (see plate 6.7 for location), showing the 
poorly defined nature of the edges of the 
clast. Pen for scale. 

Plate 6.9: 'Mafic' clasts of slightly evolved 
ferrogabbro in a matrix of more 'felsic' 
dioritic gabbro at the northern end of block 
8Eb. Tape measure at 20 cm for scale. 

227 



Chapter 6: Metagabbroic blocks: block and altered block 

may be contained in a single block. Block 8Eb is loose and measures roughly 2.5 in 

x 3 m x 4 m with a section of the block fracture off to expose its interior structure 

(plate 6.7). The majority of the exposed block interior consists of a mix of 

chioritoid-bearing Mg-gabbro, K-rich gabbro with tourmaline, and various 

compositions of dioritic ferrogabbro. The Mg-gabbro appears to occur as clasts in 

the dioritic ferrogabbro towards the northern end of the exposed interior, while the 

K-rich material also has the appearance of a large xenolith in a matrix, towards the 

southern end of the exposed internal section, although its boundaries are somewhat 

poorly defined (plate 6.8). A further block-in-matrix texture is seen at the very north 

end of the block where 'mafic' clasts of moderately evolved ferrogabbro are 

enclosed in a 'felsic' matrix of a more dioritic composition (plate 6.9). 

6.3.3 Epidosites 

A further source of compositional variation that may affect block compositions is the 

occurrence of epidosites. Epidote-quartz 'epidosites' have been described from the 

Troodos ophiolite (Richardson et al., 1987) and the Semail ophiolite (Rothery, 1983) 

and are thought to be the products of hydrothermal alteration. 

Epidosites in the Troodos complex occur in the lower levels of the sheeted dyke 

complex and the upper levels of the plutonic gabbro (Richardson et al., 1987) and 

similar lithologies are observed by Rothery (1983) near the base of the sheeted dyke 

complex of the Oman, or Semail, ophiolite. The epidosites in the Troodos complex 

occur as 5-20 cm wide bands and have mineralogies of epidote + quartz ± minor 

chlorite. They also contain low Mg, Na, Zn and Cu concentration compared to 

concentrations in the surrounding gabbro. Richardson et al. (1987) conclude that a 

high fluid-rock ratio prevailed during the formation of epidosite, from sea-water 

interaction in the Troodos complex, and they suggest that epidosite-forming fluids 

may also be responsible for sulphide deposits in higher regions of the ophiolite 

complexes. 

228 



Chapter 6: Metagabbroic blocks: block and altered block 

Bands of epidote ± quartz were observed in the present study in metagabbro outside 

the serpentinite melange. These form thick veins (plate 6.10) or occur as a matrix to 

garnet-glaucophane-bearing clasts (plate 6.11). The compositions of these epidote-

rich areas do not correspond to that of a mafic or a felsic magma, as may be seen 

from table 6.2. However, they correspond closely to the descriptions of epidosites 

given by Richardson et al. (1987) and Rothery (1983), being relatively iron-rich with 

low concentrations of MgO, Na20, Zn and Cu. 

Rock type Ep ± qz (epidosite) 9J (felsic) 8Ea (mafic) 

Sample N13-361H N13-361K N4-117A N4-11713 N4-117C N4-1171) N4-117E E5-203 E5-204F 

SiO2 39.02 39.01 70.06 68.34 66.61 68.74 65.95 44.76 46.92 

A1203  23.85 23.94 15.17 15.61 16.78 15.23 16.15 11.33 11.83 

Fe203  11.31 11.35 2.02 2.37 2.19 2.17 2.33 15.65 14.36 

MgO 0.29 0.31 1.26 1.59 1.79 2.14 2.57 5.99 4.96 

CaO 22.21 22.28 0.53 0.78 0.83 0.76 0.85 7.82 10.39 

Na2O 0.26 0.21 9.36 9.86 10.31 9.38 11.35 4.3 5.07 

K20 0.014 0.01 0.085 0.011 0.012 0.011 0.013 0.446 0.15 

Ti02  0.15 0.153 0.358 0.336 0.358 0.357 0.353 7.506 4.478 

MnO 0.138 0.14 0.024 0.029 0.027 0.027 0.036 0.229 0.166 

P205  0.168 0.15 0.023 0.022 0.018 0.016 0.009 0.044 0.068 

LOP 2.03 1.96 0.54 0.46 0.51 0.59 0.7 1.41 1.43 

Total 99.43 99.51 99.42 99.4 99.42 99.42 100.31 99.49 99.82 

Zn 	8.1 	8.8 	31.4 
	

31.6 	37.5 	41.7 	43.6 	115.3 	86 

Cu 	23.6 	22.5 	4.3 
	

5.2 	7 	8.1 	4.9 	50.2 	36.7 

Table 6.2: Bulk chemical analyses of epidosites with representative felsic and mafic material for 
comparison. Oxides in weight %, Zn and Cu in ppm *LOI = loss on ignition. 

6.3.4 Conclusions 

One significant observation of all these dramatic compositional variations in 

metagabbroic blocks is that the geometry of the compositional variations bear no 

relationship to the present block geometry which gives a clear indication that these 

variations are not related to serpentinite metasomatism. More subtle variations in 

composition occur in other metagabbroic blocks, often only detectable in slight 

variations in modal mineralogy but these too may be discounted as serpentinite- 
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Plate 6.10: Epidosite vein in 
ferrograbbro from metagabbro 
outside the serpentinite 
melange. Pen for scale. 
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Plate 6.11: 
Metagabbro clasts in 
epidosite from 
metagabbro outside 
the serpentinite 
melange. 1 lb 
hammer for scale, 
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Plate 6.12: Barroisitic cores in 
glaucophane crystals in 
Glaucophane-epidote-gamet-
omphacite assemblages, block 8Ea. 
Photograph taken at x2 
magnification. 

Plate annotations: bar = barroisite, 
gl = glaucophane, px = pyroxene, 
ep = epidote 
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Plate 6.13: Ragged cores of green omphacite within a) banoisite and b) glaucophane from 
the ferrogabbro block 8Ea. Both photographs taken at x 1 magnification. 
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associated metasomatic features where they are clearly unrelated to the current block 

geometry. 

A further observation is that the igneous intrusive relationships within the blocks of 

the serpentinite melange are much better preserved than in the larger gabbroic 

masses outside the melange where most have been distorted by shearing and 

deformation resulting in compositional banding (Dixon, 1969). This lack of 

deformation and consequent preservation of igneous textures in the melange blocks 

is concluded to be the result of partitioning of deformation in the soft serpentinite 

matrix of the melange which has also been documented by Ridley (1982) and Bond 

(1999) and was discussed in chapter 2. 

It may also be observed, that due to the multi-compositional nature of many of the 

gabbroic blocks, internal bimetasomatic reactions may well occur between areas of 

differing composition, as was observed in block 5N1 (chapter 5). Such internal 

bimetasomatism is effectively the same phenomenon as the widening of equilibrium 

volumes discussed in chapter 2 and is likely to produce disequilibrium reaction 

textures and possibly mineral zoning unrelated to interaction with the serpentinite 

melange. 

6.4 Mineral assemblages 

Within the metagabbro masses of the gneiss-serpentinite belt, which lie outside the 

serpentinite melange, Ridley (1984a) noted the mineral assemblages glaucophane + 

actinolite + garnet + epidote + quartz and glaucophane + paragonite + garnet + 

epidote + quartz. Ridley and Dixon (1984) further observed that the calcic 

amphibole in metagabbroic assemblages may be actinolite or barroisite. Sodic and 

calcic amphiboles may coexist due to the presence of a miscibility gap involving a 

discontinuity in occupancy of the M4 site (Coleman and Papike, 1968; Himmelberg 

and Papike, 1969; Klein, 1969; Black, 1970, 1973; Ernst et al., 1970; Ernst and Dal 
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Piaz, 1978; Ernst, 1979; Triboulet, 1978) and from these observations a mineral 

stability diagram may be constructed (figure 6.6, modified from Ridley 1984). 

Dixon (1969), however also reports mineral assemblages including garnet + aegirine 

jadeite + paragonite + quartz assemblages including garnet + aegirine jadeite + 

glaucophane + epidote + quartz + paragonite. These suggest that in some cases 

paragonite-glaucophane-epidote is replaced by garnet and aegirine jadeite (figure 

6.6). The occurrence of garnet and aegirine jadeite as opposed to paragonite-

glaucophane-epidote may be dependent on Fe3 7Al or Fe2 /Mg within the rocks, but 

garnet + aegirine jadeite assemblages were not observed in the present study and this 

hypothesis was not investigated. 

Other mineral assemblages within the metagabbro masses include pyroxene + quartz 

+ white mica + garnet ± glaucophane assemblages reported by Dixon (1969). These 

assemblages lie closer to the NA apex of figure 6.6 then the other assemblages 

mentioned and are therefore more found in dioritic gabbros. Such rocks are referred 

to as 'acidic' by Dixon (1969) and are similar in mineralogy to the mafic areas of 

block 5N1 and GB (chapter 5). 

A more significant mineral assemblage in the metagabbros, however, is discussed by 

Ridley (1984a) and Dixon and Ridley (1984) who describe garnet + omphacite ± 

paragonite assemblages resulting from reaction of epidote and glaucophane (see 

figure 6.6). Such reactions may occur as the result of up-temperature prograde 

metamorphism. However, the extent of reaction is dependent on composition, as 

discussed in chapter 2 and illustrated in figure 2.7, and, in the metagabbro masses 

outside the serpentinite melange, the extent of garnet and omphacite growth also 

appears to be dependent on the degree of deformation. Lack of deformation in the 

melange blocks, as discussed above, will remove the equilibrating potential of 

deformation. Thus the metagabbros in the melange are more likely to be in 

disequilibrium with small rock volumes out of equilibrium with adjacent rock 

volumes. 
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Figure 6.6: Illustration of phase relationships in the silica and water saturated blueschist facies, 
after Ridley (1984a) with modification, in figure 6.1b, for variable NaAICa-1Mg-1 in calcic 
amphibole and the occurence of garnet + impure jadeite assemblages. ep = epidote, pa = paragonite, 
gt = garnet, gI = glaucopane, tr = tremolite act = actinolite, barr = barroisite, di = diopside, omph = 
omphacite, im. jd =impure jadeite, jd =jadeite. a) Position of the phases in 'NACF' space. 

Components: A = Al + Fe 
3+'  C = Ca, FM = Fe' + Mg, NA = NA + Fe31. b) Projection from epidote 

onto the plane NA-A-CFM, the shaded plane in figure 6. la. Note that glaucophane + calcic 
amphibole appears equivalent to garnet + omphacite, and garnet + impure jadeite appears 
equivalent to glaucophane + paragonite (dashed lines). A schematic miscibility gap is indicated 

based on data from the Fe3 -poor system of block 9J (chapter 4). This miscibility gap will decrease 

with increaseing Fe3  (Carpenter, 1980). 
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Mineral assemblages compatible with those of figure 6.6 were observed in the 

melange blocks from Syros. Ferrogabbros frequently contain the mineral assemblage 

glaucophane-epidote-garnet-pyroxene and occasionally Ca-amphibole + garnet + 

omphacite + epidote while slightly diontic gabbros contain garnet + glaucophane + 

paragonite + epidote. The more dioritic 'mafic' areas of block 5N1 discussed in the 

previous chapter are also compatible with figure 6.6 with assemblages of paragonite 

+ glaucophane + omphacite ± epidote. Finally the very Mg-rich gabbros have 

assemblages of glaucophane + omphacite + white mica ± epidote ± garnet ± calcic-

amphibole ± chioritoid, where the white mica appears largely to be phengite. 

Chloritoid in metagabbros has previously been documented (e.g in the Alps: Chinner 

and Dixon, 1973; Kienast and Pognante, 1988; Messiga et al., 1999) and presumably 

reflects relatively high A1203-rich compositions (figure 6.4) which may be products 

of sea-floor alteration giving calcium and alkali-poor products. 

6.5 Glaucophane-epidote-garnet-omphacite assemblages 

A large number of the blocks analysed from the Syros serpentinite melange are 

ferrogabbros, as can be seen from the distribution of analyses in figure 6.1. The 

majority of these appear to contain the stable assemblage glaucophane-epidote-

garnet-omphacite (figure 6.6). Their high iron content, compared to other 

metagabbro compositions, is reflected in more abundant garnet than the less Fe-rich 

metagabbros, epidote rather then clinozoisite, and more iron-rich sodic amphibole 

(figure 6.7). This latter is identifiable in the field by its darker colour, which appears 

to predominantly reflect Fe3 -content as was also noted by Dixon (personal 

communication). 

The greater abundance of garnet with increasing iron-content in the metagabbroic 

blocks may be explained with reference to figure 6.8, which shows the main phases 

observed in the metagabbro, projected from epidote, quartz and water, and with 

ferrous iron and magnesium separated. Glaucophane and actinolite/tremolite are 
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Figure 6.7: Myashiro diagram showing the compositional data from sodic amphibole in the 
metagabbroic blocks, 8Ea and 6K7. Sample GB-8, from 8Ea, has a bulk total iron content (as 

Fe203) of 14.08 wt%. Sample K8-267, from 6K7, has a bulk total iron content (as Fe203) of 15.32 

wt%. Sample E6-21713 also has a high iron content. Differences in bulk iron content are reflected in 
the ferric iron content of the sodic amphibole. Data are given in appendix IV. 
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Figure 6.8: Illustration of phase relationships in the blueschist facies, after Ridley (1984a). 
Expansion of the plane in figure 6.6b into a tetrahedron to separate iron and magnesium. Garnet is 
iron-rich, omphacite and glaucophane are both magnesium-rich. Components after figure 6.6. 
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seen to be magnesium-rich while garnet is iron-rich. Therefore, iron-rich lithologies 

will contain more garnet than iron-poor, magnesium-rich ones. 

6.5.1 Mineral compositions 

Garnet 

The compositions of garnets from the metagabbroic blocks, analysed by electron 

microprobe (appendix IV), were found to have a relatively small range in 

composition with all analyses lying in the range A1m5667Gro1121Py96And9Spo9. 

The high almandine content reflects the high Fe 2+ 	distribution coefficient of 

garnet relative to the other Fe-Mg-bearing minerals as discussed above. The zoning 

observed in these garnets, to more pyrope-rich and spessartine-poor rims is discussed 

further below. Minor breakdown of garnet to chlorite, associated with greenschist 

retrogression, was also observed in a number of samples. 

Epdiote 

Dixon (1969) noted both epidote and zoisite in metagabbros. However, as noted 

above, the epidote group mineral in ferrogabbros is exclusively epidote. This epidote 

is colourless in thin section, and analysed compositions (table 6.3) vary from 

relativley Al-rich epidote with clinozoisite activity, a(cz)4, of 0.3, to Al-poor epidote 

with a(cz) of 0.03. Manganese and Fe2  content in analysed epidote is low to 

negligible, so the variation in Ca small. 

Activity of clinozoisite, a(cz) calculated assuming Fe 3,  in M3 only, after Evans (1990). Therefore, 
a(cz) = XAj M3.  
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Thin 	Number Activity of 	Formula: 

section 	of 	dlinozoisite 	(range and average) 

number analyses a(cz) 

GB-8 	8 	0.17-0.28 	(Ca3 954Mn00 05)(Fe3 1 417Al0306)A14Si6O24(OH)2  

Ca4(Fe3 16Al04)Al4Si6O24(OH)2  

E6-217B 	13 	0.03-0.3 	(Ca3 84Mn00 1Fe2 001  )(Fe3 1 .4-1 9A10 106)Al4Si6O24(OH)2  

Ca4(Fe3 1 7Al03)A14Si6O24(OH)2  

Table 6.3: Summary of electron microprobe data from analysed epidote in glaucophane-epidote-

garnet-omphacite assemblages. Both analysed samples are from block 8Ea. Activity of clinozoisite, 

a(cz), calculated assuming Fe3  in M3 only, after Evans (1990). 

Sod/c-amphibole 

As mentioned above, the sodic amphiboles in 'glaucophane' + epidote + garnet + 

omphacite assemblages contains significant amounts of iron. Electron microprobe 

analysis of two samples from block 8Ea at Ermoupolis (figure 6.7) show that, 

although much of the sodic amphibole is glaucophane, some analyses lie towards the 

Fe-poor edges of the crossite and ferroglaucophane fields. A few analyses are also 

crossites with relativley high ferric iron, but these are thought to be connected with 

retrogressive greenschist facies alteration of sodic amphibole. 

Crossitic or riebeckitic rims on sodic amphiboles were also noted at block 9J (chapter 

4) and appear to have formed prior to, and in some cases instead of, the breakdown 

of glaucophane to calcic amphibole during greenschist retrogression. Similar rims 

have previously been described from Syros by Bond (1999), who notes that they may 

be explained by mechanisms proposed by Maruyama et al. (1986) and Liou et al. 

(1987). Maruyama et al. (1986) and Liou et al. (1987) show that the blueschist-

greenschist transition described by 

gl+cz+qz+H20 = tr+chl+ab [6.1] 

in the iron-fee system, may be described by 

ep + Mg-rieb + chl + qz = tr+ab+hm+H20 	[6.2] 

in an iron-bearing system. This second reaction occurs at much lower pressure than 

reaction [6.1]. Consequently riebeckitic sodic amphibole is stable at lower pressures 
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than pure, iron-free glaucophane. Thus, as the blueschist-greenschist transition 

progresses by decompression, the stable sodic amphibole becomes increasingly 

riebeckitic, eventually being replaced by actinolite via reaction [6.2], or a 

combination of [6.1] and [6.2] if iron is limited within the system. It appears, 

therefore, that sodic-amphibole may react to more riebeckitic compositions as a 

result of decreasing pressure towards greenschist facies conditions. 

GrUtter (1993) documents amphibole textures from los, which are similar to those 

observed on Syros, and suggests the following continuous reactions to explain them: 

gl(pale blue) + pa + qz + H20 = gl(dark blue)+ ab + chi 	[6.3] 

(effectively the conversion of the Mg-glaucophane component to albite and chlorite) 

gl(dark blue)  + pa + qz + H20 = ab + chi + mgt 	 [6.4] 

gl(pale-dark blue) + ep + qz + H20 = Ca-am + ab + chi + mgt [6.5] 

Bond (1999) notes that these reactions explain well the textures of glaucophane-

actinolite and chlorite she describes from Syros, which are also observed in the 

present study, with the extent of reaction [6.5] being very limited in most cases. The 

noted absence of paragonite (pa) in many blocks and lack of quartz, however, will 

restrict the extent of reactions [6.3] and [6.4]. An alternative reaction, compatible 

with the phases observed in the metagabbroic blocks within the serpentinite melange, 

which is proposed here to account for the growth of crossitic tips on sodic 

amphiboles, is 

gl + mgt/hm + Si02(aq) + H20 = rieb/cross + chi + ab + hmlmgt [6.6] 

(see also appendix H). As with reactions [6.3] and [6.4], this reaction consumes 

silica. Therefore an input of aqueous silica along with water is required, if no quartz 

is present. 

From the above discussion, it may be concluded that crossitic or riebeckitic rims on 

glaucophane crystals are the result of greenschist retrogression and are not associated 

with serpentinite-related metasomatism. 

238 



Chapter 6: Metagabbroic blocks: block and altered block 

Barroisite 

In many metagabbro samples containing glaucophane + epidote + garnet + 

omphacite assemblages, barroisitic calcic amphibole occurs within the core of large 

sodic glaucophane crystals (plate 6.12). The barroisite shows a strong bluish-green 

to green pleochroism and appears to be unstable being partly replaced by the 

surrounding glaucophane. However barroisite is a stable mineral at blueschist 

conditions in certain compositional volumes (figure 6.6, and section 6.7.1). 

The barrosite may, therefore, be a relic of an earlier assemblage, such as glaucophane 

+ calcic amphibole + garnet + epidote. Alternatively it may be a stable blueschist 

mineral preserved within a largely glaucophane-epidote-garnet-omphacite rock due 

to compositional disequilibrium between the cores of the large amphibole crystals in 

which it is preserved and the surrounding rock volume. In either case the barroisite 

is concluded not to be part of the glaucophane-epidote-garnet omphacite assemblage 

prevalent in the majority of the rock volume. Since no evidence was found for 

prograde reactions forming garnet and omphacite at the expense of glaucophane, 

barroisite and epidote within the metagabbros, however (see also section 6.5.2 

below), the preservation of barroisite as a result of small-scale compositional 

disequilibrium seems most probable. 

Omphacite 

Two texturally distinct omphacite crystal types are present in glaucophane-epidote-

garnet-omphacite assemblages within the metagabbroic blocks. The majority of 

omphacite occurs as euhedral bladed prisms frequently around 1 mm or so in length 

(plate 6.14). However, minor amounts of omphacite also occur as ragged cores in 

the centres of amphibole crystals, most frequently in those that also contain relict 

barroisitic cores (plate 6.13). Ignoring, for a moment, the compositional evidence, 

the textural evidence strongly suggests replacement of an early pyroxene by calcic 

amphibole and later replacement of this calcic amphibole by glaucophane. Similar 

pyroxene cores in calcic-amphibole and glaucophane crystals were noted in 
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Plate 6.14: Euhedral to subhedral bladed Plate 6.15: Dense aggregates of rutile 

prisms of omphacite overgrowing apparently pseudomorphing an earlier 
glaucophane. Glaucophane-epidote-garnet- phase, probably ilmenite. The 
omphacite metagabbro, block SEa. Note that remainder of the pseudomorph is 
garnet is also overgrowing glaucophane. composed of omphacite and epidote 
Photograph taken at x2 magnification. Photograph taken at x2 magnification. 

Plate 6.16: Omphacite overgrowing 
glaucophane and epidote. 
Glaucophane-epidote-garnet-
omphacite metagabbro, block 8Ea. 
Photograph taken at xl 0 
magnification. 

Plate annotation: om = ompahcite, gl 
= glaucophane, ep = epidote rt = 
rutile. 

02 mm 	 ' 

N. 	— '• ' ', 

., ,i..  
- 	. 

- 

Plate 6.17: Euhedral blades of omphacitic pyroxene are resorbed. Associated with this resorption of 
pyroxene is alteration of barroisite to glaucophane. For explanation see main text. a) a single 
omphacite crystal within amphibole is partially resorbed. Glaucophane rims round the larger 
pyroxene bordering the amphibole indicate that these too are partially resorbed. b) relics of a partialy 
resorbed euhedral omphacite crystals. Blade-shaped areas of glaucophane within the barroiste 
indicate where other omphacite crystals have been resorbed. Both photos taken at xlO magnification. 
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metagabbros outside the serpentinite melange by Dixon (1969), who suggested that 

these pyroxene cores were relics of igneous pyroxenes replaced by reactions such as 

augite + anorthite + water = zoisite + actinolite 	[2.2] 

at some early stage prior to blueschist metamorphism (Dixon, 1969). 

However, while Dixon (1969) reports an analysis of apparently igneous augite from 

one such relic pyroxene core, electron microprobe analysis of a number of relict 

pyroxene core in amphiboles in the present study shows that these apparent relics 

have similar compositions to the new bladed pyroxene prisms. This could suggest 

that the pyroxene cores are from an earlier metamorphic phase which, by chance, had 

a similar composition to the presently stable omphacite. Alternatively the 

similarities in composition may indicate that topotactic replacement of genuine relict 

cores of igneous augite by the high-grade blueschist facies omphacite has occurred. 

This may also have occurred at the same time as the low-grade calcic amphibole was 

replaced by barroisite. 

This latter origin for the pyroxene cores is supported by the analysed composition of 

a single pyroxene crystal from within a dense mass of sphene and rutile in a quartz-

free area within block 8Ea (sample E6-217B, figure 6.9). This 'relic' pyroxene has a 

much higher jadeite-content, and lower acmite content than other pyroxenes from the 

same area (E6-217B) suggesting a succession of pyroxene compositions may have 

developed between igneous augite and the high-grade blueschist omphacite. 

The variation in pyroxene composition between samples observable in figure 6.9, 

even from within the same melange block, are thought to be the result of variation in 

bulk chemical composition. This is more clearly the case with sodic-amphibole 

compositions (figure 6.7). 
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Acmite 

GB-8: Cores 
0 GB-8: Rims 

E6-217B 
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a) Jadeite 
	 'Augite' 

Acmite 
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o rim in 
ridividual 
rystals 
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	 'Augite' 

Figure 6.9: Pyroxene composition data in jadeite-acmite-'augite' compositional space.a) data from 
sample GB-8, near the centre of block 8Ea and sample E6-21713 within 15 cm of the edge of block 
8Ea. The arrow shows the compositional trend between a relic pyroxene crystal in rutile and, 
sphene and nearby pyroxenes in the glaucophane-epidote-gamet-pyroxene assemblage. 

b) data from sample K8-267 from block 6K7. Arrows show core-rim trends in individual crystals. 
All data is given in appendix IV. 
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Accessory oxides 

Other minor phases within glaucophane-epidote-garnet-omphacite assemblages, 

besides the relic cores of barroisite, are accessory opaque oxides including magnetite, 

rutile and sphene. The accessory oxides frequently occur in dense aggregates and in 

some cases the distribution of rutile, in particular, appears to be ghosting former 

elongate crystals up to 1 cm long. The original crystals, now ghosted by rutile (plate 

6.15), were presumably also originally titanium-bearing and are thought most likely 

to have been ilmenite or ilmano-magnetite (Engel and Fisher, 1975). 

Summary 

In summary, analysis of the mineral compositions in glaucophane-epidote-garnet-

omphacite assemblages reveals that they show only minor variation in composition 

except where they have been altered during later greenschist retrogression, with 

variations in the bulk iron content of the rock resulting in corresponding variation in 

the iron content of minerals. 

Finally although barroisite is observed in the cores of some glaucophane crystals it is 

considered to be preserved through local disequilibrium between the cores of the 

composite barroisite-glaucophane crystals and the surrounding rock volume. 

Barroi site is therefore not part of the main stable assemblage of glaucophane + 

epidote + garnet + omphacite which occurs in the surrounding rock volume. 

6.5.2 Garnet-omphacite-forming reactions 

Textural evidence in the majority of samples containing the four-phase assemblage 

glaucophane-epidote-garnet-omphacite indicate that garnet and omphacite have 

grown at the expense of glaucophane and epidote (plate 6.14 and 6.16). This is 

similar to the observations of Ridley (1984a), in metagabbro masses outside the 

melange but within the melange blocks analysed. White mica is frequently absent 
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and that present was found, where analysed (appendix IV) to be phengite not 

paragonite. This lack of paragonite in the assemblage implies that Ridley's garnet + 

omphacite-forming reaction: 

glaucophane + epidote = garnet + omphacite + paragonite + quartz + water [2.1] 

is not applicable to the garnet and omphacite growth observed in the melange blocks. 

From figure 6.6, it can be seen that glaucophane + epidote + garnet + omphacite 

assemblages are compatible with the blueschist assemblages recorded on Syros and 

probably first developed by prograde, up temperature reactions such as: 

89 glaucophane + 81 tremolite + 120 clinozoisite/zoisite 

= 180 garnet (Py75Gro25) + 445 omphacite (Jd40Di60) + 290 Si02  + 230 H20 [6.7] 

(balanced for a simplified, Fe-free system) although there is no textural evidence that 

this particular reaction actually occurred. Within rocks containing glaucophane + 

epidote + garnet + omphacite, however, reactions of the form: 

glaucophane + epidote + omphacitei  = garnet + omphacite2  + Si02  + H20 [6.8] 

may occur producing garnet and a more jadeitic omphacite at the expense of 

glaucophane, epidote and a more diopsidic omphacite. 

This change in omphacite composition can be seen in reaction [6.9], a reaction of 

type [6.8] balanced for the compositions of garnet and omphacite based on mineral 

analyses undertaken in the present study (appendix IV) and for a simplified iron-free 

system: 

34 glaucophane + 24 clinozoi site/zoi site + 117 omphacite (Jd3oDi7o) 

= 206 omphacite (Jd50Di5o) + 36 garnet (Py75Gro25) + 58 Si02  + 46 H20 [6.9] 

It is important to note, however, that the chosen step-wise jump in jadeite content in 

reaction [6.9] is arbitrary and a balanced reaction of this type can be written for any 

increment of the type Jd30Di70  to Jd30+ADi7OA. 

Reactions of type [6.8] are up temperature reactions but may also be driven by 

lowering the silica activity, which is an observed effect of serpentinite-related 

metasomatism in the blocks, or lowering the water activity. Furthermore in the more 
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realistic, iron-bearing system, reaction [6.8] is also XMg/(Mg + Fe)-dependent, in a 

similar manner to reaction [2.1] of Ridley (1984a), with iron-rich assemblages 

reacting to garnet and omphacite at lower temperatures or higher silica or water 

activities than magnesium-rich assemblages. This is shown schematically for a 

simplified version of reaction [6.8]: 

13 glaucophane + 6 clinozoisite 

= omphacite [26 jadeite + 12 diopside] + 9 pyrope + 19 quartz + 16 H20 [6.10] 

and its equivalent iron end-member, in figure 6.10. PT conditions for the Mg end-

member and Fe end-member reactions were calculated from the thermodynamic data 

set from Holland and Powell (1998), using the program Wintherm (chapter 9), and 

are 15 kb, 955 °C and 15 kb, 528 °C respectively at quartz saturation (figure 6.10a). 

Addition of reactant omphacite and calcium in garnet, to give the more complex 

reactions of type [6.8] may alter these PT estimates but the reaction will still be 

a(Si02)-XMg/(Mg  + Fe) dependent and may occur towards the upper T limits of the 

Syros high-grade blueschist event in Fe-rich, silica saturated lithologies (figure 

6.lOb). 

Zoning in pyroxene 

From the above discussion it may be concluded that whatever the reaction that first 

formed the glaucophane-epidote-garnet-omphacite assemblage, a continuous reaction 

of type: 

glaucophane + epidote + omphacitei  = garnet + omphacite2  + Si02  + H20 [6.8] 

must have defined the modal mineralogy and pyroxene composition. This reaction is 

driven to the right, with the pyroxene becoming more jadeitic, by increasing 

temperature, decreasing silica activity, or decreasing water activity, and will have 

progressed further in Fe 21 	compositions relative to Mg-rich compositions. 

Enlargement of the equilibrium volume, at constant PT, a(Si02) and a(H20), may 

also have the effect of driving the reaction to the right, if the effective bulk 

composition moves from close to the glaucophane-epidote join towards the garnet- 
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omphacite join. This will be the case, for example, if calcic amphibole porphyroblast 

cores are progressively incorporated into the relatively more felsic bulk rock. 

Therefore, the occurrence of this reaction and associated zoning, although it may 

result from desilication associated with serpentinite melange metasomatism, may 

equally be the product of prograde metamorphism or bulk equilibration within the 

block. 

In order to ascertain whether reaction [6.8] has occurred only as a result of 

desilication within the blocks, a sample, GB-8, from the quartz-saturated centre of 

block 8Ea was analysed. Garnet and omphacite are moderately abundant in GB-8 

and the textures appear to indicate their growth at the expense of glaucophane and 

epidote. Electron microprobe analyses of pyroxenes in GB-8 (figure 6.9) also shows 

consistent zoning to more jadeitic compositions in agreement with growth of 

omphacite by reaction [6.8]. This evidence indicates that reaction [6.8] occurred in 

silica saturated areas of the metagabbroic melange blocks and therefore cannot have 

been driven solely by serpentinite-related desilication of the blocks. From this it can 

be concluded that zoning to more jadeitic pyroxenes, while it is consistent with 

desilication in metagabbroic blocks cannot be used to indicate its occurrence. 

Zoning in garnet 

Garnets from sample GB-8 were also analysed by electron microprobe (appendix IV) 

and these showed consistent zoning to pyrope-rich, grossular-poor and spessartine-

poor rims (figure 6.11). 

Enrichment of spessartine in garnet cores is a common phenomenon and was also 

noted by Dixon (1969) in analyses of garnets from the metagabbroic block 'Monolith 

1' (figure 3.1). The zoning is believed to be the result of manganese being 

incompatible in the majority of silicate minerals other than garnet, and partitioning 

into garnet on its initial crystallisation (de Bethune et al., 1975 and references 

therein). Since the amount of manganese in the rock is finite, the concentration of 
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Figure 6.11: Garnet composition data a) showing core-rim zoning to higher pyrope, b) showing 
core-rim zoning to lower spessartine. Data from sample GB-8, near the centre of block 8Ea and 
sample K8-267 from block 6K7. Arrows show core-rim trends in individual crystals. Full data is 
given in appendix IV. 
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in almandine content. Data from sample GB-8, near the centre of block 8Ea and sample K8-267 
from block 6K7. Arrows show core-rim trends in individual crystals. Full data is given in appendix 
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manganese in the bulk rock outside the garnet decreases as the garnet grows and the 

spessartine content in the garnet decreases correspondingly towards its rim. 

More marked than the decreasing spessartine, the zoning to pyrope-rich, grossular-

poor rims may be accounted for by reactions of the form: 

glaucophane + epidote + grossular = pyrope + omphacite + S102  + H20 [6.11] 

within glaucophane + epidote + garnet ± omphacite assemblages. For example, a 

balanced reaction of the form of [6.11] may be written for the composition of 

omphacite Jd601340, which is in the range of pyroxene analyses from the 

metagabbroic blocks (figure 6.9): 

916 glaucophane + 8880 clozoi si te/zoi site + 315 grossular 

= 513 pyrope + 3041 omphacite (Jd6oDi4o) + 1048 Si02  + H20 	[6.12] 

Such reactions show that desilication in glaucophane-epidote-garnet assemblages 

will drive garnet to more pyrope-rich compositions as garnet-omphacite assemblages 

develop. However, the occurrence of this zoning in the silica saturated metagabbro 

GB-8 indicates that this reaction and the consequence garnet zoning is not uniquely 

indicative of desilication. 

Conclusions 

From the above discussion it may be concluded that, within glaucophane-epidote-

garnet-omphacite assemblages, reactions of the type: 

glaucophane + epidote + omphacite1  = garnet + omphacite2  + Si02  + H20 [6.8] 

and 

glaucophane + epidote + grossular = pyrope + omphacite + Si02  + H20 [6.11] 

will control the compositions of coexisting phases, and will cause zoning to more 

jadeititc compositions in omphacite and pyrope-rich compositions in garnets if 

driven to the right. 
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These reactions will be driven by a lowering of silica activity, such as that which is 

observed to result from bimetasomatic reaction with the serpentinite melange. 

However, reactions [6.11] and [6.8] may also be driven by a number of other factors, 

such as increase in temperature and widening equilibrium volumes, and their 

observed occurrence in silica saturated rocks indicates that they and the zoning 

patterns they produce, are not necessarily indicative of desilication. 

The modal proportions of garnet and omphacite to glaucophane and epidote in the 

metagabbros are similarly dependent on factors other than the silica activity. In this 

case the block compositions will play a crucial role, including the Fe2VMg and 

probably also the Fe3/Al ratios as well as the mafic-felsic proportions. In a block 

with relatively homogenous composition, however, an increase in modal garnet and 

omphacite between the centre and the edge of the block may be a good indication of 

desilication. 

Finally it is observed that, because the garnet-omphacite-forming reactions, [6.11] 

and [6.8], produce silica, prograde reaction progress due to increasing temperature or 

enlargement of equilibrium volume would produce free quartz. If quartz is absent, 

therefore, and there is evidence for increased progress of reactions [6.8] and [6.11], 

in the form of modal increases in garnet and omphacite, towards the block edge, very 

special circumstances would have to be cited to avoid the conclusion that desilication 

had driven [6.8] and [6.11] to the right. If mineral zoning and reaction textures, 

suggesting that [6.8] and [6.11] have progressed to the right, are present throughout a 

block, however, and quartz absence near the block-edge is the only modal difference, 

then it is more difficult to justify desilication as the driving force for zoning. 

Comparison of blocks and quartz-bearing metagabbro masses outside the melange 

(from Dixon, 1969; Ridley, 1982; and observations in the present study) suggest that 

desilicated areas of the blocks frequently do contain greater abundances of garnet 

and omphacite. However, the effects, on mineralogy, of inherent compositional 

differences between samples compared are complex and hard to determine. More 
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conclusive evidence that reactions [6.8] and [6.11] have been driven by desilication 

within the melange blocks, therefore, is the observation of increasing modal garnet 

and omphacite towards block edges, which is discussed in section 6.6 below. 

6.5.3 Resorption of pyroxene 

Besides growth of garnet and omphacite at the expense of glaucophane and epidote 

the only reaction texture apparent in the glaucophane + epidote + garnet + 

omphacite-bearing metagabbroic melange blocks is minor resorption of euhedral 

bladed omphacite crystals (plate 6.17). This was noted in a number of cases within 

blocks in the serpentinite melange and also in gabbro masses outside the serpentinite 

melange, and is apparently linked to conversion of the calcic amphibole to 

glaucophane (plate 6.17). 

Resorption of pyroxene was also noted by Ridley and Dixon (1984) in metagabbros 

outside the serpentinite melange. Ridley and Dixon (1984) conclude that resorption 

of pyroxene is linked to the formation of a metastable CaNa-amphibole during the 

reaction: 

actinolite + paragonite = glaucophane + epidote + quartz + water [6.13] 

which will progress during gradual attainment of bulk equilibrium between actinolite 

and paragonite-bearing areas of metagabbro (the latter occuring in metagabbros 

outside the melaneg, although no paragonite was apparent in metagabbros within the 

melange). With growth of the metastable CaNa-amphibole, reaction [6.13] becomes: 

actinolite + paragonite = CaNa-amphibole + epidote + quartz + water 	[6.14] 

Later breakdown of CaNa-amphibole may then occur via a reaction such as: 

NaCaMgA1Si4012  + CaA1Na 1SL1(in amphibole) = Ca2MgAl2Si3O12 	[6.15] 

(omphacite) 
	

(garnet) 
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which may also be written: 

NaCaMgAlSi4012  + CaNaMg3A13S1'7022(OH)2  

(omphacite) 	(CaNa-amphibole) 

= Na2Mg3Al2Si8O22(OH)2  + Ca2MgAl2Si3Oi2 	[6.16] 

(glaucophane) 	(garnet) 

In omphacite-bearing assemblages, such as those which have grown garnet and 

omphacite by a reactions such as [2.1] or [6.8], the breakdown of the CaNa-

amphibole, therefore, will result in resorption of pyroxene, alongside replacement of 

CaNa-amphibole by glaucophane, which is the texture observed. 

Reaction [6.14] to form the CaNa-amphibole is clearly inapplicable to the 

metagabbroic block compositions analysed in the present study as no paragonite or 

actinolite was observed. However, electron microprobe analyses of the barroisitic 

calcic amphibole (appendix IV, figure 6.12), present in abundance in some 

metagabbroic blocks and which also appears to be associated with resorption of 

pyroxene on its breakdown, show that, if iron content is ignored, its composition is 

relativley close to CaNaMg3A13Si7O22(OH)2, the composition of the CaNa-amphibole 

in [6.16]. Thus breakdown of barroisite to glaucophane within omphacite-bearing 

assemblages, which may occur, for example, as the result of progressive bulk 

equilibration between the barroisitic amphibole porpyroblast cores and the 

surrounding rock volume, may result in a reaction of type [6.16], and therefore in 

resorption of pyroxene. 

Reaction [6.16], however, will also cause zoning towards grossular in garnet crystals. 

Some minor 'reverse' zoning to grossular is seen in garnet crystals in K8-267 (figure 

6.11). Lack of a general trend towards grossular-rich rims, however, suggests that the 

late resorbtion of pyroxene was a relativley minor and possibly local occurrence, as 

is also indicated by the patchy occurernce of the resporbed pyroxene itself. 
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Figure 6.12: Calcic and sodic amphibole data from sample K8-267, block 6K7, plotted in Na 
(M4)_  

Al(") space. The miscibility gap caused by discontinuity in occupancy of the M4 site is clearly 

visible between Na (M4) = 1 and Na (M4) = 1.57. Solid arrows show zoning trends discussed in the 
text. Dashed arrow joins compositions of calcic amphibole to adjacent sodic rim compositions. 
Full data are given in appendix IV. 
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6.6 Block edge alteration in glaucophane-epidote-garnet-

omphacite rocks 

In the previous section it was concluded that reactions of the form 

glaucophane + epidote + omphacitei  = garnet + omphacite2  + Si02  + H20 [6.8] 

and 

glaucophane + epidote + grossular = pyrope + omphacite + Si02  + H20 [6.11] 

occurred in glaucophane-epidote-garnet-omphacite-bearing rocks resulting in the 

growth of garnet and omphacite at the expense of glaucophane and epidote, if the 

reactions are driven to the right. It was also concluded that one factor which will 

drive these reactions to the right is a lowering of silica activity. Lack of free quartz 

in the metagabbro blocks within the melange indicates that silica activity has been 

lowered, presumably as the result of serpentinite-related metasomatism, the 

serpentinite acting as a silica sink via the conversion of antigorite to talc: 

serpentinite + 2 Si02  = talc + H20 	[3.1] 

From these conclusions it may be expected that towards the edges of glaucophane-

epidote-garnet-omphacite-bearing metagabbroic blocks, where the effects of 

bimetasomatic interaction between block and serpentinite melange are greatest, there 

will be firstly a greater degree of silica loss, and secondly an increase in the modal 

proportion of garnet and omphacite. 

Detailed study was undertaken of the block edges, and sample traverses towards the 

block interiors of two glaucophane-epidote-garnet-omphacite-bearing metagabbroic 

melange blocks. The blocks chosen for study were the very large and well-exposed 

block, 8Ea, from the Ermoupolis locality and a smaller block, 3K7 from the Kini 

locality. 

6.6.1 Block 8Ea 

Block 8Ea, at the Ermoupolis locality, is exposed as part of a section of coastal cliff, 

about 0.5 km north of the town of Ermoupolis. The block is large, with tens of 
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metres of the ferrogabbro lithology extending for at least a hundred metres south 

down the coast and passing eventually into heterogeneous eclogite and metabasite 

lithologies. The block is predominantly a mixture of coarse and fine-grained meta-

ferrogabbro with a mineralogy of glaucophane + epidote + garnet + omphacite. 

Some areas are more epidote-rich than others and potassic white mica occurs in 

varying abundance in a number of samples analysed. Some epidote-rich areas may 

be related to early epidosite veining but the majority appear to be the result of 

original less clearly vein-controlled compositional variation within the block. 

Block 8Ea displays a weak sub-horizontal fabric. The strength of the fabric varies 

and appears to be largely dependent on grain size, with fine-grained areas showing 

the strongest fabric. Epidote-bearing veins, and late albite veins associated with 

greenschist retrogression are also present and are discussed in chapter 7. 

The northern end of block 8Ea is best exposed, with preserved areas of metasomatic 

rind marking the position of the block edge. In this area the block appears to consist 

of two halves (plate 6.18) divided by a fracture containing metasomatic rind. 

Metasomatic rind is preserved on the face of the lower block extending 4.5 m 

towards the sea, where beach rock begins, as well as in the crack between the upper 

and lower parts of the block where it is visible for 20 metres laterally. 

Traverse to the block edge 

A traverse of samples was analysed from the block-rind contact at the fracture 

between upper and lower block sections into the upper block across what appeared to 

be a fairly homogenous area of the block. Other areas of the block edge at the 

northern end of the block, where metasomatic rind is preserved, were also studied. 

Samples from the traverse, extending 150 cm into the upper block section of 8Ea, 

show typical metagabbroic mineralogies and textures, including growth of garnet and 

omphacite a the expense of glaucophane and epidote, and resorption of pyroxene 
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Plate 6.18: The northern end of block 8Ea viewed form the east. Ihe block is divided into an 
upper and a lower section by a fracture (located where the rucksacks are on this picture) filled 
with metasomatic rind (see chapter 7 for further description). The upper block-half forms a 
vertical cliff while the lower block-half sloped more gently towards the sea and is partially 
covered by metasomatic rind. Close to the sea the lower block-half is obscured by beach-rock. 
The lower block-half terminates just beyond the southernmost extent of the picture (left-hand 
side), while the upper block section continues for around 100 in. further south. Note that a large 
glaucophane incursion into the upper block-half (marked 'gi') is visible above the rucksacks. 
Rucksacks and 5 1 water carrier for scale. 
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Plate 6.19: Epidote-rich block-edge at block 8Ea, Ermoupolis locality, a) an epidote-rich zone 
occurs at the block-edge inside the metasomatic chlorite zone (see chapter 7). Measuring tape 
set to 10 cm for scale. b) another area where an epidote-rich band occurs at the block edge, but 
here it is seen that the epidote-rich band does not follow the block edge and is apparently a pre-
melange metasomatic feature (see main text). Measuring tape set to 10 cm for scale. 
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with associated breakdown of barroisite to glaucophane. The amount of barroisite in 

glaucophane crystal cores was small to negligible and only one sample was found to 

contain white mica, concluded to be phengite. None of the samples contain any free-

quartz indicating that the traverse did not extend into fully unmetasomatised block. 

Point counting carried out on thin sections from the traverse revealed a consistent 

increase in the proportion of garnet and pyroxene from 20-30 vol%, at the inner end 

of the traverse, to around 70 vol% at the block edge. This increase is considered 

significant and is in agreement with reaction [6.8] being promoted to a greater extent 

by an increasing degree of desilication towards the block edge, as discussed above 

(section 6.5.2). Bulk chemical compositions of the traverse samples, plotted against 

distance for the block edge in figure 6.13, however display no corresponding 

decrease in bulk silica content. 

In fact no clear systematic chemical variations occur towards the block-edge in 

contrast to the clear bulk chemical trends observed at the edge of block 9J (chapter 

4). A selection of samples with varying grain size and epidote content, from areas 

adjacent to the innermost sample, at 150 cm were analysed to give an indication of 

the likely range of original bulk composition and few fluctuations in component 

concentrations extend outside these limits. 

Loss on ignition (LOT), which is a rough measure of volatile content, does, however 

show a general decrease towards the block edge, which may be significant and is in 

agreement with the progression of the H20-producing, devolatilisation reaction [6.8]. 

Weight percent loss of silica 

The lack of a measurable decrease in silica is particularly puzzling in view of the 

lack of any free quartz and the visible increase in extent of garnet-omphacite forming 

desilication reactions towards the block edge, which clearly indicate increasing silica 
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Figure 6.13: Major element oxide concentrations and loss on ignition (LOl) as a function of 
distance from the block edge along the sample traverse from block 8Ea. 
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loss towards the block edge. A possible explanation is found in consideration of the 

chemically balanced garnet-omphacite forming reaction [6.9]: 

34 glaucophane + 24 clinozoisite/zoisite + 117 omphacite (Jd3oDi7o) 

206 omphacite (Jd50Di50) + 36 garnet (Py75Gro25) + 58 Si02  + 46 H20 [6.9] 

Weight percent silica loss for 100 % of the rock undergoing reaction [6.9], is 

calculated to be only around 1 wt% (appendix II), which is very small compared to 

non-systematic measured variations in silica content. In fact, the observed increase 

in the volume proportion of garnet and omphacite from 20-30 % to 70 % along the 

traverse towards the block edge, suggests that the maximum rock volume reacting to 

form garnet and omphacite between the two ends of the traverse is around 40-50%. 

This maximum would result in a decrease of only around 0.5 wt% silica within the 

rock as a whole, and such a small decrease in silica content will be masked by the 

much larger variations resulting from original chemical composition variation, even 

in samples which appear optically and mineralogically similar. The silica content in 

the traverse from block 8Ea alone, for example, ranges non-systematically with 

distance from 42.44 to 47.13 wt% (appendix III). Therefore, the lack of observed 

decrease in bulk silica content towards the block edge is not in disagreement with the 

increase in extent of the garnet-omphacite-forming reaction also observed. 

From the above observations and discussion, therefore, it may be concluded that 

garnet-omphacite-forming reactions of the form: 

glaucophane + epidote + omphacitei = garnet + omphacite2  + Si02  + H20 [6.8] 

occur to a greater extent towards the edge of blocks containing glaucophane-epidote-

garnet-omphacite assemblages as a result of serpentinite-related desilication. 

Mineralogical variation at the block edge 

Observation of other areas of the block edge at 8Ea revealed that not all areas of the 

block edge appear similar. Some areas of the block-edge of 8Ea show 
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transformation from block to chlorite-rich rind without the appearance of garnet + 

omphacite assemblages, and a number of other areas have distinct epidote-rich bands 

adjacent to the block edge. 

In the cases where no garnet + omphacite assemblage is present at the block edge, 

the block mineralogy is glaucophane + epidote + accessory oxides ± garnet or 

omphacite. In these areas, the block adjacent to the rind is fine-grained, with a 

relatively high ratio of Mg to Fet0t. If this is also reflected in a high ratio of Mg to 

Fe 2+'  then this may explain the lack of reaction to garnet and omphacite, since as 

discussed above, reaction [6.10]: 

13 glaucophane + 6 clinozoisite 

= omphacite [26 jadeite + 12 diopside] + 9 pyrope + 19 quartz + 16 H20 [6.10] 

and therefore most probably the related reactions [6.8] and [6.11], are a(Si02)-

XMgI(Mg+Fe) dependent with Fe-rich assemblages reacting at higher a(S102) than Mg-

rich ones (figure 6.10b). Thus if XMgI(Mg+Fe)  is sufficiently high, reaction of 

glaucophane and epidote to garnet and omphacite will not occur, even at the lowered 

silica activity values deduced to be present at the edge of blocks within serpentinite 

melange. 

The epidote-rich bands at the block edge, observed in a number of areas (plate 6.19), 

and which are up to 12 cm wide may initially suggest that epidote has crystallised as 

part of bimetasomatic block-edge alteration. This may occur, for example, by a 

desilication reaction of the form 

pyroxene + garnet + H20 = chlorite + epidote + quartz 	[6.17] 

in garnet-pyroxene assemblages, such as 

24 Ca(Mg,Fe2 )Si2Oo + 96 (Mg,Fe2 )3(Al,Fe3 )2Si3  + 32 H20 

diopside/hedenbergite 	pyrope/almandine 	water 

= 65 (Mg,Fe2 )4.8(Al ,Fe3 )1 2[Si28A11 .2]O  10(OH)8 

chlorite 

+ 12 Ca2(Al,Fe3 )3Si3O12(OH) + 118 Si02(aq) 	[6.18] 

clinozoisite/epidote 	silica 
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which gives a chlorite with an Si to Al ratio close to that analysed from block 8Ea 

(chapter 7, appendix IV). However, inspection shows that epidote-rich block edge 

only occurs where the block was apparently already epidote-rich and epidote-rich 

bands do not follow the block edge, as can be seen in (plate 6.19). This implies that 

the epidote is not of bimetasomatic origin and epidote-rich bands at the block edge 

are concluded to be associated with inherently epidote-rich areas of the block. The 

greater degree of preservation of epidote at the block edge producing epidote + 

chlorite layers at the block edge in some instances, is concluded to be the result of 

greater stability of epidote + chlorite with respect to chlorite + other minerals in the 

metasomatic reaction zone. In other words it reflects the persistence of epidote as the 

block is converted to chlorite, and this is discussed further in chapter 7. 

Summary 

Evidence from block 8Ea suggests that proportions of garnet and omphacite do 

increase towards the block edge in some relatively homogeneous areas of the block 

indicating that reactions of the type [6.8] and [6.11] are driven by desilication of the 

block edge. However, not all metagabbro compositions are susceptible to reactions 

of type [6.8] or [6.11], with some areas apparently too magnesium-rich to undergo 

reaction even at the reduced silica activities of the block edge. 

Finally, epidote-rich areas at the block edge are concluded not to be related to a 

block-edge epidote-forming reaction, but are instead the result of greater stability of 

epidote on the replacement of the block by bimetasomatic chlorite, which is 

discussed more fully in chapter 7. 

6.6.2 Block 3K7 

Block 3K7 is a loose block from the Kini locality, which is split revealing part of its 

interior (plate 6.20). A metasomatic rind of chlorite (see also chapter 7) surrounds 
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Plate 6.20: Block 3K7, the Kini locality. 
Metasomatic chlorite rind is preserved on the 
upper and lower surfaces of the block (labelled 
'chi'). A fabric runs along the long-axis of the 
block (clarified by dashed lines). The sample 
traverse analysed roughly follows the line of 
the fracture (near the hammer) across the block. 
1 lb hammer for scale. 
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Plate 6.22: Barroisite -'- garnet + oniphacite 
assemblage with minor glaucophane from the 
metagabbroic block 6K7. 

Plate annotations: bar = barroisite, gt = garnet, 
om = omphacite, gi = glaucophane. 

:c 
Plate 6.21: The sea-ward half of block 6K7, 
looking west, showing the garnet-rich 
metagabbroic block interior and the chlorite, 
amphibole and talc of the metasomatic rind (see 
also plate 3.5a). Note the wide amphibole 
incursion between chlorite and metagabbro to the 
lower left of the block face. 1 lb hammer for scale. 
Plate annotations: chi = chlorite, am = amphibole 

Plate 6.23: The sea-ward half of block 6K7 
showing the location of the sample traverse 
analysed (drill core holes), which runs from 
roughly the centre of the block to the rind on the 
southern edge. 1 lb hammer for scale. 

Plate 6.24: Block 3K8, apparently part 
of a large block, which forms the 
bedrock in this section of the Kini 
locality. 'Blocks' 1K8 and 2K8 also 
appear to be part of this same large 
block (see chapter 7). 3K8 is composed 
of very garnet-rich metagabbro and has 
a metasomatic rind of chlorite + minor 
amphibole (see chapter 7) and talc. The 
contact between the garnet-rich block 
and the chlorite is sharp (see main text). 
1 lb hammer for scale. 
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the block indicating the position of the exterior when it was encased within the 

serpentinite matrix. 

The block is ferrogabbro with a mineralogy of garnet + pyroxene + epidote + 

glaucophane and accessory opaques, rutile and sphene, with a bulk composition 

resulting in a greater proportion of garnet and omphacite than in bock 8Ea. No free 

quartz was observed in any block samples. The block measures roughly 2 m x 1 m x 

2 m and shows a layered fabric parallel to the largest dimensions. The fabric is 

defined largely by variations in modal mineralogy, mainly the abundance of epidote. 

These variations in grain-size and mineralogy bear no geometric relationship to the 

present block edge and are thus concluded to be inherent compositional variations, 

possibly the result of cumulate igneous layering. 

Traverse across the block 

A traverse of samples was taken across the shortest diameter of the block where 

exposed across the fractured face (plate 6.20). This sequence cuts across a number 

of epidote-rich bands with associated variation in mineralogy. However, 

mineralogi call y, both ends of the traverse are marked by a decrease in glaucophane, 

and a corresponding increase in omphacite and garnet indicating increase in the 

extent of the garnet-omphacite-forming reaction [6.8] related to the contact of the 

block with serpentinite matrix and presumably, therefore, driven by desilication. 

As with the traverse from bock 8Ea, bulk chemical analysis of samples from the 

traverse across block 3K7 reveals no decrease in silica content corresponding to the 

apparent increase in extent of reaction [6.8] (figure 6.14). The greatest variations in 

concentrations of major chemical components can be correlated with visible 

variation in grain-size and modal mineralogy inherent in the block. The lack of any 

systematic decrease in silica towards the block edge, therefore, may, as in the case of 

block 8Ea, be accounted for by its small magnitude relative to these inherent 

variations. 
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Figure 6.14: Major element oxide concentrations and loss on ignition (LOT) as a function of 
distance from the block edge along the sample traverse from block 3K7. 
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A further observation from the traverse across block 3K7 is that chlorite occurs in all 

the samples analysed. In many cases it is highly dispersive, iron-rich chlorite which 

is clearly retrogressive after garnet. However, its abundance appears to increase 

towards the block edge while its composition becomes less dispersive and it 

eventually merges with the surrounding metasomatic chlorite rind. 

This occurrence of chlorite within the block suggests a diffuse transition between the 

block and chlorite zone. A possible explanation for such a diffuse contact, which is 

not predicted from bimetasomatic zoning theory (chapter 1), may be a volume 

change associated with reaction [6.8] as discussed below. 

Volume change for reaction [6.8] 

The volume change associated with garnet-omphacite forming reaction [6.8], 

assuming loss of all silica produced, was calculated from the data in table 6.4 

(appendix H). The resulting calculated volume change is a volume loss of around 

20%. Clearly the rock volume would only decrease by 20% if it all underwent 

reaction, but even a small degree of reaction may result in a significant volume 

decrease. 

A volume decrease occurring only in the outer edges of a block, with the centre of 

the block remaining at constant volume, would encourage opening of microfractures 

increasing the permeability of the block and the area of fluid-rock interaction. Fluids 

may also percolate in from outside the block, on a local scale, as fractures widen and 

the permeability increases. This latter will result in chlorite growth in areas of fluid 

infiltration, because infiltration of a local fluid, presumably in equilibrium with a 

region near the block edge, effectively moves the block-edge and associated 'block-

edge effects' with it. 
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Component 	 Molar volume, V (cm') 

Jadeite 60.4 

Diopside 66.09 

Grossular 125.3 

Pyrope 113.3 

Glaucophane 262.2 

Tremolite 271.7 

Clinozoisite 136.2 

Paragonite 132.53 

Quartz 22.688 

H20 (15 kb and 500°C) 16.08 

Table 6.4: After Ridley (1984a) with additional tremolite 

data. Data are from Helgeson et al. (1978) with addition of 

consistent revised glaucophane data from Koons (1982) and 

15 kb water data from Delany and Helgeson (1978). 

Tremolite data is calculated from data in Deer etal. (1992). 

6.6.3 Conclusions 

From the above observations of the block edges of metagabbroic blocks containing 

glaucophane-epidote-garnet-omphacite mineralogies, it may be concluded that 

garnet-omphacite forming reactions of the form: 

glaucophane + epidote + omphacitei  = garnet + omphacite2  + Si02  + H20 [6.8] 

occur to a greater extent towards the edge of such blocks as a result of serpentinite-

related desilication provided the Mg/Fe2  ratio is sufficiently low for the reaction to 

occur. 

Weight percent loss of silica associated with the increase in extent of reaction [6.8] is 

not large enough to be detected by bulk chemical analysis, being considerably less 

that inherent fluctuations in silica content within the block. 

Finally volume decreases associated with reaction [6.8] may cause microfracturing 

and increased permeability at the edges of blocks. This may result in an apparently 
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diffuse contact between block and the adjacent bimetasomatic reaction zones with 

chlorite crystallising in the block edge. 

6.7 Assemblages with limited glaucophane or epidote 

Desilication reaction of the form: 

glaucophane + epidote + omphacitei  = garnet + omphacite2  + Si02  + H20 [6.8] 

which are concluded above to be the only obvious expression of serpentinite-

associated metasomatic alteration at the edges of metagabbroic blocks, will clearly 

not occur in areas lacking in glaucophane or epidote reactants. 

Glaucophane or epidote-poor mineral assemblages are clearly stable at blueschist 

facies, as can be seen from figure 6.6, and are not uncommon in metagabbroic blocks 

in the serpentinite melange on Syros. Such glaucophane or epidote-poor 

assemblages include those in which barrosite is a main phase and those which lie 

close to the three-phase glaucophane-garnet-omphacite plane. 

6.7.1 Block 61<7 

An example of a barroisite-rich block is block 6K7 from the Kini locality. Block 

6K7 is a loose block, originally measuring around 2 m x 1.5 in x 2 m. However, it is 

now split roughly down the middle exposing two fractured faces measuring 2 m x 1.5 

in, and both halves of the block are preserved with their fractured faces visible (plate 

3.5a and 6.21). Metasomatic rind is preserved around some sections of the block-

edge. It is a mixture of chlorite and amphibole with very minor amounts of talc-rich 

rind also preserved, and is discussed further in chapter 7. 

Mineralogy 

The block composition is barroisite-rich ferrogabbro, with a mineral assemblage of 

barroisite + garnet + omphacite ± minor epidote (with a(cz) = 0.28), glaucophane and 
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oxides (plate 6.22). Grain-size varies but in most cases it is moderate to coarse-

grained with some barroisite and garnet crystals reaching 5-10 mm. The 

predominance of barroisite and garnet over epidote and glaucophane, and moderate 

amounts of omphacite, indicates that the block composition lies close to the region of 

the three-phase garnet-barroisite-omphacite field (figure 6.6). 

Electron microprobe analyses of pyroxene and garnet from block 6K7 (figure 6.9, 

figure 6.11, appendix IV) show that their compositions lie close to those analysed 

from the glaucophane-epidote-garnet-omphacite assemblages of block 8Ea although 

both pyroxene and garnet show less consistent zoning patterns. 

Calcic amphiboles and sodic amphiboles from block 6K7 were also analysed by 

electron microprobe (appendix lU). The sodic amphibole is glaucophane and 

glaucophane-rich crossite with compositions similar to the sodic amphibole analysed 

from block 8Ea (figure 6.7). The calcic amphibole has an average compositions of 

NaA0.4NaM40.sCai 2Mg2.7Fe2 i 5Fe3 02Al 0.6Alt "1  07Si73022(OH)2  and is largely 

barroisitic (figure 6.12). There are also two distinct zoning trends in the calcic 

amphibole. 

One zoning trend, from actinolitic to more barroisitic compositions with increasing 

Na M4,  is consistent with data on coexisting sodic amphibole and calcic amphibole 

(e.g. Robinson et al., 1982) which indicates that calcic-amphiboles become 

increasingly barroisitic with increasing temperature. This zoning pattern therefore 

may be a prograde phenomenon that occurred in barroisite-glaucophane-bearing 

assemblages, prior to the stabilisation of the garnet-omphacite tie line. 

A cause of the zoning to less Al"-rich compositions at roughly constant Na M4  is less 

obvious but it may be the result of the process of calcic-amphibole replacement of 

pyroxene, possibly originally of igneous origin, as discussed above. Amphibole 

formed by such replacement of pyroxene may have an initial composition influenced 

by that of the pyroxene it is replacing. 
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Within block 6K7, glaucophane is observed to occur as partial rims around barroisite 

suggesting that it has grown at the expense of barroisite. Analysis of a sample 

traverse into block 6K7 indicates that the extent of glaucophane growth is apparently 

not related to distance from the block-edge and thus is not a product of serpentinite-

related metasomatism and it may be the result of a reaction of the form: 

NaCaMgA1Si4012  + CaNaMg3A13Si7O22(OH)2  

(omphacite) 	(CaNa-amphibole) 

= Na2Mg3Al2Si8O22(OH)2  + Ca2MgAl2Si3Oi2 	[6.16] 

(glaucophane) 	 (garnet) 

Such as appears to have occurred relatively late in predominantly glaucophane-

epidote-garnet-omphacite assemblages, as discussed above. Although in 6K7 no 

clear examples of associated pyroxene resorption were observed which might 

confirm the occurrence of reaction [6.16], minor zoning to grossular-rich rims in 

garnets may be a product of this reaction. 

Traverse to the block edge 

A traverse of samples was taken from block 6K7 (plate 6.23) running from roughly 

the centre of the block to the rind on the southern edge of the sea-ward half of the 

block. 

Unlike the traverses from block 8Ea and block 3K7, and as expected from the lack of 

reactant glaucophane and epidote, no increase in the proportion of garnet and 

omphacite was observed towards the block edge. The lack of consistent zoning in 

garnet and pyroxene may be associated with lack of progression of reaction [6.8]. 

The lack of progress of reaction [6.8] would also appear to suggest a lesser degree of 

silica loss from block 6K7 than from the glaucophane-epidote-garnet-omphacite 

blocks. This may in turn be expected to result in a thinner talc zone around the 

block, although too little of the talc zone is preserved to confirm this. However, the 

overall conclusion must be that the width of the talc zone, and possibly the whole 
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bimetasomatic zone sequence around metagabbroic blocks, will depend on the 

mineralogy of the block and its ability to undergo desilication reactions. 

Bulk chemical analysis of the traverse across block 6K7 (figure 6.15) shows an 

expected lack of consistent trends towards the block edge, with the greatest variation 

being caused by the proximity of an area of metasomatic amphibole at a distance of 

around 20 cm along the traverse. This cuts into the block from the surrounding rind 

and is discussed further in chapter 7. 

The contact between the block edge and the neighbouring bimetasomatic chlorite 

zone is also much sharper, at the edge of block 6K7, than at either block 3K7 or 

block 8Ea. This is in agreement with the proposed link between the volume decrease 

associated with reaction [6.8] and the abruptness of such contacts discussed above. 

6.7.2 Block 31<8 

A similar lack of increase the proportion of garnet and omphacite towards the blocks 

edge, to that observed in block K7, and an abrupt contact with the adjacent 

bimetasomatic chlorite zone were also noted in block 3K8. 

Block 3K8 appears to be a section of bed rock at the Kini locality (plate 6.24) and is 

possibly part of a partially exposed large metagabbroic block. The block at 3K8 is a 

garnet-rich metagabbro with a mineralogy of garnet + glaucophane + omphacite with 

accessory oxides. Importantly this assemblage lacks epidote, accounting for the lack 

of increase in garnet and omphacite observed towards the block edge and the sharp 

contact with the adjacent metasomatic chlorite rind. 

6.7.3 Conclusions 

From the above discussion, it may be concluded that lack of reactant glaucophane or 

epidote in metagabbroic blocks limits the extent of progression of reaction [6.8]. 
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Figure 6.15: Major element oxide concentrations and loss on ignition (LOT) as a function of 
distance from the block edge along the sample traverse from block 6K7. 
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This is expected to limit the volume of silica loss from the block and the width of 

bimetasomatic talc-rich zones produced although the preservation of metasomatic 

talc-zones is too poor to confirm this expectation in the field. 

The lack of progression of reaction [6.8] and associated volume decrease at the block 

edge, also appears to result in more abrupt contacts between block edges and zones 

of the adjacent metasomatic rind than those observed in glaucophane-epidote-garnet-

omphacite-bearing blocks. 

6.8 Block edge in dioritic gabbro 

Evolved or 'dioritic' gabbro blocks are rare in the serpentinite melange on Syros. 

However, block 8Eb from the Ermoupolis locality is a case where dioritic gabbro is 

exposed at the block edge. 

6.8.1 Block 8Eb 

Block 8Eb is a loose block measuring roughly 2.5 in x 3 in x 4 in exposed on the 

shore at the Ermoupolis locality (plate 6.7). Its internal composition and structure is 

complex, as described previously (section 6.3.2), consisting of a mix of Mg-gabbro, 

K-rich gabbro and various degrees of more evolved gabbro in xenolith-matrix 

relationships. The edge of block 8Eb is mostly surrounded by a 2-3 cm wide zone of 

chlorite ± amphibole and a small amount of talc in one area, which is all that is 

preserved of the metasomatic rind. 

Samples of the block edge were taken from the dioritic gabbro at the northern end of 

block 8Eb (see figure 7.8a for location) where it occurs as a matrix around small 

angular clasts of less dioritic gabbro (plate 6.9). A traverse of the dioritic gabbro 

matrix was taken from the block edge to around 25 cm into the block. Little or no 

internal bimetasomatism appears to have occurred between clasts and matrix with the 

edges of the clasts still sharply defined. However, samples of the dioritic gabbro 
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matrix were taken at distance from mafic clasts to avoid any possible internal 

bimetasomatic alteration effects. 

Mineralogy of the traverse 

The mineralogy at the inner end of the traverse is garnet + omphacite + glaucophane 

+ white mica + epidote, and bulk K20-contents varies with the proportion of white 

mica indicating that it is K-mica rather than paragonite. Towards the block edge, the 

proportion of garnet + omphacite increases, with the mineralogy changing from 

garnet + omphacite + glaucophane + white mica + epidote to basically garnet + 

omphacite + white mica with only very minor glaucophane and epidote. 

Bulk chemistry of the traverse 

Bulk XRF analyses of the traverse samples are shown in figure 6.16 plotted against 

distance from the block edge. Unlike the ferrogabbroic blocks described, definite 

block-edge trends can be seen, with marked increases in MgO and CaO, a decrease 

in A1203  and a slight decrease in Ti02. K20 and Na20 also show an overall decrease 

but also large variation, with the high K20 at 18 cm, and associated low Na20, 

possibly due to minor K-metasomatism associated with an increase in white mica 

abundance. 

These bulk chemical changes are similar to those documented at the edge of the 

plagiogranite block, 9J, most notably the increase in CaO, which has a low 

concentration in the serpentinite matrix. On the AFM diagram, figure 6.17, which 

also shows data from other block-edge samples from 8Eb, the trend towards the 

block edge is also similar to that observed at the edge of more felsic with some edge 

compositions plotting close to intermediate Mg-Fe gabbros or K-metasomatised 

compositions. 
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6.9 Comparison of bulk chemical trends at block edges in 

mafic, felsic and intermediate lithologies and 

discussion 

The observable trends in bulk composition at the dioritic gabbro edge of block 8Eb 

are the most noticeable difference when compared to the block edges of the more 

mafic ferrogabbros. The block edge changes, which include marked increases in 

MgO and CaO, a decrease in A1203  and a slight decrease in Ti02, are, however 

similar, although not as pronounced, as those observed in the felsic, plagiogranite, 9J. 

These differences between observed bulk chemical changes at the edges of mafic, 

intermediate and felsic blocks may be explained with reference to Fick's second law 

of diffusion, providing it is assumed that diffusional cross-coefficients are negligible. 

This assumption implies that each diffusing component is independent of the 

concentration of all other diffusion components and is also applied in quantitative 

bimetasomatic models (appendix I). 

Fick's first law of diffusion states that when at a steady state, the net flux (J) across a 

plane is proportional to the concentration gradient (SC/ax) normal to that plane: 

J = - D(C/ax) 	[6.191 

where D is the diffusion coefficient and the negative sign arises because the diffusion 

is in the direction of decreasing concentration. Equation [6.19] is for a steady state 

flow but this rarely occurs in practice, and Fick's second law: 

= a/ax [D(aC/ax)] 	[6.20] 

is appropriate for situations where concentration gradient and, therefore flux, change 

with time. 

If D is a constant, which will be the case if the solution is dilute (appendix I), then 

equation [6.20] becomes: 
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aC/at = D(a2CIax) 	[6.21] 

Fick's second law of diffusion. A number of solutions to the diffusion equation 

[6.21] are possible, each one for particular initial and boundary conditions. The 

solution for an initial distribution of diffusing substance in a finite volume, such as is 

the case, for example, for Si02, or any other chemical component, in a block in the 

Syros serpentinite melange, is: 

C(X,t) = 0.5 CO  erfc x/2 (Dt)°5 	[6.22] 

Where CO  is the concentration at time, t = 0, and erfc x is the complementary error 

function: 

erfc x = 2/(ic)05  SX°°  exp (-z2) dz 	[6.23] 

where z is an independent variable. 

Therefore for fixed t and x, C is proportional to Co and the gradient in C is steeper for 

larger Co. In the block matrix system, CO  is effectively the difference between 

concentrations in the block and the matrix. Mafic, gabbroic blocks are closer in 

composition to the ultramafic, serpentinite matrix than less mafic, dioritic gabbroic 

blocks, which are in turn closer in composition to the ultramafic serpentinite matrix 

than the felsic blocks. Therefore, Co for all components in the ferrogabbro-matrix 

system is smaller than in the plagiogranite-matrix system and CO  for dioritic gabbros 

and diorites will be intermediate. Because of these effective systematic variations in 

CO, gradients between block and matrix in more felsic lithologies will be steeper and 

therefore more clearly recorded in bulk chemical analyses of traverse samples than 

those in more mafic lithologies. 

An appropriate solution to Fick's second law of diffusion, therefore, may explain the 

observation that bimetasomatic 'edge effects' are measurable in dioritic gabbros and 

felsic plagiogranites but not in the more mafic ferrogabbros. 
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6.10 Summary and Conclusions 

The conclusions drawn from the observations described and discussed within this 

chapter are summarised below: 

Free quartz has been lost from the metagabbroic blocks by desilication up to a 

depth of around 10 m. 

Further desilication has occurred in glaucophane + epidote + omphacite + garnet 

lithologies via reaction of the type: 

glaucophane + epidote + omphacitei  = garnet + omphacite2  + Si02  + H20 [6.8] 

except where the Mg/Fe 2  ratio is too high to allow reaction due to the a(Si02)-

XMg/(Mg+ Fe) dependence of reaction [6.8]. However reactions [6.8] has also 

occurred in some silica saturated lithologies, probably as the result of up-

temperature metamorphism. 

The bulk weight percent loss of silica associated with progression of garnet-

omphacite-forming desilication reactions of type [6.8] is insignificant compared 

to the bulk silica variation in the original block and is therefore undetectable by 

bulk chemical analysis. 

Reaction [6.8] cannot occur in assemblages lacking in glaucophane or epidote. 

No glaucophane- or epidote-free desilication reactions have been detected, 

therefore, blocks lacking in glaucophane or epidote are thought likely to have lost 

less silica to the serpentinite matrix than glaucophane + epidote-rich 

metagabbros. This is expected to result in a thinner talc zone being produced 

around glaucophane and epidote-poor blocks but preservation is too poor to test 

this hypothesis. 

In metagabbro with a dioritic gabbroic composition, similar gamet-omphacite 

desilication reactions occur to a progressively greater degree towards the block 

edge. Bulk chemical changes towards the block edge are also, however, 
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detectable. These include increases in MgO and CaO, a decrease in A1203  and a 

slight decrease in Ti02  and are comparable, although less pronounced than the 

bulk chemical trends at the edge of the felsic, plagiogranite block, 9J (chapter 4). 

An appropriate solution to Fick's second law of diffusion was found to explain 

the observation that bulk chemical changes associated with bimetasomatic 

alteration are measurable in dioritic gabbros and felsic plagiogranites but not in 

the more mafic ferrogabbros. 
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7.1 Introduction 

In the previous chapter (chapter 6) the internal structure and composition of 

metagabbroic blocks in the serpentinite melange of Syros were described. Evidence 

for serpentinite-related metasomatism within these blocks, especially towards the 

block edge was also discussed. In the current chapter, the metasomatic rinds 

bounding these altered block edges are described and discussed along with the 

evidence of infiltration metasomatism, which appears to have occurred after 

incorporation of the blocks in the serpentinite melange. 

As around the felsic block, 9J (chapter 4) and felsic composite blocks (chapter 5), an 

inner metasomatic rind is recognised, adjacent to the altered block-edge around 

metagabbroic blocks, composed most often of a complex mix of chlorite and 

amphibole, with amphibole compositions including actinolite, barroisite and 

glaucophane (plate 3.5). Similarly, an outer metasomatic rind, lying between the 

inner metasomatic rind and the serpentinite matrix, is predominantly composed of 

talc. This outer talc-rich metasomatic rind is often poorly preserved around blocks. 

However where it is preserved, a talc zone with minor chlorite is observed adjacent 

to the inner metasomatic rind. In a single, well-preserved and well-exposed locality, 

block 8Ea, at Ermoupolis (figure 7. 1), a talc + carbonate layer is also observed, 

beyond the talc + chlorite zone (plate 7.1). 

An inner metasomatic rind, of chlorite ± amphibole, is partially preserved around 

many of the metagabbroic blocks in the Syros serpentinite melange. A number of 

these blocks also reveal inward-tapering vein-like incursions of amphibole, 

barroisitic or glaucophanic in composition, cutting into the block (e.g. plate 7.3). 

The geometry of these amphibole incursions clearly indicates that they are the result 

of infiltration metasomatism, with incursions cutting across zones of the 

bimetasomatic rind. In some cases amphibole incursions also expand into lenticular 

bodies of amphibole between zones of the bimetasomatic rind, particularly between 

the chlorite and talc + chlorite zones (e.g. figure 7.2). In some cases a thin band of 
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Plate 7.1: Metasomatic rind of the upper block-
half of block 8Ea (from the south end of figure 
7.1). The rind consists of layers of chlorite, 
amphibole, talc + chlorite and talc + carbonate. 
Pen for scale. 
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Plate 7.2: Block 2N9 from 'Polychrome 
Point' displaying a chlorite zone, 1-2 cm thick 
as the outermost preserved zone of the 
metasomatic rind around much of the block 
(outlined with dashed line). This is commonly 
the case for many block in the Syros melange. 
1 lb hammer for scale. 

inetagaiio 

caleic- 
amphibole kjorite 

talc + chlorite 	 - 

b) 	
talc + carbonate 

b) Amphibole cutting into the upper 
block-half at the northern end of the block 
changes form green calcic-amphibole, 
where it is in contact with metasomatic 
talc, to blue glaucophane, where it is in 
contact with metagabbroic block. 1 lb 
hammer for scale. gi  = glaucophane. 

Plate 7.4: An amphibole incursion cutting into 
the lower block-half at the eastern extent of 
preserved exposure (see also figure 7.1). The 
metagabbroic block visible in this picture has 
largely been converted to a glaucophane-rich 
'alteration halo'. Note also the mega-amphibole 
veins (main text, section 7.3.1)clearly visible in 
the top left of the picture. 1 lb hammer for scale. 

chlorite 

Plate 7.3: a) The most dramatic amphibole incursion 
into block 8Ea cuts into the upper block-half (also 
visible on plate 6.18) from the fracture between the 
two block halves, which contains metasomatic chlorite, 
talc and amphibole. Note also the numerous epidote 
veins within this area of the block. Pen for scale. 
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amphibole is observed parallel to the block edge at the contact between the chlorite 

zone and the talc zone, which is not obviously linked to infiltration-related 

amphibole incursions. This geometry suggests a bimetasomatic origin for this 

amphibole and the possibility of this is discussed in the present chapter. 

In the following sections of this chapter, the components of the inner metasomatic 

rind are described and discussed, namely the chlorite zone and amphibole, including 

the incursions of amphibole into blocks. The talc-rich outer metasomatic rind is then 

discussed with particular reference to the talc-rich zones preserved around block 8Ea 

at the Ermoupolis locality. Finally two further veining events within the blocks and 

metasomatic rinds are described and discussed. Both appear to post-date the 

incorporation of the blocks into the melange. One produced epidote-bearing veins 

and is thought to have occurred within the blueschist facies stability field. The 

second is associated with greenschist retrogression and produced albite veins. 

7.2 Chlorite in the rind 

Almost all blocks in the Syros serpentinite melange, which posses a metasomatic 

rind, were observed to have chlorite in contact with the block edge at some part of 

their perimeter. More usually, chlorite is found around the majority of the block. 

The outer edge of this chlorite zone often coincides with the outer edge of preserved 

rind (plate 7.2). In some areas, however, the outer extent of the chlorite zone is 

marked by the first occurrence of talc (e.g. figure 7.8), which marks the edge of what 

is concluded to be an adjacent bimetasomatic zone (section 7.4). In other areas, the 

outer edge of the chlorite zone is marked by amphibole (e.g. figures 7.1, 7.2, 7.6) 

which is believed to be the product of fluid infiltration into the rind and is discussed 

in detail in section 7.3. 

The chlorite rinds of a selection of blocks of various compositions were analysed in 

thin section, and electron microprobe analyses of chlorite compositions were carried 

out on some samples. The chlorite rinds analysed are from a number of blocks 
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including the ferrogabbroic blocks 8Ea, 6K7, 3K7, and 3K8, the interiors of which 

were described in chapter 6, and four other ferrogabbro blocks or block sections with 

chioritic rind from the Kin] locality. 

The chlorite rind from block 8Eb, a dioritic-composite block (chapter 6 and figure 

7.8), was also studied, as were the chlorite rinds of two small, loose blocks from the 

Kini locality. These latter two blocks appear to be composed of Mg-gabbro with 

areas of K-metasomatised gabbro. However, the exposure of the block interior is not 

sufficient to establish how widespread these lithologies are within the blocks, and if, 

as in the majority of well-exposed cases, they occur as clasts in a ferrogabbroic 

matrix. This poor exposure of the block interior also prevented the collection and 

analysis of sample traverses to the block edge, as was done in other cases (chapter 6). 

Block Sample S102  A1203  Fe203  MgO CaO Na2O K20 Tb 2  - MnO P205  LOP Total 

8Ea E5-203 44.76 11.33 15.65 5.99 7.82 4.3 0.446 7.506 0.229 0.044 1.41 99.49 

E5-204F 46.92 11.83 14.36 4.96 10.39 5.07 0.15 4.478 0.166 0.068 1.43 99.82 

6K71  K8-266 41.37 9.94 17.47 12.44 6.48 2.64 0.106 5.286 0.229 0.082 3.66 99.71 

K8-269A 44.44 10.94 15.82 8.66 7.85 4.26 0.086 5.976 0.228 0.033 1.47 99.76 

3K7 K7-239 41.49 12.17 18.95 6.92 8.41 3.78 0.011 6.362 0.226 0.011 1.45 99.79 

K7-241 40.26 9.24 22.25 7.38 7.19 3.62 0.071 7.62 0.317 0.029 1.78 99.75 

2K8 K8-280 44.38 12.3 16.08 7.53 7.13 4.43 0.06 5.807 0.268 0.061 1.95 99.99 

K8-281 43.03 13.51 18.67 7.29 6.55 4.22 0.031 4.302 0.318 0.01 2.06 99.98 

7K1' 7K-1.6 45.56 11.27 14.17 10.56 7.21 3.67 0.061 3.79 0.206 0.361 2.74 99.59 

7K-1.7 41.61 12.69 16.61 7.05 11.35 2.25 0.06 5.804 0.289 0.11 0.59 98.41 

7K2 7K-2.4 42.88 14.36 15.18 5.58 12.4 2.98 0.03 4.223 0.221 0.015 1.56 99.43 

7K-2.5A 40.08 13.45 18.37 5.32 11.39 2.56 0.024 6.103 0.279 0.015 1.51 99.1 

8Ebd E10-307B 50.9 13.44 12.33 5.24 5.74 7.67 0.345 2.903 0.197 0.069 0.61 99.45 

E10-310C 51.52 18.38 9.59 2.16 4.48 9.56 0.956 1.384 0.146 0.291 1.16 99.63 

12Klk 12K-2A 52.18 14.9 6.94 8.34 8.28 6.27 0.428 0.383 0.109 0.005 1.89 99.71 

12K-213 53.27 15.05 6.44 7.67 7.88 6.51 0.38 0.434 0.117 0.024 2.01 99.79 

121(3k 12K-5 52.48 14.47 5.03 7.76 9.79 5.73 1.615 0.751 0.126 0.18 1.59 99.53 

Table 7.1: Representative bulk compositional analyses from a selection of the iron-rich (f), dioritic 

gabbroic (d) and K-metasomatised (k) metagabbroic blocks mentioned in the text. * LOT = loss on 

ignition. 

Overall, the selection of blocks, from which metasomatic chlorite rinds were studied, 

covers a relatively wide range of the compositions found within the metagabbroic 
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lithology grouping. This may be seen from the representative bulk chemical 

compositions from a selection of these blocks given in table 7.1. 

7.2.1 Mineralogy 

The chlorite zones around all the metagabbroic blocks studied were most frequently 

found to consist solely of chlorite with minor accessory minerals and the 

compositions of these are discussed below. 

Composition of chlorite 

Bimetasomatic chlorite observed around blocks in the serpentinite melange on Syros 

includes a variety of compositions indicated by varying amounts of pleochroism and 

dispersion. Strong pleochroism and dispersion generally indicate high iron content 

(Deer et al., 1992), and the strength of pleochroism and dispersion in the chlorite 

around metagabbroic blocks appears to be dependent on the iron-content and 

proximity of the original block. 

The greatest contrast in bimetasomatic chlorite composition is seen when comparing 

chlorite from in and around ferrogabbroic blocks with that around the iron-poor 

plagiogranite, 9J (table 7.2). However, variation of iron content in bimetasomatic 

chlorite is also observed between different ferrogabbroic blocks, as may be seen from 

table 7.2, and is obvious from the range of dispersion and pleochroism displayed by 

chlorite around such blocks. 

Block Thin section Number of Average formula 

number analyses 

6K7 K8-267 12 (Mg5.8Mn0. 1Fe2 36Fe3 04Al2.1  )(Si55A125)020(OH)16  

8Ea E6-217B 11 (M96.5Mno.iFe2 3Fe3 o2AI2.2)(Si56Al24)020(OH)16  

91 N4-147 9 (Mg8.7Mno. 1Fe2 0 ,9Fe3 0.1  A122)(Si57A123)020(OH)16  

Table 7.2: Chlorite compositions from three blocks, in order of decreasing iron content in the block 

6K7 and 8Ea are iron-rich metagabbros, 9J is a plagiogranite 
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Such variation in chlorite compositions seems most likely to reflect variation in 

Fe2VMg and Fe 3 /A1 in the block adjacent to, and being replaced by, the chlorite. 

This raises the question of how uniform chlorite composition is around blocks 

comprising a mix of lithologies with differing Fe2 /Mg and Fe3 /Al. 

The extent to which homogenisation of chlorite composition occurs between areas of 

block, with inherently different compositions, is hard to determine due to difficulty 

in determining block compositions prior to chloritization. However, optical analysis 

of chlorite from around block 8Eb, which has considerable inherent compositional 

variation (chapter 6), revealed only minor changes in chlorite composition, around 

the block, suggesting that at least some degree of compositional homogenisation 

occurs on growth of the chlorite zone. Such compositional homogenisation may be 

expected in a system, such as the bimetasomatic block-matrix system, which is 

undergoing diffusional component exchange. The length scale of homogenisation of 

the chlorite composition will be linked to the rate of diffusion of the relevant 

components. 

Variation in chlorite composition with distance from the block margin is also 

distinguishable by optical properties in almost all cases, with chlorite becoming paler 

and less dispersive away from the block. This change is apparent across the width of 

the chlorite zone in some cases and is also seen in electron microprobe analysis of 

chlorite compositions from the metasomatic rind of the ferrogabbroic block, 8Ea 

between the block edge and the outermost, talc-bearing, zones of the metasomatic 

rind (table 7.3). The analyses of chlorite from the rind of block 8Ea show increasing 

Mg-content and decreasing Fe-content (both Fe 2' and Fe 31)with increasing distance 

from the block. A single analysis of chlorite from the serpentinite matrix, which 

does not show Si-enrichment (chapter 3), is also given in table 7.3, and it can be seen 

that chlorite compositions in the outer metasomatic zones tend towards this Fe-poor, 

relatively Al-poor chlorite composition. 
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Block Thin section Number of Average formula 

number analyses 

8Ea (block/chi) E6-21713 11 (Mg6 5Mn0 1Fe2 3Fe3 02Al2.2)(Si5,6Al2.4)O20(OH)16  

8Ea (amph) E5-20713 3 (Mg6.6Fe2 3Fe3 0.3Cr0,3Al 1.8)(Si5,6A124)020(OH)16  

8Ea (tc-chl) E5-19813 12 (M97217e2 25Fe3 03Cr03Al1 7)(Si57A123)020(OH)16  

8Ea (tc-carb ) E5-195 1 (Mg8.1Fe2 1 717e3 0 1Cr0,2A1 9)(Si58AI22)020(OH)16  

Matrix N3-103 1 (Mg89Fe2 09Fe3 0.1  Al2.1  )(Si58A122)020(OH)16  

Table 7.3: Chlorite analyses from block 8Ea, its metasomatic rind and the serpentinite matrix. 

Analyses from 8Ea are listed in increasing distance from the block centre. 

The trend to lower iron and aluminium and higher magnesium content in chlorite is 

the expected product of an increasingly high magnesium activity towards the 

serpentinite matrix with decreasing iron and aluminium activities (see also chapter 

9). The progressive variation in chlorite composition, as discussed in chapter 2, is 

also indicative of diffusion metasomatism and not of infiltration metasomatism, 

supporting a diffusion metasomatic origin for the chlorite zone. 

Accessory minerals 

Accessory minerals occur within the chlorite zone, along with relict block minerals, 

which are discussed further below. Accessory minerals include epidote and sphene, 

which partly replaces opaques and rutile. Apatite, also occurs but only beyond the 

region of relict block minerals. 

The epidote is inferred to have grown in the chlorite zone, as it is pale yellow rather 

than colourless as in the block or greenish as in the case of retrogressive epidote 

(section 7.5.2). The pale yellow epidote in the chlorite zone may possibly have 

grown by desilication reactions such as [6.17] (chapter 6): 

pyroxene + garnet + H20 = chlorite + epidote + quartz 	[6.17] 

Alternatively, it may have been stabilised as the only REE-bearing phase present as 

is thought to be the case for allanite at block 9J (chapter 4). The REE-rich epidote, 

allanite, is not itself observed in chlorite zones around metagabbroic blocks. 
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However, this may be explained by the much lower concentrations of the REEs, La, 

Ce and Nd, in the gabbroic blocks as shown in table 7.4, which may reflect their 

cumulate origins. 

Block 	Composition 	 Sample 	 La 	Ce 	Nd 

8Ea ferrogabbro E5-203 bd 6.9 8.9 

E5-204F bd 7.7 3.7 

6K7 ferrogabbro K8-266 bd 5.6 7.2 

K8-269A bd 1.6 8.1 

3K7 ferrogabbro K7-239 bd bd 10.3 

K7-241 bd 7.8 3.9 

2K8 ferrogabbro K8-280 bd 6.3 6.1 

K8-281 bd bd 4.0 

7K1 ferrogabbro 7K-1.6 bd 30.5 17.5 

7K-1.7 bd 11.8 7.4 

7K2 ferrogabbro 7K-2.4 bd 7.8 7.4 

7K-2.5A bd 10.6 3.9 

8Eb cfloriticgabbro E10-307B 0.3 9.4 11.1 

E10-310C 6.1 39 29.3 

12K1 Mg-gabbro 12K-2A 0.1 10.6 0.4 

12K-2B bd 11.5 3.9 

12K3 Mg-gabbro 12K-5 3.4 27.9 12.2 

91 plagiogranite N4-117A 25.5 60.1 34.5 

N4-117B 25.4 74.2 39.5 

N4-117C 16.8 57.9 38.4 

N4-117D 18.1 55.6 34.2 

N4-117E 15.7 53.6 32.3 

Table 7.4: Concentrations of REEs, in parts per million (ppm), from ferrogabbro 

dioritic gabbro, Mg-gabbro with K-rich gabbro areas, and the felsic, plagiogranite 

block, 9J. 'bd' = 'below detection'. 

7.2.2 Block-chlorite contacts 

As already discussed briefly in chapter 6, the contacts between metagabbroic block 

and surrounding metasomatic chlorite zones are not always sharply defined. 

'Diffuse' contacts appear to have two causes. The first is the growth of 

bimetasomatic chlorite at some distance from the block edge. This may be caused by 

microfracturing resulting from volume decrease in the block edge and subsequent 

local small-scale fluid infiltration into the block, as discussed in chapter 6. 
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The second cause of poorly defined, 'diffuse', contacts between block edge and 

chlorite zone is the persistence of some block minerals further into the chlorite zone 

than others. This was also briefly mentioned in chapter 6, where it was observed that 

epidote-rich block edge appeared to be the result of the persistence of epidote in the 

chlorite zone where other minerals had already reacted to form chlorite. 

The persistence of block minerals into the chlorite zone is most noticeable in 

ferrogabbros, and, with the exception of opaques and Ti-oxides, epidote persists 

longest within the chlorite zone. In some cases minor amounts of new, pale yellow 

epidote also appear to grow as an accessory mineral in the chlorite zone as discussed 

above (section 7.2.1). 

From detailed study of block edges, and in particular those of ferrogabbroic blocks, it 

appears that sodic-amphibole is most rapidly replaced by chlorite at the block edge. 

Calcic-amphibole, pyroxene and garnet persist longer and to varying degrees 

depending on their original relative concentrations within the block. The exceptions 

to this, where sodic-amphibole persists longest and well into the chlorite zone, 

appear to be associated with the presence of sodic amphibole in the rind, which will 

be discussed further below (section 7.3). 

The order of persistence of minerals into the chlorite zone, at the edge of 

ferrogabbroic blocks, appears to reflect the expected stability of these minerals under 

decreasing sodium activity and increasing calcium activity towards the block edge. 

Glaucophane with its high Na/Ca ratio breaks down first while Na-free garnet and 

epidote persist much longer. The Si/Al and Sit (Al + Fe 3+)ratios in minerals also 

appear to reflect the resistance of the mineral to breakdown to chlorite (table 7.5). 

This may reflect a decreasing silica activity away from the blocks with a less rapidly 

decreasing aluminium activity, in agreement with the immobility of aluminium, 

relative to silica, as also suggested by previous authors (e.g. Mehnert, 1969). 
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Mineral 	Formula 	 Si/(Al + Fe) 	Si/Al 

glaucophane 	Na1 9Ca0• 1Mg22Fe2 08Fe3 08Al1 2Si8O22(OH)2 	4 	 6.67 

omphacite 	Na1Ca1M908Fe2 02Fe3 04A106Si4O12 	 4 	 6.67 

barroisite 	Na1Ca1M93Fe3 1 5A1 15Si7O22(OH)2 	 2.33 	 4.67 

garnet 	Ca1 .5Mg1Fe2 j5Fe3 02Al3.8Si6O24 	 1.5 	 1.58 

epidote 	Ca4Fe3 17Al4,3Si6O24(OH)2 	 1 	 1.40 

chlorite 	(Mg65Mn0. 1Fe2 3Fe3 o.2Al2.2)(Si5.6Al24)O20(OH)16 	1.17 	 1.22 

Table 7.5: Mineral formulae from electron microprobe data on ferrogabbroic blocks (appendix III), 

with calculated ratios of SiI(Al + Fe 3+)and Si/Al. Minerals are given in approximate order of 

increasing length of persistence into the chlorite zone, which appears to reflect Si/(Al + Fe3 ) ratios 

and Si/Al ratios. Composition and ratios of chlorite from block 8Ea are given for comparison. 

The relative persistence of blueschist facies metagabbro minerals in the chlorite 

zone, therefore, appears to reflect gradients in component activities thought to be 

present at the edges of meta-igneous blocks with the serpentinite melange on Syros. 

However, such diffuse contacts between the altered block and the chlorite zone are 

not in agreement with the sharp bimetasomatic zone contrast predicted by theoretical 

models (chapter 1). 

The mismatch between idealised bimetasomatic zone theory and the nature of the 

block-chlorite transition on Syros, is almost certainly a reflection of the inherent over 

simplifications in the idealised model. These include the assumptions that the system 

is one-dimensional, that local equilibrium prevails everywhere, and that kinetics can 

be ignored. All these factors will result in 'smearing' of the sharp boundaries 

between zones. Furthermore, modelling of multicomponent reactants by Ruzicka 

(1998) shows that the zones at the edge of multicomponent reactant lithologies will 

be composed of decreasing numbers of the mineral phases present in the reactant. 

Thus, for example, the zone sequence: 

glaucophane epidote epidote garnet epidote epidote chlorite Talc-rich 

garnet omphacite 	omphacite 	garnet 	 outer zones 
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may form at the edge of a block with a mineralogy of glaucophane + epidote + garnet 

+ omphacite. In which case 'smearing' of the zone boundaries, possibly enhanced by 

microfracturing as described above, could result in the form of block-chlorite contact 

which is observed at the edges of many metagabbroic blocks, with a sequence of 

block minerals apparently 'persisting' into the chlorite zone. 

7.2.3 Fabric and duration of chlorite growth 

Close to the block-chlorite contact, the chlorite zone almost always lacks any fabric, 

with large chlorite plates up to 5 m across occurring in random orientations. Patchy 

variation in chlorite grain-size is often observed in these areas, usually with fine-

grained crystals replacing more persistent relics of block minerals. In some cases 

this late fine-grained chlorite replacement is clearly retrogressive but in others it 

appears to be bimetasomatic suggesting progressive phases of bimetasomatic 

chloritization. 

Further evidence for a prolonged period of chlorite growth, and also for the 

occurrence of deformation during this period is found in areas of the chlorite zone 

largely outside the zone of relic mineral preservation where a fabric is present. The 

fabric is defined by small platy chlorite crystals aligned parallel to the block edge 

and in some cases, later, less platy chlorite crystals are seen to overgrow this fabric at 

high angles. This suggests growth of the chlorite zone during and after fabric 

development indicating a prolonged period of chlorite zone-growth consistent with it 

development as part of a bimetasomatic zone sequence. 

7.2.4 Location of the original block edge 

The original position of the block-matrix contact is, in many cases, hard to determine 

as modal proportions of block minerals peter out gradually into the chlorite zone. 

However, in cases where abundant epidote is present, the original position of the 

block edge is clearly marked by its abrupt cessation (plate 6.19a). In other cases, the 
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relic block minerals do not persist as far, and the original block-matrix contact 

probably lies just beyond their extent, and almost certainly within the chlorite zone. 

This suggests that the location of the original block edge of gabbroic blocks, as with 

the felsic block, 9J, lies, in general, within the chlorite zone. 

7.2.5 Width of the chlorite zone 

It was suggested in chapter 6 that the width of bimetasomatic talc-rich zones may be 

dictated by the mineralogy of the block, which will determine the amount of silica 

loss possible through desilication reactions involving the block minerals. Similar 

controls may also apply to the width of the bimetasomatic chlorite zone, and the 

width of the chlorite zone may thus be dependent on such factors as block 

composition and mineralogy. To investigate this possibility an attempt was made to 

estimate the widths of chlorite zones around metagabbroic blocks, and to document 

any correlation between zone width and block mineralogy or composition. 

As discussed above and also briefly in chapter 6, at the edge of metagabbroic blocks 

the inner edge of the chlorite zone is often not sharply defined. This makes 

measuring the width of the chlorite zone difficult, with the width of chlorite + block 

minerals extending to a width of up to 50 cm, for example, in block 3K7 described in 

chapter 6. Rough measurements of chlorite zones may still be made in the field with 

the inner edge of the chlorite zone taken to be roughly where the modal volume % of 

chlorite is around 50%. However, the outer edges of chlorite zones are often not 

preserved and measurements, from the limited areas where the presence of talc marks 

the outer edge of the chlorite zone, revealed no correlation between block 

composition, mineralogy and zone width. 

This suggests that factors, such as variations in permeability and the extent to which 

activity gradients are maintained across the zone by fluid flow in the serpentinite 
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(chapter 10), or mechanical disruption of the outer talc-bearing zones, may be more 

influential in determining the thickness of the chlorite zone than block composition 

7.2.6 Summary 

From the above observation and discussion on the metasomatic chlorite zone around 

metagabbroic blocks in the serpentinite melange on Syros. The following 

conclusions may be drawn. 

The chlorite zone forms part of the bimetasomatic zone sequence around 

metagabbroic blocks. It lies adjacent to altered block-edge and straddles the 

original block-matrix contact. 

The iron-content of the chlorite in the chlorite zone is apparently dependent on 

the Fe2 /Mg and Fe3 /Al ratios in the block that it replaces, with some degree of 

diffusion-driven homogenisation around the block-edge. However, chlorite zone 

widths do not appear to vary systematically with block composition and 

mineralogy, and are probably controlled by the permeability of the block margin 

and the evolution of activity gradients in response to mechanical disruption and 

possible fluid composition changes in the melange. 

Chlorite composition also varies with distance from the gabbroic blocks, 

becoming increasingly Mg-rich and Fe-poor towards the Mg-rich, Fe-poor 

serpentinite matrix. 

Block-chlorite contacts are frequently gradational with block minerals persisting 

varying distances into the chlorite zone. These gradational contacts, however, 

are concluded to be the result of kinetic factors, such as lack of true local 

equilibrium conditions, and the complex block mineralogy, and are, therefore, 

not in disagreement with a bimetasomatic origin for the chlorite zone. 
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Strain and deformation occurred during chlorite growth but chlorite growth also 

continued after this phase of deformation indicating a prolonged period of 

chlorite growth in agreement with a bimetasomatic origin. 

7.3 Amphibole in the rind 

As in the case of the felsic block, 9J, the majority of amphibole within the 

metasomatic rinds of gabbroic blocks appears to be the result of fluid infiltration. 

Amphibole veins or incursions, cut into blocks from the metasomatic rind in a 

number of cases including blocks 8Ea, 4K7, 6K7 and 8Eb, which are described in 

more detail below. These amphibole incursions indicate the infiltration-related 

nature of at least some of the metasomatic amphibole observed in and around 

metagabbroic blocks. The incursions take the form of veins, varying from less than 

mm wide to large incursions with a central amphibole vein up to 20 cm across and a 

surrounding halo of altered, amphibole-rich block up to 10 cm wide. 

The almost monomineralic nature of the amphibole veins, which are consequently 

high variance assemblages, suggest that component activities were controlled by the 

infiltrating fluid and indicate a high fluid-rock ratio. The width of some amphibole 

incursions also suggests a high fluid-rock ratio, although much of the apparent width 

variation is likely to be due to vein geometry. For example, veins following planes 

of high permeability, such as fractures, will appear narrow when exposure is 

perpendicular to the plane and very wide when exposure is parallel to the plane. 

The considerable width of the amphibole veins and their low variance indicating a 

high fluid-rock ratio, both suggest that high fluid flow is required to form the 

amphibole incursions observed in the metagabbroic blocks. This suggests that, 

although many amphibole incursions appear simply to cut into the block and peter 

out, in three-dimensions they were continuous channels cutting through the blocks, 

as is also indicated by glaucophane vein geometry at block 9J (plate 4.3). A further 

possibility, especially in the case of smaller amphibole incursions that are often as 
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wide at the block edge as the depth they penetrate in to the block (plate 3.5a), is that 

the amphibole-crystallising fluid was continually flooding an open fracture surface. 

Amphibole incursions into a metagabbroic block may also be traced cutting the 

adjacent chlorite zone, and are in many cases clearly connected to amphibole-rich 

region of the metasomatic rind. The following sections describe the occurrence of 

such amphibole in a number of metagabbroic blocks including the mineralogy of the 

amphibole and apparent timing of the amphibole crystallising infiltration event. 

7.3.1 Block 8Ea 

Block 8Ea at the Ermoupolis locality, measures at least 100 m across and consists 

primarily of glaucophane-epidote-garnet-omphacite ferrogabbro. It also contains 

some of the most dramatic examples of amphibole incursions (plate 7.3) and has a 

section of well-preserved and well-exposed metasomatic rind (figure 7.1) including 

chlorite, abundant amphibole and up to 60 cm of outer metasomatic rind including 

talc-chlorite and talc-carbonate zones (figure 7.2). 

Both the amphibole incursions and the metasomatic rind occur at the northern end of 

the exposed block section, where the block consists of two halves, separated by a 

fracture and with a thin band of metasomatic rind between them (plate 6.18). 

Metasomatic rind is also preserved on the face of the lower block-half extending 4.5 

m towards the sea where beach rock begins (figure 7.1). 

A number of amphibole incursions occur at block 8Ea (figure 7. 1), cutting from the 

thin band of metasomatic rind between the two block halves into the upper block 

section to a maximum depth of around 1.5 m. Amphibole incursions also cut into the 

lower block section, although these incursions are not so clearly exposed. Within the 

metasomatic rind, both between the two block halves and around the lower block 

section, amphibole also is abundant, frequently forming a zone 4-6 cm wide parallel 

to the block edge and in some areas reaching an apparent thickness of almost 30 cm. 
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Figure 7.1: Schematic sketch of the northern end of the ferrogabbroic block, 8Ea, viewed from the east. The block is divided into an upper 

block-half and a lower block-half by a fracture filled with metasomatic rind. The surface of the lower block-half is sub-horizontal and dips 

east towards the sea, becoming obscured by beach rock. The exposed 
surface of the upper block-half is vertical, forming a steep cliff, and 

extends south, beyond the area of the sketch, for around 100 m. The metasomatic rind of block 8Ea is composed of areas of chlorite, 

amphibole. talc + chlorite and talc + carbonate ±. chlorite. This rind is partially preserved on the face of the lower block-half and in the 

fracture between the two block-halves. As discussed in the main text, zones of chlorite and talc + chlorite are believed to be products of 

bimetasomatism between block 8Ea and serpentinite matrix. Amphibole is thought to be the product of a fluid infiltration event, and the talc 

+ carbonate zone is thought to be related to bimetasomatiSm of an adjacent schist unit no longer preserved. 
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Figure 7.2: Schematic representation (not to scale) of the bimetasomatic zone sequence and 
metasomatic veining at block 8Ea. The zone sequence, resulting from bimetasomatic interaction 
between block 8Ea and serpentinite matrix, includes block, altered block, chlorite, and talc + 
chlorite. The talc + carbonate zone is thought to be the product of bimetasomatism involving a 
schist unit (see main text). Infiltration derived, metasomatic amphibole cuts through the 
bimetasomatic zone sequence into the block, becoming more sodium-rich closer to the block. An 
amphibole-rich alteration 'halo' (not shown) exists around amphibole where it infiltrates the block. 
The exact nature of this halo is dependent on the local block mineralogy (see main text). Episodes 
of epidote veining within the (altered) block pre- and post-date amphibole infiltration, and hematite 
+ chlorite-rich areas in the talc-chlorite zone may also be related. Mega amphibole veins, within 
infiltrated metasomatic amphibole, may be linked to the post-amphibole episodes of epidote 
veining. All possible links are indicated by question marks. At locations such as 'X', continued 
bimetasomatic chlorite growth, after amphibole infiltration, has replaced some calcic amphibole 
cores leaving 'ghost' glaucophane rims (see main text). 
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The metasomatic rind preserved in the gap between the two separate block halves, 

for example, along a 20 in section, consists of parallel zones of chlorite, calcic 

amphibole and talc + chlorite, with the chlorite closest to the block. However, for 8 

m in the middle of this 20 in long section, amphibole, which is largely blue 

glaucophane and crossite, occurs in place of the chlorite, calcic amphibole and talc 

zones. This amphibole also cuts into the block in a number of areas (plate 7.3 and 

7.4) as incursions of blue glaucophane or crossite as described above. 

Mineralogy of amphibole-rich incursions 

The amphibole veins at the centres of amphibole incursions have high variance 

assemblages of amphibole + minor accessories. In the field, and in hand specimen 

these vein-centres appear to be composed of blue glaucophane. However, thin 

section analysis of the centres of such amphibole incursions from block 8Ea, show 

that the amphibole is either composed of barroisitic, calcic cores with full or partial 

rims of sodic amphibole, or is an intergrown mix of sodic amphibole and calcic 

amphibole. 

Sodic rims from zoned sodic-calcic amphiboles from the largest amphibole 

incursions at block 8Ea (plate 7.3) were analysed by electron microprobe and these 

show that the sodic amphibole is glaucopahne and iron-poor crossite, a 

compositional range similar to that observed in nearby block (figure 7.3). This 

glaucopahen and iom-poor crossite appears to be the original sodic amphibole 

composition and its close similarity to compositions in the nearby block suggests that 

the sodic rims may have grown due to gradual bulk equilibration between the 

amphibole vein and the block. 

Towards the edges of the amphibole veins, the sodic component was found to 

increase if the adjacent mineralogy was glaucophane-rich, with bands of pure sodic 

amphibole often present at the edge of the veins. In areas where the predominant 
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Figure 7.3: Zoning in amphiboles from block 8Ea, a) in Na(M4)Al  space, b) in Fe2 -Fe3  space. 
Sample E5-207B is from the contact region between metasomatic amphibole and barroisite-rich 
block. The solid grey arrows show zoning trends in large barroisite crystals, which are notably 
similar to those in barroisite from block 6K7 (figure 6.12, see main text for discussion). Dashed 
grey arrows join compositions of calcic amphibole to adjacent sodic rim compositions. Sample E5-
198B contains metasomatic amphibole in contact with talc. Solid black arrows show zoning trends 
in these amphiboles from actinolitic to more barroisitic compositions (see main text for discussion). 
Amphibole compositions from within the metagabbroic block, 8Ea (samples GB-8 and E6-217B), 
discussed in chapter 6, are given for comparison. Also shown for comparison are amphibole 
compositions from within areas of serpentinite matrix from the main serpentinite unit in the north, 
which are thought also to be products of infiltration (chapter 3). Data are given in appendix IV. 
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amphibole in the metagabbroic block is barroisite, no such dramatic increase in the 

sodic amphibole component occurred towards the edge of amphibole veins. Because 

the majority of block 8Ea is composed of glaucophane-epidote-gamet-omphacite 

ferrogabbro, however, gradation to sodic amphibole is the most common occurrence 

and the majority of amphibole veins within block 8Ea appear blue in colour. 

Around the practically monomineralic amphibole veins, amphibole-rich zones of 

altered block are present, where the ratio of infiltrated fluid to block were apparently 

lower than within the amphibole veins, and assemblages of lower variance therefore 

developed. The composition of these zones is clearly very different from that of 

bimetasomatic altered block or chlorite zones and this implies that the infiltrating 

fluid is different in composition to fluid involved in bimetasomatic zone formation, 

and this is discussed further in chapter 9. 

Where the block mineralogy adjacent to the amphibole vein is glaucophane-epidote-

garnet-omphacite, the zones of altered block around the amphibole vein contain 

epidote and in some cases dense clumps of pyroxene as well as fine-grained 

glaucophane and accessories. In areas of block where barroisite is the predominant 

amphibole in the block, however, the zone of altered block is composed 

predominantly of large barroisite crystals surrounded by smaller crystals also 

apparently barroisitic in composition. 

The relict nature of the large barroisite crystals in the latter areas is indicated by their 

zoning patterns, which were analysed by electron microprobe (figure 7.3). These 

show zoning from high AIR' to lower Al'v  with slightly increasing NaM4,  the same 

zoning pattern observed in large barroisite crystals within block 6K7 (figure 6.12), 

unrelated to metasomatic amphibole. In barroisite from 6K7 it was suggested that 

this zoning was the result of progressive conversion of pyroxene to the appropriate 

stable blueschist calcic amphibole. If this is the case, then the large crystals at the 

edge of the amphibole incursions in block 8Ea must also have grown by replacement 

of pyroxene and thus be relics of the block mineralogy. 
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Dependence of the amphibole composition on the proximity of the block is also 

apparent in the changing composition of amphibole from the centres of amphibole 

incursions towards contacts between amphibole incursions and talc. Near 

amphibole-talc contacts (figure 7.2), the amphibole is green in hand specimen, and 

thin section analysis shows that the sodic rims and intergrowths, characteristic of the 

centres of amphibole incursions in the block, are absent. The calcic amphibole away 

from the block also shows a less bluish-green in its pleochroic scheme and electron 

microprobe analysis (figure 7.3) shows that such amphiboles are more actinolitic 

than the barroisitic metasomatic amphibole close to and within the block. Electron 

microprobe analysis also shows that amphibole from near the talc + chlorite zone is 

zoned from actinolitic to barroisitic compositions. 

The change from sodic amphibole to sodic rimmed barroisite to calcic amphibole 

with lower barroisite content, from the inner part of the incursion to the outer part, 

suggests a gradual decrease in sodium activity within the amphibole-crystallising 

fluid away from the block. The rimming of barroisite by sodic amphibole close to 

the block and zoning from actinolite to barroisite in amphibole near the outer talc-

rich bimetasomatic zones suggests a temporal increase in sodium activity as well as a 

spatial one. 

This apparent increase in sodium activity both spatially in decreasing distance to the 

block, and temporally, suggesting interaction of infiltrating fluids with sodium-rich 

block equilibrated fluids during the period of infiltration. Such interaction is most 

likely to have a noticeable compositional effect as the volume of infiltrating fluid 

wanes during the latter stages of the infiltration event. Growth of sodic rims on 

calcic amphibole may occur after the cessation of fluid infiltration as a result of 

progressive bulk equilibration between the sodium-rich block and neighbouring 

regions of calcic amphibole. However, the apparent growth zoning from actinolitic 

to more barroisitic amphibole compositions observed in amphibole further from the 

block are unlikely to have derived from post-infiltration equilibration, indicating 
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interaction between infiltrating and block-equilibrated fluids was occurring during 

amphibole-crystallising infiltration. 

Retrogression 

Minor retrogression is observed on some sodic-amphibole rims, with glaucophane-

rich crossite replaced by magnesioriebeckite. In some cases these riebeckitic rims 

are also partially or wholly replaced by fine-grained chlorite and occasionally by 

actinolite (plate 7.5). 

Timing of amphibole relative to chlorite growth 

Where amphibole occurs near the contact between the block-edge and the chlorite-

zone, amphibole crystals almost all possess sodic rims, and the calcic cores are often 

replaced by chlorite (plate 7.6). This chlorite appears to be of bimetasomatic origin 

and its replacement of calcic amphibole appears to be the result of progressive 

chlorite zone growth after the amphibole infiltration event. This phenomenon results 

in glaucophane, as relict rims, occurring within the chlorite zone, and is the cause of 

glaucophane appearing to persist further into the chlorite zone then other block 

minerals, in some areas, as was mentioned in section 7.2. 

Importantly, the replacement of the calcic amphibole by chlorite times the amphibole 

infiltration event to before or during the growth of the chlorite zone. Furthermore, 

the timing of the growth of sodic amphibole rims around the calcic cores, in these 

samples, must be before the replacement of the calcic amphibole by chlorite, and 

thus not significantly later than crystallisation of the calcic cores. Thus sodic rims on 

calcic amphibole crystals near the block probably grew as a result of interaction 

between infiltrating and block-equilibrated fluids during amphibole crystallisation 

rather than being products of post-infiltration bulk equilibration. 
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Plate 7.5: Retrogressive crossite, magnesioriebeckite and chlorite replacing sodic amphibole rims 
on calcic amphibole crystals. These large amphibole crystals are characteristic of areas in which 
infiltration-related amphibole overgrows chlorite, a) taken under x2 magnification, b) taken under 
xl 0 magnification Both photographs taken under plain polarised light. 
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Plate 7.6: Two examples from block 8Ea, a) and b), of calcic amphibole cores replaced by 
chlorite, leaving 'ghost' glaucophane rims (taken under plain polarised light at x2 magnification). 
This texture is thought to be the result of progressive bimetasomatic chlorite-zone growth at the 
edge of the block after infiltration-related amphibole crystallisation had ceased, with the calcic 
amphibole cores of infiltration-related amphibole crystals being more susceptible to replacement 
by chlorite than the glaucophane rims. Accessory rutile, opaque oxides and sphene are also 

resent. 
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Evidence that a bimetasomatic chlorite rind also existed prior to crystallisation of 

metasomatic amphibole is found in the nature of the contact between amphibole and 

chlorite. While the majority of amphibole in the metasomatic rind of block 8Ea is 

fine-grained, the bounding zone between metasomatic amphibole and chlorite in the 

chlorite zones is marked by a dramatic increase in grain-size of the amphibole as the 

ratio of amphibole to chlorite rapidly decreases. Amphibole crystals are elongate and 

euhedral except where they have suffered late greenschist alteration to crossite and 

chlorite or actinolite, and are up to 1.5 cm long (plate 7.6). Significantly, the 

amphibole crystals appear to overgrow the chlorite as was also observed to be the 

case at block 9J clearly indicating that a bimetasomatic chlorite zone was present 

prior to amphibole crystallisation. 

Furthermore, the occurrence of a characteristic increase in amphibole grain-size only 

at amphibole-chlorite contacts, suggests that the grain-size increase is related to the 

presence of the chlorite. Such an increase in grain size indicates that crystal growth 

became favourable over crystal nucleation as the ratio of amphibole-crystallising 

fluid to chlorite decreases, although why this should be the case is not clear. 

Whatever the reason, however, similarly large amphibole crystals, noted where 

glaucophane cuts into chlorite zone around the felsic block, 9J, indicate that this 

phenomenon is not unique to block 8Ea. An apparent change in the nucleation to 

growth ratio of amphibole, apparently as a consequence of the presence of 

bimetasomatic chlorite, indicates that a bimetasomatic chlorite zone must have been 

present prior to amphibole infiltration in agreement with the overgrowth 

relationships also noted. 

From the evidence discussed above, therefore it may be concluded that infiltration-

related amphibole crystallised during bimetasomatic zone growth. This suggests that 

the amphibole-crystallising infiltration event was a discrete episode, short-lived 

compared to the duration of bimetasomatic zone growth. High fluid-flow, however, 

were also involved, at least during the peak of the infiltration event, producing low 

variance assemblages of almost monomineralic amphibole. At the edges of 
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amphibole incursions, and during later stages of the infiltration event when flow rate 

probably decreased, interaction with block-equilibrates and bimetasomatic-zone-

equilibrated fluids modified the composition and mineralogy resulting from the 

infiltration episode. High rates of fluid flow and a short duration of infiltration, as 

well as channelling of fluid, may also help explain how the amphibole-crystallising 

fluid reached blocks within the melange apparently un-equilibrated with fluids in the 

surrounding serpentinite matrix, as is discussed further in chapter 10. 

Mega-amphibole 

The majority of amphibole in the metasomatic rind of block 8Ea is fine-grained. 

Large amphibole crystals occur near block-amphibole contacts where they appear to 

be relics from the original metagabbroic block mineralogy, and at amphibole-chlorite 

contacts as described above. Other areas in the metasomatic amphibole, however, 

contain ragged platy amphibole crystals up to 0.5 cm across, which are surrounded 

by smaller amphibole crystals and abundant opaque. These are hereafter termed 

'mega-amphibole'. 

In block 8Ea mega-amphibole occurs in what appear to be veins around 3-5 cm wide, 

clearly visible in outcrop (plate 7.4, 7.7). The veins form layers parallel to the block 

edge and also cut through the fine-grained metasomatic amphibole, frequently 

forking and cross-cutting each other (plate 7.7). Where mega-amphibole occurs 

parallel to the block edge, it is often at the outer edge of the chlorite zone, but in 

some cases a number of layers of mega-amphibole are present (plate 7.8). 

The observations of cross-cutting and forking layers of mega-amphibole, suggest that 

the mega-amphibole is associated with vein-controlled fluid flow (figure 7.2), and 

probably with a number of separate 'pulses' of fluid infiltration. Its frequent 

occurrence at the outer edge of the chlorite zone may be due to low permeability of 

the chlorite, resulting in channelling along its edge. This is a similar mechanism to 
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that apparently resulting in the frequent occurrence of amphibole in metasomatic 

rinds, but more rarely within the blocks themselves. 

Characteristics of the infiltrated fluid, which resulted in mega-amphibole veins, are 

indicated by the mineralogy of the veins. In thin sections the mega-amphibole 

crystals appear ragged and partly broken down to smaller amphibole crystals. Both 

the mega-amphibole and the surrounding smaller crystals are pale green actinolitic to 

slightly barroisitic becoming paler and more tremolitic away from the block as does 

the surrounding fine-grained metasomatic amphibole. Abundant opaque oxides are 

also, however, present in mega-amphibole veins. These are most commonly 

hematite but in some cases magnetite also occurs. Although rutile and sphene are 

frequently present in varying abundance within the chlorite zone, areas of fine-

grained metasomatic amphibole contain virtually no oxides. Therefore, it is apparent 

that the abundant opaques in mega-amphibole veins also crystallised during the 

veining episode. If this is the case, then the fluid involved must have had a high 

f(02) and must also have been iron-rich, causing hematite and magnetite to 

precipitate. 

From the above evidence, therefore, it appears that a fluid, probably with high f(02) 

and iron-rich, infiltrated the already present metasomatic amphibole, causing 

recrystallisation to a coarser grain-size and also resulting in growth of hematite. 

Optical properties suggest that the amphibole composition did not change noticeably 

on recrystallisation, possibly because the metasomatic calcic amphibole already has a 

relativley high Fe3  content (figure 7.3). This lack of change in amphibole 

composition also suggests that PT conditions had not altered much from those of 

original crystallisation. Therefore, the veining probably occurred under blueschist 

facies conditions. 

The presence of a vein-controlled fluid within the metasomatic amphibole of the 

block rind, suggests that traces of a similar fluid may be found infiltrating the 

metasomatic chlorite zone, outer talc-rich zones and the block. No clear field 
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evidence was found enabling mega-amphibole veins to be traced either into the 

block, chlorite or talc-rich zones, however, the apparent composition of the fluid 

which formed the mega-amphibole veins suggests links with other veining events, 

and this is discussed further in section 7.4.1 and 7.5.1. 

7.3.2 Block 41<7 

Block 4K7 forms part of a section of cliff, around 10 m high and 7 in in length 

bounding the beach at he Kini locality (plate 7.9). No metasomatic rind of chlorite or 

talc occurs at block 4K7 but abundant fine-grained monomineralic amphibole is 

present, and is deduced to be of metasomatic origin. The block is a mixture of very 

garnet-rich and garnet-poor garnet-glaucophane-epidote-omphacite metagabbro 

(plate 7.9) with mineralogical variations concluded to be of original igneous origin. 

Position of the block edge 

With the lack of bimetasomatic chlorite or talc rind, the location of the block edge is 

not obvious. However, in one sample of amphibole from near the amphibole-block 

contact, chromite was observed just beyond the furthest extent of garnet and other 

block minerals within the amphibole. The chromite is surrounded by chromium-rich 

pyroxene and chromium-rich chlorite (plate 7.10) and is reminiscent of the chromite 

observed in the outer pyroxene band, and also in areas of metasomatic amphibole, at 

block 9J (chapter 4). 

At 9J, the chromite was concluded to have originally been part of the ultramafic 

matrix assemblage. Early bimetasomatic reaction caused chrome-rich pyroxene to 

grow around the chromite, which was partially preserved during the later growth of 

the chlorite zone, which replaced the pyroxene. A similar origin seems likely for the 

occurrence of chromite at 4K7. The presence of chromite, therefore, indicates that 

the outer boundary of block-related mineral, such as garnet, in this sample, marks the 

original block-matrix contact. This suggests that the amphibole incursions at block 
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Plate 7.9: Block 4K7. 
Block 4K7 from the 

west. Note the wide 
albite veins (yellow- 
orange) cutting sub- 	 7" me;bo 

vertically through the 
block and the 
metasomatic amphibole 
incursion in the lower 	 r 
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hammer for scale. 	 .. 

close up view of the 	 1 
metasomatic amphibole incursion in plate 7.9a. Amphibole in the centre of the incursion is green 
calcic amphibole but rapidly grade to blue sodic glaucophane where it is in contact with 
metagabbro. 1 lb hammer for scale. 	 * 
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Plate 7.10: Chromite (block) surrounded by Cr-
rich pyroxene (bright green) and chlorite (pale 
greenish yellow) within fine-grained, infiltration-
related amphibole. Photo under ppl and x2 mag. 

Plate 7.11: 1K8, a section of metagabbro, 
probably part of a large block including 3K8 
(plate 6.24) and 2K8 (plate 7.12). At 1K8, 
metasomatic rinds extends to talc and includes 
chlorite and amphibole. 1 lIb hammer for scale. 
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metagabbro 

/chi chi 

- 	 nietagabbro 
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Plate 7.12: 2K8, a section of 
metagabbro, probably part of a 
large block including 3K8 (plate 
6.24) and 1K8 (plate 7.11). At 

chi 	 2K8, as at 1K8, metasomatic 
"- 	rinds extends to a talc zone, and 

- 	 includes a chlorite zone (chl) 
- 	and minor amphibole (not 

- - 	distinguishable from chlorite on 
photo). 1 llb hammer for scale. 
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4K7 have not penetrated more than about 1.5 m into the block (plate 7.9), in 

agreement with the depth of amphibole infiltration noted in other blocks (e.g. 8Ea). 

Composition of the amphibole 

The amphibole in the monomineralic centres of the metasomatic incursions at block 

4K7 is fine grained, as is the case at block 8Ea. As also at block 8Ea, the contact 

between block and amphibole incursions is marked by an alteration 'halo' of very 

amphibole-rich block. At 4K7, however, no barroisite-rich areas of block are 

present, all the amphibole in the transition zone is fine-grained, and the transition 

zone contains glaucophane, or glaucophanic crossite with minor relic garnet, 

omphacite and epidote. Amphibole in the monomineralic amphibole areas of 

incursions is also glaucophane close to the block-amphibole transition zone. Further 

from the block, however, the amphibole changes progressively from glaucophane to 

glaucophane-rimmed calcic amphibole and intergrown sodic and calcic amphibole, 

to purely bluish-green barroisitic actinolite. 

As at block 8Ea, the changing amphibole composition suggests that the occurrence of 

glaucophane rims is dependent on the proximity of the ferrogabbroic block. 

Metasomatic amphibole from block 4K7 analysed by electron microprobe (appendix 

IV) also shows zoning from actinolitic to barroisitic and then to glaucophanic 

compositions (figure 7.4) coupled with an decrease in Fe3  and an increase in Fe2  as 

is also seen in metasomatic amphiboles from block 8Ea. This suggests a temporal 

increase in sodium activity in the fluid, and is in agreement with observations of 

glaucophane rims on barroisitic cores. 

These observations, which are very similar to observations at block 8Ea, indicate a 

variable degree of diffusive interaction between the amphibole crystallising fluid and 

the relatively sodium-rich fluid in equilibrium with the metagabbroic block 

assemblage. A summary of the metasomatic rind at block 4K7 is given in figure 7.5. 
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Figure 7.4: Zoning in amphiboles from block 4K7 (sample K7-247), a) in Na(M4)AlI  space and 

b) in Fe + 3+  -Fe space. Arrows show zoning in individual amphibole crystals. As for amphibole at 
block 8Ea, zoning is to more barroisitic and then to glaucophanic compositions. Zoning is also to 

lower Fe 3+  and higher Fe2  (note different scale in figure 7.4b to that in figure 7.3b). Shown for 
comparison are amphibole compositions from within areas of serpentinite matrix from the main 
serpentinite unit in the north, which are thought also to be products of infiltration (chapter 3). Data 
are given in appendix IV. 
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ictinolite 

Chromite, Cr-pyroxene 
and Cr-chlorite 
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original block- serpentinite 
contact 

ci aucophane 

block/altered block 

Figure 7.5: Schematic diagram (not to scale) of the metasomatic rind at 4K7. The rind is composed 
solely of amphibole which changes in composition from actinolite, to glaucophane nearer the block. 
A single patch of chromite and associated Cr-rich pyroxene and Cr-rich chlorite indicate that the 
original contact between block and serpentinite matrix is close to the present contact between block 
and amphibole (see main text). 

talc +I chlorite 

actinolite/barroisite 

Figure 7.6: Schematic diagram (not to scale) of the metasomatic rind of block 6K7. The 
bimetasomatic zone sequence includes zones of altered block, chlorite, and talc +1- chlorite. A thin 
zone of tremolite is also present between the chlorite zone and the talc +1- chlorite zone. This is 
concluded to be associated with infiltration-related amphibole, which cuts through the chlorite zone 
and into the block. However, no direct association between the two is observed in the field, as 
indicated by the question mark on the above diagram. 
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7.3.3 Block 61<7 

Block 6K7, a loose block from the Kini locality, is about 2 in in diameter and is split 

roughly in half with both sections well exposed. The mineralogy of the block is 

barroisite, with some minor glaucophane rims, garnet, and minor omphacite and 

epidote (see also chapter 6). Amphibole occurs in some sections of the preserved 

metasomatic rind and cuts into the block as amphibole incursions in a number of 

areas (plate 3.5a and 6.21), confirming its infiltration-related origin, as summarised 

schematically in figure 7.6. 

Composition of the amphibole 

The majority of the amphibole around 6K7 is fine-grained, bluish-green barroisite. 

Close to the block some crystals have blue sodic rims, but as in areas of block 8Ea 

where calcic amphibole rather than glaucophane is stable, the amphibole in the 

metasomatic incursions in 6K7 does not become pure glaucophane close to this 

block, which is barroisite not glaucophane-bearing. This implies a close relationship 

between the block composition and the composition of the amphibole in the 

incursions. 

A vein 'halo', in the form of an amphibole-rich zone of altered block, is also present 

at block-amphibole contacts in block 6K7, with the modal proportion of barroisite 

increasing at the expense of garnet and omphacite towards the amphibole incursion. 

Bulk compositional changes, associated with incursion of metasomatic amphibole 

and the formation of these amphibole-rich alteration zones, are documented in the 

sample traverse from block 6K7 discussed in chapter 6 (figure 6.15). This cuts close 

to an amphibole incursion and bulk chemical analysis by X-ray fluorescence, reveals 

chemical changes close to the amphibole incursion, which include higher Si, Mg and 

K, lower Al, Fe, Ti, Mn and P, and possibly also lower Ca and Na. The most 

dramatic of these changes are the lowering in Fe and Al and the increase in Mg, 

which is noted in other areas of amphibole infiltration at 6K7, and also at block 4K7 
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and block 8Eb (figure 7.7). This suggests interaction of a fluid with a relatively high 

ratio of Mg to Fe. This will move the bulk composition towards apex 'CM' of figure 

6.8, increasing modal 'actinolite' at the expense of garnet and omphacite. The 

variation in bulk composition, therefore, is consistent with the mineralogy observed. 

Amphibole at the chlorite-talc contact 

Amphibole is also observed in the metasomatic rind at the south end of block 6K7, 

where it occurs in a thin band at the contact between the bimetasomatic chlorite and 

talc zones (figure 7.6). Here the amphibole is colourless tremolitic actinolite, 

noticeably different in composition from the blue-green calcic amphibole associated 

with the amphibole incursions into the block and also paler than the majority of 

amphibole adjacent to talc-bearing zones at block 8Ea. Crystals are elongate and 

aligned with the fabric, which runs parallel to the block edge and the contact between 

the chlorite and outer talc zones. Many crystals are small but some are up to 5 mm 

long. None show any signs of zoning. This amphibole is most abundant at the 

contact of the chlorite and talc zones. It occurs with chlorite over a distance of a 

centimetre or so and then rapidly decreases in abundance with the occurrence of talc. 

Because of the noticeable compositional difference between this colourless tremolitic 

amphibole and the blue-green barroisitic amphibole associated with incursions into 

the block, it seems possible that the tremolitic amphibole is unrelated to the 

amphibole incursions and may form part of the bimetasomatic zone sequence. This 

possibility is discussed further below with references to evidence from block 1K8, 

2K8 and 3K8 also from the Kini locality. 

7.3.4 Block 1 K8, 21<8 and 31<8 

1K8 (plate 7.11), 2K8 (plate 7.12) and 3K8 (plate 6.24) are sections of bedrock at the 

Kini locality, which probably form part of a large metagabbroic mass originally 

incorporated within serpentinite melange. The mineralogy at these localities is 
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Figure 7.7: AFM plot showing compositional alteration trends in metagabbro from block 6K7, 
block 4K7 and block 8Eb (a slightly evolved ferrograbbroic area), associated with enrichment in 
amphibole as a result of fluid infiltration. Compositional trends (shown by arrows) are towards the 

MgO apex, indicating that the fluid had a relatively high ratio of Mg to Fe(tot)  in comparison to 
block-equilibrated fluids. Data are given in appendix III. 
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garnet + amphibole + omphacite, the amphibole varying from glaucophane with very 

minor barroisite cores to barroisite with minor glaucophane rims. Epidote is also 

present but is scarce except in bamosite + epidote + garnet + omphacite volumes. A 

chlorite zone occurs adjacent to the edge of the metagabbro and minor amounts of 

talc-bearing metasomatic rind are also preserved. 

1K8 and 2K8 

At 1K8 and 2K8, the only amphibole in the metasomatic rind is a thin band of 

colourless tremolite (6 0.027, see Deer et al. 1992) and minor chlorite. This occurs 

at the contact between the chlorite zone and the talc of the outermost preserved zone, 

in a similar manner to the tremolitic amphibole at block 6K7 described above. The 

tremolite at 1K8 and 2K8 also shows no signs of zoning. 

The tremolitic amphibole band is around 2-3 cm at 1K8, 0.5 cm at M. The contact 

between the zone of tremolitic amphibole and chlorite, and the contact between 

tremolitic amphibole and the outermost preserved zone of talc and chlorite, is 

relatively sharp in both locations, and amphibole abundance decreases rapidly as the 

abundance of talc increases. 

Amphibole crystals within the tremolitic layer may be up to 3 mm long. Some areas 

at 1K8 show weak or chaotic fabric but most crystals are aligned with a relatively 

strong, consistent fabric, which runs parallel to the block edge and the chlorite-talc 

contact. The fabric at 2K8 is stronger and it is possible that some shearing has 

occurred. 

3K8 

Although there is no macroscopic evidence of amphibole incursions within the 

metagabbro at 1K8, 2K8 and 3K8, the block edge at 3K8 is amphibole-rich, the 

amphibole being blue-green barroisite with partial rims of glaucophane. This 
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amphibole continues into the chlorite zone indicating that it is part of an amphibole 

incursion. 

Beyond the block edge, where the metasomatic amphibole occurs with chlorite, the 

glaucophane rims are no longer present and the remaining barroisite is ragged, with 

crystals, once 2-3 cm long, partially altered to chlorite. The chlorite is apparently of 

bimetasomatic origin, being of similar composition to that of the surrounding chlorite 

zone, and its replacement of metasomatic amphibole indicates that bimetasomatic 

chlorite growth continued after the amphibole incursion event. This is in agreement 

with the observations made on block 9J and block 8Ea, and times the infiltration-

related amphibole incursions to during the growth of the bimetasomatic chlorite 

zone. 

Further out, at the edge of the talc zone, barroisitic amphibole crystals are rimmed by 

colourless, tremolite, with rims up to 1.5 mm wide (plate 7.13). The tremolite rims 

appear at least partly to have grown by alteration of the barroisitic cores although the 

more euhedral crystal shapes of rimmed crystals, compared to the ragged, purely 

barroisitic crystals nearer the block, also suggests some new amphibole growth. 

If a tremolite layer was part of the bimetasomatic zone sequence then it would be 

expected to grow during the same period as chlorite and talc and therefore prior to, as 

well as after, the amphibole incursion event. However, the tremolite occurs only as 

rims on barroisite crystals. This indicates that the tremolite grew only after the 

barroisitic amphibole incursion event and, therefore, it may be concluded that the 

tremolite is not part of the bimetasomatic zone sequence. 

The colourless, tremolitic amphibole rims at 3K8 may, in fact, be compared to the 

similar, although less dramatic, calcic amphibole rims observed on some amphibole 

crystals at block 9J (chapter 4). These were concluded to be retrogressive 

greenschist phenomena associated with breakdown of more sodic amphibole, and are 

possibly spatially associated with shear zones. At 3K8, the amphibole being 
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1 

Plate 7.13: Colourless, tremolitic amphibole rims around blue-green, barroisitic cores at 3K8. The 
colourless rims appear to be, at least partially, a replacement of the barroisitic cores. The amphibole 
crystals overgrow talc and chlorite. See main text for discussion. Both photographs taken at x2 
magnification, a) under plain polarised light, b) under crossed polars. 
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Plate 7.16: Electron backscatter 
image showing parts of large 
carbonate crystals from the talc-
carbonate zone of block 8Ea, 
comprising intergrown calcite 
(light grey) and dolomite (mid 
grey), and surrounded by talc and 
minor chlorite. The calcite portion 
of the crystal contains veins of iron 
oxide (very light grey/white), 
which are not present in the 
dolomite. See main text for 
discussion. 
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replaced by pale tremolitic rims is apparently barroisite rather then glaucophane as 

observed at block 9J, but the processes will be similar, with the sodic amphibole 

component of the barroisite converting to albite by a reaction such as reaction [6.6] 

(chapter 6). 

The occurrence of rimmed barroisite at 3K8 but pure tremolitic amphibole at 1K8, 

2K8 and 6K7 may be the result of greater strain and shearing in the latter cases, 

promoting more intense greenschist retrogression. This is reflected in stronger rock 

fabrics with almost no fabric visible at 3K8. A correlation between strength of 

deformation and extent of greenschist retrogression is also in agreement with the 

observed spatial association of retrogressive calcic amphibole rims and shearing at 

9J. 

The consistent occurrence of tremolite at the chlorite-talc contact at 6K7, 1K8, 2K8 

and 3K8 may similarly be compared to the observation of amphibole at 8Ea where 

barroisitic amphibole, clearly related to the amphibole incursion event, is frequently 

'channelled' along the talc-chlorite contact. 

Conclusions 

It may be concluded, therefore, that the tremolitic amphibole layer observed at the 

contact between the chlorite and talc zones of the metasomatic rind, in some of the 

ferrogabbroic blocks in the Syros serpentinite melange, is not part of the 

bimetasomatic zone sequence. Instead it is concluded to be the product of 

retrogressive greenschist alteration of barroisitic amphibole related to an earlier 

amphibole incursion event. It also appears that the degree of greenschist 

retrogression may be controlled by the extent of strain and deformation. 
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7.3.5 Block 8Eb 

Block 8Eb is a loose block, 2-4 m in diameter from the Ermoupolis locality, and is 

composed of Mg-gabbro, K-metasomatised gabbro and various compositions of 

dioritic gabbro (figure 7.8, see also chapter 6). Amphibole from the metasomatic 

rind and amphibole incursions within block 8Eb was therefore studied as a 

comparison to the observations on ferrogabbroic blocks described above. 

A bimetasomatic chlorite rind is preserved around some sections of the block edge 

and metasomatic amphibole occurs largely outside the visible chlorite zone, in one 

area occurring with talc (figure 7.8). In places the metasomatic amphibole cuts 

through the chlorite zone towards the block edge where a layer of large amphibole 

crystals is occasionally formed at the edge of the amphibole incursion adjacent to the 

chlorite, as was also noted at 8Ea and 9J. 

A large incursion of metasomatic amphibole (25 x 70 cm) is visible on the fractured 

surface of the block (plate 6.7) showing a blue-green core and edges, adjacent to 

glaucophane-bearing lithologies, tending towards glaucophane. This glaucophane is 

paler, and apparently of a more magnesium-rich composition than that in the 

ferrogabbroic blocks. The geometry and compositional variation of the amphibole 

incursions in block 8Eb is similar to those observed in ferrogabbroic blocks, but with 

the more magnesium-rich, iron-poor glaucophane reflecting the lower iron content of 

block 8Eb. 

A number of smaller amphibole incursions are also in contact with the block interior, 

and thin glaucophane veins are observed within the block (plate 7.14) apparently 

initiating from the edges of these incursions (figure 7.8a). Corresponding thin veins 

are not observed in ferrogabbroic blocks. However, thin glaucophane veins will be 

almost impossible to detect within the wide glaucophane-rich alteration zones at the 

edges of amphibole incursions in ferrogabbroic blocks. It is also worth noting that in 
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Figure 7.8: a) Schematic aerial view of block 8Eb, showing the various block-in-matrix textures 
within the block and the extent of preserved metasomatic rind. A bimetasomatic chlorite rind is 
preserved around some sections of the block, and in one area bimetasomatic talc is also preserved. 
Amphibole incursions occur in the block and chlorite rind, predominantly on the eastern side of the 
block. Glaucophane veins, apparently sourced in these amphibole incursions, penetrate further into 
the block. The position of the sample traverse, discussed in chapter 6, is indicated. 
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b) Schematic diagram (not to 
scale) of block 8Eb and its 
metasomatic rind. The 
bimetasomatic zone sequence 
includes altered block, 
chlorite and talc zones. 
Amphibole in the 
metasomatic rind, and 
amphibole incursions and 
glaucophane veins in the 
block, are products of fluid 
infiltration. 
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three-dimensions, the apparently thin amphibole veins may be as wide as the larger 

incursions. 

At the northern end of the block, where varying compositions of dioritic gabbro 

occur in a clast and matrix association (figure 7.8a), these glaucophane veins are also 

present and are observed to widen when cutting across more mafic, glaucophane-

bearing lithologies (plate 7.15). This is similar to the observation of glaucophane 

veining in block 5N1, described in chapter 5, where the tracks of veins are barely 

detectable in felsic material but abundant glaucophane was crystallised in the more 

mafic clasts (plate 5.8). This variability in the amount of glaucophane crystallised 

appears to be the result of the varying susceptibility of different block mineralogies 

to crystallise glaucophane on contact with the infiltrating fluid, as well as in the 

overall fluid-rock ratio. 

Conclusions 

From observations made on the relatively iron-poor metagabbroic block 8Eb, it may 

be concluded that the form of amphibole infiltration in the metasomatic rind and 

within the block was similar to that in ferrogabbroic blocks (figure 7.8b). Amphibole 

incursions cut through the metasomatic chlorite rind and into the block, and 

amphibole becomes more sodic closer to the block, suggesting interaction of 

infiltrating and block-equilibrated fluids. The composition of the sodic amphibole is 

less iron-rich than in ferrogabbroic blocks, however, reflecting the lower iron content 

in block 8Eb. 

Furthermore, the majority of the lithologies within block 8Ea, and particularly the 

more dioritic gabbro compositions, are far less susceptible to crystallisation of 

glaucophane when in contact with the infiltrating fluid than ferrogabbro. This results 

in thin or non-existent alteration zones around many glaucophane veins within the 

block and also makes thin glaucophane more clearly visible as they are not masked 

by glaucophane-rich alteration zones. 
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7.3.6 Conclusions 

From the observations described in this section the following conclusions may be 

drawn. 

Around all gabbroic block compositions studied, amphibole occurs in the 

metasomatic rind but also as incursions penetrating the blocks to depths of up to 

1.5 m. The incursions indicate that the amphibole is the product of infiltration of 

a fluid into the block and proximal metasomatic zones. 

The composition of the metasomatic amphibole in the rind and in incursions 

within the block changes with distance from the block. Amphibole in the outer 

rind, adjacent to talc-bearing zones, is pale-green actinolite, while closer to the 

block it becomes more barroisistic. Adjacent to amphibole-bearing block, the 

metasomatic amphibole is a similar composition to that within the block, whether 

it is glaucophane or barroisite. 

The change in amphibole composition with distance from the block suggests a 

decrease in the fluid-rock ratio towards the block, and thus an increasing 

influence of block-equilibrated fluids. Zoning in metasomatic amphiboles is also 

towards more sodic compositions. This zoning, and the rimming of calcic 

barroisite by sodic glaucophane and crossite, indicates that the decrease in fluid-

rock ratio was temporal as well as spatial. Such a temporal decrease in fluid-rock 

ratio may be possibly due to fluid flow decreasing as the infiltration episode 

progressed and waned. 

Evidence for the timing of metasomatic amphibole growth relative to the growth 

of the bimetasomatic chlorite zone indicates that a chlorite zone was present prior 

to amphibole growth but chlorite growth also continued after amphibole 

crystallisation. This late growth, occurring as the chlorite zone advanced inwards 

into the block, was predominantly close to the chlorite-block contact as predicted 
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by bimetasomatic zone-growth theory and resulted in the replacement of some 

calcic amphibole cores by chlorite. This suggests that metasomatic amphibole 

crystallisation resulted from a discrete, relatively short-lived but high fluid-flow 

infiltration event 

Finally a thin zone of tremolite observed at the chlorite-talc contact in some 

ferrogabbroic blocks is concluded to be the product of greenschist retrogression 

of infiltration-related barroisitic amphibole and is not part of the bimetasomatic 

zone sequence. This greenschist retrogression appears to be promoted by strain 

and shearing, which may explain its occurrence at the edge of the soft, easily 

deformed, talc zone. 

7.4 The talc-rich outer zones 

In chapter 3, it was noted that the outer talc-bearing zones around melange blocks are 

infrequently preserved and often deformed, consisting merely of a folded mix of talc, 

chlorite, amphibole and also serpentinite matrix. Fragments of talc-zone adjacent to 

chlorite on some blocks, notably 3K8 at Kini (section 7.3.4), however, appear to 

preserve a relatively undeformed texture. Around the largely ferrogabbroic block 

8Ea, the talc-bearing outer zones are also relatively undeformed and two concentric 

zones, an inner one of talc with minor chlorite, and an outer one of talc and carbonate 

are preserved (figures 7.1, plate 7.1). 

The following section describes these talc-bearing zones from block 8Ea. The talc-

chlorite zone is concluded to be the result of bimetasomatism between block 8Ea and 

the serpentinite matrix. However, a CO2-rich source, such as carbonate-rich schist, is 

thought necessary to produce the talc-carbonate zones. 
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7.4.1 The talc-chlorite zone of 8Ea 

The talc-chlorite zone of block 8Ea lies outside the chlorite zone and adjacent to the 

inner edge of the talc-carbonate zone. Its contact with the chlorite zone, however, is 

in all places, masked by later infiltrated amphibole (figure 7.2). 

Mineralogy 

The talc-chlorite zone consists of talc with minor chlorite and accessory minerals and 

the width of the zone preserved varies between 4 and 20 cm. The talc-chlorite zone 

has a fabric parallel to the block edge, which is strong in most areas. Talc crystals 

are usually around 1-4 mm in length with chlorite varying from 1 mm to fine-

grained. Chlorite is distributed patchily with frequent millimetre-sized chlorite 

lenses and bands often centred around accessory minerals. Magnetite is the most 

common accessory mineral with rutile, sphene and apatite occurring most commonly 

where chlorite is relatively abundant. Some small opaques were also identified as 

hematite. 

Electron microprobe analysis shows that talc is very close to the ideal formula 

M965i8020(OH)4  with almost no Al and Fe3  substitution but up to 0.7 moles of Fe 2+ 
 

per formula unit. Chlorite has an average composition of 

(Mg72Fe2 2.517e3 0.3Cro.3Al1  .7)(Si5.7Al23)020(OH) 16.  As already discussed in section 

7.2, this is magnesium-rich and iron-poor compared to bimetasomatic chlorite closer 

to, and within, the block. Rutile is also almost pure Ti02  with only minor Fe 3+ 
 

substitution and magnetite analyses all lie within the range 

(Fe2 093 i4no.06 oMI90.020)(Fe3 21 2Croo.7A10030)04. 

Infiltrated amphibole 

Areas of talc and abundant fine-grained, colourless amphibole mark infiltration of 

amphibole into the rind. Chlorite in these areas is usually fine-grained, as is much of 

the talc, but talc crystals up to 4 mm across are still observed. These larger talc 
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crystals apparently overgrow the amphibole in accord with timing of the amphibole 

infiltration event to during bimetasomatic zone growth, as concluded above (section 

7.3), with growth of the bimetasomatic talc zone continuing after the amphibole-

crystallising infiltration event. 

Hematite and chlorite-rich areas 

Some areas of the talc-chlorite zone are anomalously rich in chlorite, and also 

contain abundant hematite and minor amphibole. The high Fe3  content represented 

by the hematite suggests that these chlorite-rich areas may be related to the post-

amphibole incursion, mega-amphibole veining event discussed in section 7.3.1 

(figure 7.2). However, it is also possible that they are related to retrogressive 

greenschist facies albite veining discussed below (section 7.5.2). 

7.4.2 The talc-carbonate zone of 8Ea 

The talc-carbonate zone is the outermost preserved zone of the metasomatic rind 

around block 8Ea (figure 7.2). It reaches a maximum of around 30 cm, but this may 

not be its full width as its outer edge is marked by termination of exposure. 

Carbonate crystals are up to 1 cm in diameter and are surrounded by talc and minor 

chlorite. The proportion of carbonate increases and that of chlorite decreases away 

from the block. 

Origin 

No source of CO2  to form carbonate exists within block 8Ea or within the 

serpentinite melange matrix. Therefore, it seems highly improbable that a talc + 

carbonate zone would form as a result of bimetasomatic interaction between these 

two protoliths. 
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An increase in carbonate content, as observed in the talc-carbonate zone at 8Ea, was 

also noted in the talc-bearing zones around 9J and was apparently linked to 

decreasing distance from the surrounding schist. It seems possible, therefore, that at 

8Ea, also, the presence of carbonate, and its increase away from block 8Ea, may be 

associated with an adjacent schist unit. At the northern end of block 8Ea, schist is 

seen to overlie the block, separated only by a band of metasomatic amphibole and it 

is possible that schists once bounded the edge of the talc-carbonate zone. 

A possible scenario is that a thin slither of antigorite existed between block 8Ea and a 

nearby schist unit which was gradually converted to talc + chlorite at the edge of 

block 8Ea and talc + carbonate at the edge of the schist via reactions discussed in 

chapter 8. Eventually the antigorite was exhausted, bimetasomatism quite possibly 

ceased, or at least altered due to the loss of the 'antigorite silica sink', and the talc + 

chlorite and talc + carbonate zones came into contact as presently observed. If this is 

the case then it is not strictly a bimetasomatic zone in the zone sequence of block 

8Ea. However, it appears associated with the block and is thus described in the 

current section. 

Mineralogy 

As in the talc-chlorite zone, the composition of talc is close to the ideal formula 

M96Si8O2o(OH)4  with almost no Al and Fe3  substitution. Here, however, Fe 2+ 
 

reaches a maximum of only 0.4 moles of per formula unit compared to 0.7 in the 

talc-chlorite zone. Similarly, the sample of chlorite analysed has the composition 

(Mg8. 1Fe2 1 7Fe3 01  Cr02A11  .9)(Si58A122)020(OH)16  which, as discussed in section 7.2, 

is poorer in iron than bimetasomatic chlorite closer to the block. These two 

observations, therefore, suggest a decrease in iron activity with increasing distance 

from the ferrogabbroic block. 
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Accessory magnetite occurs with compositions again in the range 

(Fe2 o 93  iMno.000Mgo.o2 o)(Fe3 2i  .2Cro 0.7A10.030)04  and hematite appears somewhat 

more abundant than in the talc-chlorite zone. 

Unlike the carbonate associated with greenschist retrogression within the 

metagabbroic blocks, which is almost pure calcite, Ca(CO3), with Mg and Fe2  < 

0.01 moles per formula unit, carbonate in the talc-carbonate zone includes both 

calcite and dolomite (CaMg(CO3)2). Calcite tends to occur as large crystals, 

sometimes intergrown with dolomite crystals (plate 7.16), and differs texturally from 

the dolomite, with abundant veins of iron oxide present in the calcite. 

De-dolomitization 

The textures of composite calcite-dolomite crystals suggest that calcite has formed 

by the breakdown of dolomite. Barr (1989) also concludes that similar de-

dolomitization of dolomite to calcite has occurred in the blueschist metasedimentary 

rocks on Syros. Barr (1989) observed only very small relics of dolomite in the 

carbonate crystals she analysed suggesting that the process has gone further to 

completion than in the talc-carbonate zone around block 8Ea. She also notes that the 

abundant iron oxide occurring with calcite is apparently hydrated goethite or 

lepidococite (FeO.OH) rather than hematite or magnetite. 

De-dolomitization of sedimentary rocks is thought to be the result of late-stage, low 

temperature processes, probably involving the action of oxidising meteoric water 

(e.g. Evamy, 1967; de Groot, 1967). Necessary conditions for de-dolomitization 

deduced by de Groot (1967), for example, are high fluid flow, high Ca2tfMg2 , low 

pCO2  and temperatures below 50 °C. This indicates that the de-dolornitization 

observed in the talc-carbonate zone of 8Ea is most likely to be a late retrogressive 

reaction and the possibility that it is the product of high-grade blueschist 

metasomatism may almost certainly be discounted 
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A reaction for de-dolomitization balanced for carbonate compositions observed in 

the talc-carbonate zone around block 8Ea (appendix IV) and a hydrated iron oxide as 

observed by Barr (1989) is given below. This is based on the type of de-

dolomitization reaction suggested by Evamy (1967) and earlier workers (see Evamy, 

1967) involving addition of Ca2  and loss of Mg  2,' with additional oxidation and 

hydration: 

CaMgo.9Feo.1 (CO3)2  + 0.9 Ca2  + 0.15 02 + 0.05 H20 

= Cai .9Mgo 1 (CO3)2  + 0.1 Fe3 0.0H + 0.8 Mg2 	[7.1] 

Some areas of calcite show patterns of zoning between Mg-poor and Mg-richer 

regions, with MgO reaching about 5-6 wt% in the latter (plate 7.17). This zoning 

appears to occur concentrically around random points within the crystal and suggests 

fluid-controlled growth with possible episodes of dissolution as well as precipitation. 

This is in agreement with the high fluid flow, deemed necessary for de-

dolomitization by de Groot (1967). No similar zoning was observed in areas of 

dolomite suggesting that the texture is related to the de-dolomitization process. 

Summary 

In summary, the formation of the talc-carbonate zone appears most likely to be 

dependent on the former presence of carbonate-rich schists close to block 8Ea and is 

not the product of bimetasomatic reaction between block 8Ea and serpentinite 

matrix. Minerals in the talc-carbonate zone are, however, poorer in iron than those 

closer to block 8Ea apparently in agreement with block 8Ea being the main source of 

iron in the vicinity. The peak PT carbonate phase in the talc-carbonate zone is 

concluded to be dolomite with de-dolomitization to calcite occurring as a late, low 

temperature reaction probably associated with oxidation and hydration. 
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Plate 7.18: the upper block-half ut block 8Ea, 
where thin cpidote veins (some highlighted in 
orange) can be seen cutting through the 
amphibole incursion and following roughly the 
same path through the block. This indicated 
that the epidote vein formed after the amphibole 
infiltration event. Other epidote veins (some 
highlighted in yellow), however, appear to be 
truncated by the amphibole, indicating that they 
formed prior to the amphibole infiltration event. 
Penknife for scale. 

Plate 7.19: A sub-vertical vein (250/88) cut by a 
second sub-vertical vein (120/88), block 8Ea. A 
number of sub-horizontal veins are also visible 
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Plate 7.20: An epidote vein offset across a later 
albite vein, block 8Ea. Rock face is sub-vertical. 
Offset will accommodate layer-parallel extension. 
Tape measure for scale. 
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7.4.3 Width of the talc-chlorite zone and silica loss from block 8Ea 

From the above discussion it may be concluded that the talc-carbonate zone did not 

form as a result of bimetasomatic interaction between block 8Ea and serpentinite 

matrix but from decarbonation of an adjacent schist, as discussed further in chapter 8. 

The talc-chlorite zone, however, apparently formed as the result of bimetasomatic 

processes, including desilication of block 8Ea and silication of the serpentinite 

matrix via reactions of the form: 

serpentinite + 2 Si02  = talc + H20 	[3.1] 

If this is the case, then the amount of silica required to produce the observed 

thickness of talc in the talc + chlorite zone should be related to the amount of silica 

lost form the block. 

The maximum preserved width of the talc-chlorite zone is around 40 cm of which a 

relatively small volume fraction is composed of chlorite and accessory oxides. If, 

from these observations, a 30-40 cm thickness of pure talc is assumed to be the 

product of desilication of block 8Ea, it may be calculated from reaction [3.1] that 

between 0.39 and 0.57 moles of silica must have been lost per cm  of the block 

surface (appendix H). 

If the volume of free quartz originally present in the block is assumed to be 

negligible, and the minor amounts noted in metagabbro outside the serpentinite 

melange (Dixon. 1969; Ridley, 1982; this study) make this appear a reasonable 

assumption, then desilication may be assumed to have occurred via progress of a 

desilication reaction such as reaction [6.9]. For 100 % reaction by reaction [6.9], 167 

cm  of product (garnet + volume increase in omphacite) will produce 1 mole of silica 

(appendix II). 

Volume percent of garnet and omphacite at the block edge in the traverse into block 

8Ea is around 70 % (chapter 6), of which a certain proportion of garnet and 
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omphacite is likely to have been present prior to desilication. If this pre-metasomatic 

garnet and omphacite is assumed to be around 10 % by volume, as seems plausible 

from analysis of silica saturated areas in the centre of block 8Ea, then around 60 % of 

the rock by volume may be considered to be garnet and omphacite produced by 

desilication via reaction [6.9] 

If it is assumed, for simplicity, that the extent of desilication and associated reaction 

decreases linearly into the block, and volume decreases associated with reactions of 

type [6.8] (chapter 6) are ignored, then a rough calculation may be made of the depth 

to which desilication will extend into the block (appendix II). For a value of around 

60% reaction, by volume, at the block edge and a silica loss per cm  of the block 

surface of 0.39-0.57 moles, as is required to create the observed thickness of talc, the 

calculated depth to which desilication extends into the block is between 2.2 in and 

3.2 in. 

These estimated depth for desilication suggest that desilication will have occurred 

throughout blocks up to 6 or 7 in in diameter. This is corroborated by the 

observation that many metagabbroic blocks up to 4 or 6 m across contain no free 

quartz, while block 8Ea contains quartz only at depths of around 10 in. The 

calculated depth of desilication also suggests that, between the two ends of the 1.5 in 

long sample traverse taken from block 8Ea, the extent of reaction to garnet and 

omphacite should increase from around 30 % to 70 % by volume. This is in close 

agreement with the observed increase noted in thin section analysis (chapter 6). 

Conclusions 

Rough calculation, from the observed width of the talc + chlorite zone around block 

8Ea, suggests that desilication in block 8Ea, and blocks of similar composition, will 

extend to depths of 2.2-3.2 in. The agreement between these predicted distances and 

field observations indicates that the rough estimates are, in fact, realistic. If this is 

the case, then the width of the talc-chlorite zone at 8Ea is apparently related to the 
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volume of silica lost from block 8Ea and thus the talc-chlorite zone was formed by 

desilication of block 8Ea. 

7.5 Veining 

Two periods of veining, which appear to have occurred after incorporation of the 

blocks into the serpentinite melange, are apparent in the metagabbroic blocks in the 

Syros melange, and are discussed in this section. Epidote veins appear to result from 

a high PT veining event while albite veins are clearly associated with greenschist 

retrogression. 

7.5.1 Epidote veins 

Thin epidote veins are observed in a number of metagabbroic blocks and the best-

exposed examples are found in the large ferrogabbroic block, 8Ea (figure 7.2, plate 

7.3). This block forms part of a section of coastal cliff at the Ermoupolis locality and 

has well-preserved sections of metasomatic rind at its northern end, with clearly 

exposed amphibole incursions cutting into the block (figure 7.1, plate 6.18). 

Cross-cutting relationships 

The northern end of block 8Ea, where metasomatic rind and amphibole incursions 

are exposed, is also most heavily veined with epidote. The majority of these epidote 

veins appear to run sub horizontally (230/30, 210/30), roughly paralleling the block 

fabric where it is present. Less abundant than the sub-horizontal veins, are sub-

vertical veins (250/88, 120/88) producing a cross-cutting network of veins (plate 

7.3a, 7.19). No clear cross cutting relationships were observed between sub-

horizontal and sub-vertical veins that could be used to determine relative ages. 

However, there are clearly at least two generations of sub-vertical epidote veins, with 

cross-cutting relationships visible (plate 7.19). 
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Timing 

A number of sub-vertical veins appear to be truncated by amphibole incursions and 

their surrounding amphibole-rich alteration zones (plate 7.18), indicating that these 

epidote veins pre-date the amphibole incursion event. However, some sub-horizontal 

epidote veins appear to cut amphibole incursions, in some cases following similar 

paths through the block (plate 7.18). This suggests that these sub-horizontal veins 

post-date the amphibole incursion event. Epidote veining also, therefore, clearly 

post-dates incorporation of the blocks in the melange, although no epidote veins were 

found to be traceable from the block into the surrounding metasomatic rind, which 

could confirm a post-melange-formation timing for epidote veining. 

Vein mineralogies of the epidote veins are epidote + sphene, and, most significantly, 

epidote + garnet ± pyroxene, including some cases where garnet and pyroxene 

predominate over epidote. This suggests that the veins grew under high-grade 

blueschist facies conditions where epidote-garnet-omphacite assemblages are stable. 

The timing of epidote veins to around the period of the amphibole incursion event, 

which, is concluded to have occurred during bimetasomatic zone growth and peak 

metamorphism, is thus in agreement with the vein mineralogies. 

Comparison to other epidote veins from Syros 

Bond (1999) also observed epidote-rich veins in a number of localities including 

'North-Ermoupolis' which is a loose, metagabbroic block, clearly derived from the 

melange, about 100 in north along the coast from block Ma. Vein mineralogies 

observed by Bond (1999), at this and a number of other localities across the island, 

predominantly outside serpentinite melange zones, include epidote, epidote + sphene, 

epidote + sphene + quartz, and quartz + epidote. These differ from the epidote veins 

observed in the present study in a lack of recorded garnet and omphacite and the 

presence of quartz. 
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Silica activity 

Garnet and pyroxene make up the majority of some thinner veins but in other cases 

they occur at vein edges and appear to have grown by reaction of the epidote-rich 

vein with surrounding glaucophane-rich rock. Reaction of epidote and glaucophane 

to garnet and pyroxene, most likely occurred via a reaction of the form of [6.8]. 

Lack of recorded garnet and omphacite in and around epidote veins outside the 

melange (e.g. Bond, 1999), therefore, may be the result of reaction [6.8] occurring 

only under conditions of lowered silica activity such as occurred within the melange 

blocks (chapter 6). 

The absence of quartz in the epidote veins within melange blocks is also in 

agreement with the lowered silica activities in these blocks. However, two possible 

scenarios exist to produce quartz-free veins. In the first case the veins may originally 

have been quartz-bearing and were later desilicated along with the block. In the 

second scenario, the fluid already had a low silica-activity when entering the block, 

most probably due to partial equilibration with the silica-poor serpentinite matrix, 

and quartz was never crystallised in the veins. From the timing of epidote veining, 

which is concluded to be during the period of block desilication and rind formation, 

the latter scenario seems most plausible. This is also supported by the observation 

that infiltration of a silica-saturated fluid during desilication of the block would 

promote the growth of epidote and glaucophane at vein margins in contrast to the 

observed growth of garnet and omphacite. 

Thus it is concluded that fluid associated with epidote veining had a low silica 

activity when entering the block and quartz never crystallised in the veins. The low 

silica activity of the fluid was most probably the result of partial equilibration with 

the serpentinite matrix surrounding the block through which the fluid must 

necessarily have flowed prior to infiltrating the block. 
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Correlation with veining in the metasomatic rind 

As has already been mentioned, no epidote veins were traceable from the block into 

the metasomatic rind. The crystallisation of epidote, however, suggests a high iron-

content, and an oxidising environment leading to high Fe3  /Fe 2 . A fluid with this 

composition is similar to fluids deduced to have produced mega-amphibole veining 

in the amphibole-rich areas of the rind, and also possibly hematite and chlorite-rich 

areas of the talc-carbonate zone. It is possible, therefore, that the epidote veins 

within block 8Ea, mega-amphibole veins within the rind, and possibly also the 

hematite-rich areas of the talc-chlorite zone, are products of the same infiltrating 

fluid (figure 7.2). Cross-cutting relationships observed between epidote veins are 

also in agreement with similar cross-cutting relationships observed between mega-

amphibole veins, both suggesting a number of consecutive vein-forming infiltration 

episodes. 

Conclusions 

From the above discussion it may be concluded that epidote veins resulted from 

infiltration of a silica-undersaturated, Fe3trich  fluid, during a number of consecutive 

veining events. These veining events appear to span the period of amphibole 

incursion and are concluded to have occurred during peak blueschist fades 

metamorphism. Finally, mega-amphibole veining in the metasomatic rind may be a 

product of those epidote-veining events that post-date the amphibole incursion event. 

Hematite and chlorite-rich areas of the talc-chlorite zone may also be linked to 

epidote veining. 

7.5.2 Albite veins and retrogression 

Because the high-pressure blueschist facies metamorphism and metasomatism is of 

principal interest in the present study, areas of melange were chosen to avoid 

extensive greenschist retrogression (chapter 3). Retrogressive greenschist facies 

alteration, in the metagabbro blocks studied, therefore, is patchy and infrequent. The 
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most common retrogressive reaction is garnet breakdown to chlorite ± albite ± 

granular epidote with albite and epidote more common with increasing degree of 

garnet breakdown. Retrogressive alteration of other blueschist facies minerals is, 

frequently, visibly linked to the presence of albite veins, as has been described by 

Bond (1999). 

Albite veins occur in a number of the blocks studied, including 4K7 from the Kini 

locality (plate 7.9a) and 8Ea, which were both studied in some detail (chapter 7). 

Within block 8Ea there are large albite veins, up to 3 cm wide, which run sub-

vertically (287/62, 294/56) and clearly cut through the chlorite and amphibole-rich 

metasomatic rind adjacent to the block edge. This indicates that they post-date 

bimetasomatic rind growth and the amphibole incursion event as expected from their 

low PT mineralogies. Epidote veins are displaced across the albite veins by as much 

as 4-5 cm. The sense of displacement across albite veins is such that it 

accommodates layer parallel extension (plate 7.20). This is in agreement with the 

observations of Bond (1999) and the inferred tectonic regime prevailing during 

exhumation and the blueschist-greenschist facies transition (Bond, 1999; summary 

chapter 2, this study). 

Greenschist retrogression, predominantly related to the presence of albite veins, 

within ferrogabbroic lithologies in the present study, includes growth of green, iron 

rich epidote and calcite, conversion of omphacitic pyroxene to deep green aegirine, 

and breakdown of glaucophane to calcic-amphibole and chlorite. The calcic 

amphibole varies from relatively pale actinolite to dark green pleochroic ferro-

actinolite. Dark blue crossitic or riebeckitic rims are also observed on some 

glaucophane crystals as described and discussed in chapter 6. 

The stable Ti-oxide during greenschist retrogression appears to be sphene and it is 

frequently seen to rim or replace rutile crystals. The equilibrium between sphene and 

rutile, 

sphene + CO2  = rutile + calcite + quartz 	[7.2] 
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is clearly dependent on the mole fraction of CO2  in the fluid, and the stability of 

sphene indicates a water-rich fluid (Bond, 1999; Barr, 1989; Hunt and Kerrick, 1977; 

Schuiling and Vink, 1967). 

76 Summary and conclusions 

This chapter has described the metasomatic rinds of metagabbroic blocks in the 

serpentinite melange on Syros, and also episodes of metasomatic infiltration into 

these blocks that post-date the formation of the melange. From the observations 

made in this chapter, the following conclusions may be drawn. 

. 	A bimetasomatic zone of chlorite occurs adjacent to the altered block-edge of 

blocks of all metagabbroic compositions and the iron-content of the chlorite in 

this zone is dependent on the iron-content and the proximity of the adjacent 

block. 

Amphibole in the metasomatic rind of metagabbroic blocks is all apparently 

related to an infiltration episode, which also resulted in incursions of amphibole 

into many blocks to depths of up to 1.5 in. 

The composition of the metasomatic amphibole is dependent on the composition 

and proximity of the nearby metagabbroic block, indicating interaction between 

infiltrating and block-equilibrated fluids. 

The amphibole incursion event occurred during the period of bimetasomatic 

zone-sequence growth, under peak blueschist metamorphic conditions, and was a 

discrete, relatively short-lived event. 

A bimetasomatic talc-chlorite zone occurs adjacent to the bimetasomatic chlorite 

zone. This is the outermost preserved metasomatic zone that is the product of 

bimetasomatic interaction between metagabbroic block and serpentinite. 
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The zone of talc and carbonate partially preserved around block 8Ea, is 

concluded to be related to a schist unit, no longer exposed, and is not the product 

of bimetasomatic interaction between metagabbroic block and serpentinite. 

A number of epidote veining events occurred within metagabbroic blocks during 

peak blueschist facies metamorphism, spanning the period of amphibole-

crystallising fluid infiltration. Hematite and chlorite-rich areas of the talc-chlorite 

zone may be related to these episodes of epidote veining. 

Epidote veining, post-dating amphibole incursion, may also have resulted in the 

iron-rich mega-amphibole veining in the amphibole-rich metasomatic rind. 

Albite veining in metagabbroic blocks, post-dates metasomatic rind formation 

and is associated with greenschist facies retrogression. Layer parallel extension 

is also noted associated with this veining, in agreement with the more extensive 

study of albite veins on Syros by Bond (1999). 

A summary of the veining episodes in metagabbroic blocks is given in table 7.6 and 

blueschist veining events in block 8Ea are also summarised in figure 7.2. 
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Vein-type 	Description 	 Timing 

Epidosite veins 	Epidote-rich areas usually a few 	Pre-bimetasomatism. Probably 

centimetres or more wide 	 associated with ocean-floor 

hydrothermal activity 

Epidote ± sphene, 	Thin epidote veins in blocks, possibly 	Blueschist facies. 

(hematite + 	associated with hematite and chlorite in Syn-bimetasomatic. 

chlorite) 	 the talc-chlorite zone. 

Amphibole 	Calcic-amphibole with concurrent or 	Blueschist facies. 

later glaucophane rims 	 Syn-bimetasomatic. 

Epidote ± sphene, 	Thin epidote veins in blocks, possibly 	Blueschist facies. 

(mega-amphibole, 	associated with mega-amphibole and 	Syn- or post-bimetasomatic 

hematite + chlorite) hematite veins in metasomatic 

amphibole, and hematite and chlorite in 

the talc-chlorite zone. 

Albite 	 Albite veins and associated greenschist Greenschist facies. 

minerals. 	 Post-peak metamorphic retrogression 

Post-bimetasomatic. 

Table 7.6: Veining episodes in the meta-gabbroic blocks in the serpentinite melange, listed in 

apparent chronological order. 
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8.1 Introduction 

Dixon (1969) and later authors (Ridley, 1982; Barr, 1989; Bloor, 1998) describe a 

variety of metasedimentary rocks from Syros, varying from calcareous schist, formed 

from metamorphosed mans and calcareous shales, to calcareous-basic schists 

containing the same mafic minerals but often devoid of carbonate. Metasediments 

adjacent to the serpentinite melange are predominantly banded pure and impure 

marbles and semi-pelitic schists. The schists above the gneiss-serpentinite belt in the 

north of the island were noted by Ridley (1982) to be more magnesium-rich than 

elsewhere in the structural pile. They were first termed 'greyschists' by Dixon 

(1969) due to their silvery-grey sheen, which results from the presence of graphite. 

Bloor (1998) studied the northern greyschists in detail. He noted that they posses a 

small bulk chemical range and variations in bulk rock chemistry can be ascribed to 

varying amounts of a clay component, rich in Al, Fe, Mg, K, Ti and Mn, and a 

feldspar component, rich in Si, Ca, Na and P (Bloor, 1998). The samples studied by 

Bloor (1998) contain mineral assemblages of quartz + phengite + glaucophane + 

garnet + paragonite ± lawsonite ± chlorite + accessory minerals, including sphene, 

graphite, rutile, tourmaline, apatite, zircon and allanite. Chioritoid was noted by 

Bloor as ragged crystals, apparently relics of a prograde mineral assemblage. 

However, Barr (1989) also recorded chloritoid from localities within the northern 

schists, including Aspro (figure 2.2), and in these cases the chloritoid appears to be 

part of the peak metamorphic assemblage. Dixon (1969) also noted that calcite may 

be present in the greyschists. 

Schist was found within or adjacent to the melange in all the localities studied. A 

number of schist blocks from the upper melange unit of the gneiss-serpentinite belt in 

the north were studied and are referred to in the discussion below. Two areas of 

melange-schist contact were also studied. The most detailed study was carried out 

on the southern edge of the melange sliver containing the felsic block, 9J. This is 

'location 3' of Dixon (1969). The contact is referred to here as 9J16 and is described 
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and discussed below. A further contact, showing somewhat different metasomatic 

features is also discussed and is referred to as SJ. This is 'location 4' of Dixon 

(1969) and is also discussed by Bond (1999). It is the schist-melange contact at the 

northern edge of the melange sliver that outcrops in a gully just south of 9J. 

Finally observations from the contact between schist and the lower melange unit at 

'Polychrome Point' (figure 3.1) are discussed and conclusions drawn on the nature of 

the metasomatic alteration associated with schist-serpentinite contacts. 

8.2 Contact 9,116 

Dixon (1969) describes the metasomatism of a number of areas of schist-edge 

adjacent to the serpentinite melange. He notes that some areas of 'calcareous 

glaucophane' schist near the contact with the ultramafic have been altered to 

'pseudo-eclogite'. This pseudo-eclogite occurs as disrupted slabs of banded 

omphacite-garnet-epidote and omphacite-epidote rock from within a metre or two of 

the serpentinite matrix. 

One such contact described by Dixon (1969) is 9J16 (loc. 3 in Dixon, 1969) the 

contact between melange matrix and schist just to the south of the meta-plagiogranite 

block, 9J (see figure 8.1). This contact and other, apparently related schist blocks 

within the serpentinite melange are discussed below. 

8.2.1 Schist mineralogy 

The schist at the 9J16 contact is banded glaucophane-schist and lesser amounts of 

calcareous-schist with minor quartz segregations. The glaucophane-schist contains 

glaucophane + white mica + garnet + minor epidote ± quartz ± pyroxene ± chloritoid 

with the schistosity defined by alignment of glaucophane and white mica. Notably 

no carbonate phases were observed in the glaucophane-schists, although Dixon 

343 



- - 	-------- - - - - -- 	- - - - - - - - - - 	- -- - 	- 	- I - 	- 

BI ock 9j 

0 CC) 	00C 
a U00  

6 0 
CO 
00 

shore with 	 6 77 - -;--T 	f1-t• 
loose beach rock

Contact 4 	9JI6 

el o- 	- 	 _____ schist 
chlorite rind . 

0 
 

FT 	jadeite I-i:TIII 0 cc 
marble 

glaucophane 

actinolite 

: 	-- 	- 	 pseudo-eclogite 't talc ± carbonate ± chlorite 

lOm 

Figure 8.1: Simplified small-scale map of the schist-melange contact 9J16 and block 9J, showing the 
positions of sample traverses E and F. 

11,  



Chapter 8: Schist associated with the serpentinite melange 

(1969) notes ankerite in glaucophane schists nearby but slightly lower in the 

sedimentary sequence. 

None of the mineral compositions were analysed it the present study, but Bloor 

(1998) has shown that the white mica is probably largely phengite with minor but 

ubiquitous paragonite. No lawsonite, noted previously in other greyschist localities 

(Dixon, 1969; Barr 1989, Bloor 1998), was observed in any of the schists analysed in 

the present study, probably due to its patchy occurrence and most common 

dependence on a channelled fluid infiltration event (Bloor, 1998). 

Minor chemical variations were observed within the glaucophane-bearing schists in 

the present study. No clear trends in major element oxide concentrations are seen 

with increasing Si02, as was observed by Bloor (1998), although minor linking of Na 

and Ca suggests variations in a plagioclase feldspar component. The chemical 

variations present, however, appear to result in varying mineralogies, as is described 

below. 

Chloritoid was observed in a single layer of schist at 9J16 where it occurs as late 

stage porphyroblasts overgrowing the schistosity, in a similar way to other 

porphyroblasts noted by Ridley (1982) as described in chapter 2. The chloritoid-

bearing schist layer is particularly rich in aluminium and poor in calcium and this 

bulk chemical composition is concluded to have resulted in chloritoid growth as part 

of a relatively late-stage peak metamorphic assemblage. Minor breakdown of 

chloritoid via the reaction: 

chloritoid + glaucophane + water = chlorite + paragonite + quartz [8.1] 

was noted in some cases. 

Unlike the greyschists studied by Bloor (1998), and by Dixon (1969), all the 

glaucophane-bearing schist at 9J16 contains epidote, although mostly as a very minor 

phase. The timing of epidote growth is uncertain but its presence indicated that these 

schists are more oxidised than the greyschist described by Bloor (1998), which he 
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concludes were highly reduced. Green omphacitic pyroxene, although abundant 

close to schist-serpentinite contacts (see below) was observed to be almost entirely 

absent in the sampled layers of apparently unmetasomatised schist away from the 

contact with serpentinite. 

Garnet occurs mostly as very small euhedral crystals. In some, more calcium-rich 

schist layers, however, garnet occurs as larger crystals, up to 2 mm in diameter. As 

with the occurrence of chioritoid, therefore, the bulk composition of the schist 

appears to control the growth of garnet. The larger garnets contain inclusion trails 

preserving older fabric orientations with the present fabric bending around them 

(plate 8.1) indicating that they grew prior to the formation of the present schistosity. 

Non-glaucophane-bearing areas of the schist are either silica-rich quartz segregations 

or metamorphosed calcium-rich sediments ranging from calcium-rich schists, with 

CaO of 20 wt% or more, to impure marbles with CaO around 50 wt%. Bulk 

chemical analysis by XRF, displayed in figure 8.2, shows that the silica content, and 

to a lesser extent aluminium, iron titanium and manganese contents, of the calcium-

rich schists are inversely proportional to their calcium content, while volatile content 

(measured as 'loss on ignition') is proportional to calcium content. These variations 

simply reflect the fact that these rocks are mixtures of calcium carbonates and non-

carbonate components. 

The mineralogy of the glaucophane-free calcareous-schists consists of varying 

amounts of epidote + white mica ± calcite ± quartz ± garnet ± opaques, with, in most 

cases, either calcite ± epidote, or quartz ± epidote as the dominant phases, depending 

on the ratio of CaO to Si02. Schistosity is defined by alignment of white mica and 

in some cases, prismatic epidote crystals, and also by quartz and calcite-rich bands. 

The proportion of epidote and white mica is related to A1203  content as they are the 

only aluminium minerals in abundance. The ratio of white mica to epidote is 

reflected in the K20 content of the schist. Iron content roughly mimics A1203  

content indicating that a significant proportion of the iron is contained as Fe3  in 
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Plate 8.1: Two examples of rotated garnet porphyroblasts, a) and c) under plain polarised light 
and b) and d) the same garnet porphyroblasts respectively under crossed polars. Inclusion trails 
within the garnets (clarified with short, uneven dashed lines) are rotated with respect to the fabric 
in the surrounding glaucophane + white mica rock matrix (clarified with long dashed lines) 
indicating that the garnets preserve an earlier fabric orientation. The present fabric is also 
frequently bent around the garnet porphyroblasts, as is most clearly seen in a) and b). All 
photographs taken under xl 0 magnification. 

Plate annotations: gt = garnet, gi = glaucophane, wm = white mica. 

Plate 8.2: Folded calcareous schist, 
glaucophane schist and marble bounding 
the north side of the serpentmite 
melange sliver at 5J. A thin, fractured 
pseudo-eclogite layer, also noted by 
Dixon (1969), and illustrated in figure 
8.5, is preserved on the outer edge of the 
outcrop, and is highlighted. Measuring 
tape set to 50 cm for scale. 

Plate 8.3: Block 11 Ja  viewed from the north-east. 
The majority of the block is of pseudo-eclogite 
with glaucophane schist occurring predominantly 
on the south side. Metasomatic rind including 
chlorite, amphibole and talc is partially preserved 
on the north-west side (bottom right of picture in 
shadow). Pen for scale 
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epidote, and that these schists are oxidised. Besides iron, which is contained in 

epidote and opaque oxide phases, magnesium is the most abundant mafic component 

in the calcium-rich schists, occuring in concentrations almost up to 4 wt%. Garnet 

and phengite are the only significant magnesium-bearing phase in the assemblage 

and the proportion of garnet, in particular, appears to be linked to magnesium 

content. 

Layers of glaucophane-schist and calcareous-schist may be up to a metre thick, 

however, in other areas they are interbedded on a centimetre scale. 

8.2.2 Pseudo-eclogite 

As previously mentioned, the edge of the schist in contact with the serpentinite 

melange is marked by the formation of a 'pseudo-eclogite' consisting of omphacite ± 

epidote ± garnet. From chemical analyses, and in particular the very high CaO and 

MnO contents, Dixon (1969) concluded that the precursor of the pseudo-eclogite was 

of sedimentary origin and from this and its relation to the serpentinite contact, it is 

apparently a metasomatic zone of 'altered country rock'. 

Mineralogy of the pseudo-eclogite 

The pseudo-eclogite has a mineral assemblage of green omphacite ± epidote ± garnet 

with distinct banding in epidote abundance in particular. Close to the pseudo-

eclogite-schist contact some bands of pseudo-eclogite also contain white mica and 

wider mica-bearing bands near the contact with the schist contain relics of 

glaucophane partially replaced by platy green omphacite. Thus it appears that 

glaucophane schist is converted to pseudo-eclogite by replacement of glaucophane 

by omphacite and more gradual loss of white mica. This decrease in white mica 

without growth of a replacement K-bearing phase, suggests a loss of potassium from 

the rock. 
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As white mica and relict glaucophane indicated conversion of glaucophane-schist to 

pseudo-eclogite so abundant epidote appears to indicate bands of former calcareous 

schist within the pseudo-eclogite. The epidote is usually fine-grained, as in the 

precursor calcareous schist, and occurs alongside similarly fine-grained omphacite or 

as inclusions within larger, platy omphacite crystals, up to 2 mm across. 

The mineralogical and textural observations described above suggest that the pseudo-

eclogite at the schist-melange contact is composed of layers of former glaucophane-

schist and former calcareous-schist, if it is assumed for simplicity that the precursor 

possibilities are only those lithologies found in the vicinity, outside the contact zone. 

This is in contrast to the original proposal of Dixon (1969) that a calcareous 

glaucophane schist was the precursor for the omphacite-rich pseudo-eclogite despite 

there being no layer with this mineralogy in the immediate vicinity. 

Omphacite-forming reactions 

The pseudo-eclogite is predominantly omphacite and epidote with garnet only locally 

present. Therefore, the garnet-omphacite-forming desilication reactions, noted to 

have occurred in metagabbros (chapters 5 and 6), are unlikely to result in pseudo-

eclogite of the composition observed because the ratio of garnet to omphacite they 

produce is far higher than that observed. 

Dixon (1969) suggests the pseudo-eclogite may have developed from a calcareous-

glaucophane schist by a reaction such as 

glaucophane + 3 calcite + 2 quartz = 5 omphacite (Jd4oDi6o) + 3 CO2  + H20 	[8.2] 

with the ultramafic matrix acting as a sink for CO2  via the conversion of antigorite to 

talc-carbonate assemblages by a reaction such as: 

2 serpentinite + 3 CO2  = talc + 3 magnesite + 3 H2O 	[3.2] 

(after Johannes, 1967) which will result in a fluid phase buffered to almost pure H2O 

(Dixon ,1969). 
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The formation of pseudo-eclogite, therefore, should be coupled with formation of 

talc-carbonate assemblages in the ultramafic matrix. These have already been 

observed adjacent to 9J16, lending support to this mechanism for pseudo-eclogite 

formation. Talc carbonate assemblages have also been noted at 8Ea (chapter 7), 

suggesting the possibility that schist was present nearby during the period of 

bimetasomatic reaction with the serpentinite matrix. 

Reaction [8.2] may occur in calcareous glaucophane-schists, such as those noted by 

Dixon (1969) relatively near 9J16 and it is possible that the schist now converted to 

pseudo-eclogite was formally a similar calcareous-glaucophane schist. However, the 

textural evidence described above suggests that the pseudo-eclogite formed from 

distinctly layered schist, with layer compositions apparently corresponding to the 

carbonate-free glaucophane-schist and glaucophane-free calcareous-schist observed 

directly adjacent to the pseudo-eclogite. Dixon (1969) also does not suggest an 

epidote-producing mechanism even though epidote is locally much more abundant in 

the pseudo-eclogite than in the potential protolith schists nearby. 

The reactant phases in reaction [8.2] do not all occur in either the glaucophane-schist 

or the calcareous-schist observed at 9J16. Therefore, if pseudo-eclogite resulted 

from reaction of the schist compositions observed by reaction [8.2], it would have 

occurred initially at the contacts between glaucophane-schist and calcareous-schist 

layers, with conversion to pseudo-eclogite extending away from such contacts by 

diffusion of relevant components. Reactions in the glaucophane-schist and 

calcareous-schist may then differ depending on the availability of components with 

reactions such as: 

glaucophane + 3 CaO(aq)  + 2 quartz = 5 omphacite (Jd40Di6o) + H20 	[8.3] 

occurring in glaucophane schist and 

3 paragonite + 17 calcite + 24 quartz + 9 MgO(aq)  

= 15 omphacite (Jd4oDi6o) + 4 epidote + 17 CO2  + 4 H20 [8.4] 

IN 
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2 epidote + 5 calcite + 24 quartz + 9 MgO(aq)  + 3 Na20(aq) 

= 15 omphacite (Jd40Di6o) + 5 CO2  + H2O 	 [8.5] 

in the glaucophane-free calcareous schist. All these reactions, notably, result in 

mineral assemblages observed in the pseudo-eclogite. 

If reaction to pseudo-eclogite relies on diffusion of components between calcareous 

and glaucophane-bearing schist layers, then clearly thinly interbedded schists will be 

more likely to convert to pseudo-eclogite than thick schist layers. In agreement with 

this, thin-section observations of a number of individual schist bands near the contact 

between the pseudo-eclogite and the schist show that thin epidote-rich layers, 

concluded originally to have been calcareous-schist, are fully converted to pseudo-

eclogite. Relics of glaucophane, however, are still preserved in the centres of 

thicker, mica-rich glaucophane-schist bands. 

Full conversion of schist to pseudo-eclogite will also depend on the overall bulk 

composition of the schist, with possible minor additions from, and losses to, the 

serpentinite matrix. Thus, although layers of pseudo-eclogite may form where 

glaucophane and carbonate-bearing schist are in contact, full conversion to pseudo-

eclogite may well depend on a specific overall bulk composition, or a small range of 

overall bulk compositions. Thus it may be that, just as not all metagabbros show 

reaction to eclogitic garnet + omphacite assemblages at block edges (chapter 7), so 

pseudo-eclogite may not grow at all schist-serpentinite contacts. 

Bulk chemical analysis 

Two traverses, E and F, of the pseudo-eclogite and schist edge at 9J16 were sampled. 

Their locations are shown in figure 8.1 and bulk chemical analyses of the samples are 

shown in figure 8.3 and 8.4 respectively. The bulk chemical analysis clearly shows 

that while the compositions of unaltered glaucophane-schist and calcareous-schist are 

clearly distinct, the pseudo-eclogite is fairly homogeneous in composition as it is in 

mineralogy. It can also be seen that the glaucophane-schist sample at 55 cm, in 
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Figure 8.3: Major element oxide contents in wt% against distance from the pseudo-eclogite-
amphibole/talc contact for traverse E from the schist-serpentinite melange contact 9J16. Shaded 
sections of the traverse indicate samples containing glaucophane, including those where the 
majority has been replaced by omphacite. 
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which only minor glaucophane remains unconverted to pyroxene, is closer to the 

pseudo-eclogite and, indeed to the calcareous schist, in composition than the 

glaucophane-schist with only minor pyroxene at 67 cm. This suggests transfer of 

material from calcareous schist to glaucophane-schist, and presumably therefore also 

vice versa, on conversion to pseudo-eclogite, as suggested by reactions [8.3] to [8.5] 

above. 

If pseudo-eclogite results from reaction of interbedded glaucophane and calcareous 

schists of similar compositions to those sampled closely adjacent to the pseudo-

eclogite, then a certain ratio of glaucophane-schist to calcareous-schist should 

combine to form the bulk composition of pseudo-eclogite plus CO2, which is lost to 

the serpentinite. To allow for the loss of CO2, average bulk compositions for 

glaucophane-schist, calcareous-schist and pseudo-eclogite were calculated on a 

volatile-free basis as shown in table 8.1. Also shown in table 8.1, is the volatile-free 

bulk composition resulting from a 2:1 mixture of glaucophane schist and calcareous 

schist, which is a rough approximation to the glaucophane schist to calcareous schist 

ratio observed near the pseudo-eclogite at 9J16. 

Calcareous schist 

Average G 

Glaucophane schist 

Average 	CY 

Pseudo-eclogite 

Average a 

GI-schist:calc-schist, 2:1 

Average 	CY 

Si02  39.23 8.15 57.57 5.89 51.43 1.57 51.46 6.65 

A1203  11.17 2.40 15.56 2.71 12.10 2.10 14.10 2.61 

Fe203  6.84 1.42 10.10 2.36 9.20 1.20 9.02 2.05 

MgO 1.65 1.28 5.67 1.36 7.11 1.72 4.33 1.33 

CaO 36.58 1.00 2.35 1.08 12.23 3.83 13.76 4.06 

Na20 0.74 1.09 3.42 0.83 5.77 0.65 2.53 0.92 

K20 0.87 0.83 3.66 1.04 0.99 1.43 2.73 0.97 

Ti02  0.49 0.11 0.74 0.39 0.59 0.17 0.66 0.29 

MnO 1.94 1.58 0.61 0.31 0.39 0.07 1.05 0.74 

P205  0.49 0.52 0.31 0.31 0.19 0.24 0.37 0.38 

Table 8.1: Volatile-free average bulk compositional for calcareous-schist, glaucophane-schist and 
pseudo-eclogite. Average bulk composition for a glaucophane-schist to calcareous-schist ratio of 2:1 
is also given and is notably similar to the bulk pseudo-eclogite composition. Differences between the 
two are discussed in the main text. a = one standard deviation. 
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From table 8.1 it can be seen that a 2:1 ratio of glaucophane-schist to calcareous-

schist gives a bulk composition remarkably similar to that of the pseudo-ecolgite. 

MgO content of the pseudo-eclogite is somewhat higher than that of the schist 

mixture but still within the standard deviation limits of the two compositions. Na20 

content of the pseudo-eclogite, however, is significantly higher and K20 content 

significantly lower than in the schist mixture. Low K20 contents were predicted for 

the pseudo-eclogite from the observed decrease in white mica with no replacement 

K-bearing phase crystallising, and K may well simply be lost by diffusion towards 

the serpentinite melange. The high sodium contents of the pseudo-eclogite is not 

predictable from the postulated protolith mineralogy, and it may be related to the 

proximity of the sodium-rich felsic block 9J (chapter 4). 

Silica loss and CO2  loss 

The pseudo-eclogite forming reactions suggested above will be driven by loss of CO2  

to the serpentinite melange. It is noteworthy, however, that all the reactions require 

addition of silica or the presence of free quartz. These reactions, therefore, are 

clearly not driven by a decrease in silica activity, as are the gamet-omphacite-

forming reactions observed at the rims of the metagabbroic blocks. There is no clear 

difference in silica content between the pseudo-eclogite and the schist mixture (table 

8.1) which is consistent with this. However, the standard deviation range in the 

pseudo-eclogite and schist-mixture for Si02  is relatively large and may mask such a 

decrease as the bulk silica variation between a quartz-saturated rock and a quartz-

undersaturated rock is relatively small. There will, in fact, still be a large difference 

in silica activity between the schist and the serpentinite matrix that will drive silica 

loss from the schist and thus cause a lowering of silica activity at the schist edge. 

Pseudo-eclogite reactions will not occur if silica activity is sufficiently lowered. 

Once formed, however, pseudo-eclogite will remain stable under lowered silica 

activity until omphacite breakdown to, for example, chlorite as observed at block 9J 

and discussed further in chapter 9. 
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The occurrence of pseudo-eclogite indicates that the ratio of CO2  activity to S102  

activity in the bimetasomatic system was sufficiently high during bimetasomatism to 

promote its growth. 

Activity is linked to concentration by the equation: 

a = yC 	[8.6] 

where C is concentration in solution and y is the activity coefficient, which is here 

assumed to be constant as discussed further in the following chapter. Thus a high 

component activity is equivalent to a high component concentration in solution. 

As is demonstrated in the model for bimetasomatic zone growth devised by Frantz 

and Mao(1979), the concentrations of components in solution at any point in the zone 

sequence, and the sequence of zones produced, may be deduced by solving a complex 

set of mass-action relations, mass-balance equations, general growth equations and 

material transport equations (appendix I). The solutions to these equations are 

dependent on phase equilibrium data (mineral compositions and solubilities) and also 

on the diffusion coefficients of each components in solution (appendix I), although 

for simplicity diffusing components are assumed not to interact. 

Thus the concentration of CO2  and Si02  in solution at any point in the bimetasomatic 

zone sequence at contact 9J16 will be dependent on their diffusion coefficients and 

the solubilities of all CO2  and Si02-bearing minerals present. Since the relevant 

diffusion coefficient data and solubility data are unavailable at present, it is 

impossible to deduce which specific factors control the formation of pseudo-eclogite 

at schist-serpentinite contacts and to what extent. However, a generally higher 

'mobility' of CO2  compared to Si02, noted by previous authors (e.g. Mehnert, 1969), 

suggests that CO2  movement in any given system will be more extensive then Si02  

movement and is thus more likely to be a driving factor in reactions occurring within 

the system. 
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8.3 Fracturing and detachment of pseudo-eclogite 

The contact between the schist and serpentinite melange at 9J16 is marked by two 

separate sections of pseudo-eclogite about 4 in thick (figure 8.1). A short section of 

a marble unit is preserved adhering to the upper edge of the eastern section of 

pseudo-eclogite, and elsewhere schist appears to be in direct contact with the 

melange matrix. Dixon (1969) concludes that the two sections of pseudo-eclogite 

were formally a continuous thick foliated slab, which became fractured, with part 

becoming detached from the edge of the schist unit and incorporated into the 

serpentinite melange. 

On a small scale fracturing of pseudo-eclogite is observed in thin sections from 9J16 

and in a layer of pseudo-eclogite in the gully of 5J (figure 3. 1), where schist again 

occurs adjacent to a thin sliver of serpentinite. Here 10-20 cm thick layers of 

pseudo-eclogite, formed between layers of glaucophane-schist and marble, have been 

boudinaged and fractured as the surrounding schist deformed plastically (plate 8.2). 

This is shown in figure 8.5 (after Dixon, 1969). Such fracturing of pseudo-eclogite 

on a larger scale was suggested by Dixon (1969) to have resulted in the partial 

pseudo-eclogite zone at 9J16 with some sections of fractured pseudo-eclogite torn off 

and incorporated in the melange. 

Further evidence that sections of pseudo-eclogite have been fractured from schist-

melange contacts is the presence of blocks within the melange consisting of pseudo-

eclogite and attached sections of schist. Two such blocks, 1 iJa (plate 8.3) and 1 lJb, 

are found 100 m inland from 9J16, in another thin sliver of melange within the schist 

(figure 3.1). Both these blocks are around 2-4 in in diameter with 1-2 m thicknesses 

of pseudo-eclogite, which is a similar thickness to that remaining at 9J16. Areas of 

schist, which have not been converted to pseudo-eclogite, have similar compositions, 

mineralogy and textures to the schists at 9J16, from which it seems likely that 1 iJa 

and 1 lJb represent pseudo-eclogite sections detached from 9J16 or a similar, 

probably nearby contact. 
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Figure 8.5a: Field sketch after Dixon (1969) of folded marble and schist layers in contact with 
serpentinite melange at 5J, showing brecciated pseudo-eclogite layers. 
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Figure 8.5b: Enlargement of the lower central part of figure 8.5a, showing the highly disrupted 

natures of the pseudo-eclogite. 
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Other schist blocks occur in serpentinite melange, in all the localities studied. Some 

have very similar compositions to the schist at 9J16 and others with more basic 

compositions possibly representing sections of the basic and calcareous basic schist 

observed by Dixon (1969). Where calcareous schist layers do not occur, the schist 

blocks are distinguishable from metabasite in the field by their strong schistosity 

whereas the meta-igneous blocks are specifically noted to be lacking in any fabric. 

Notably, the majority of such schist blocks within the melange include sections of 

pseudo-eclogite. These differ from the block-edge garnet-omphacite assemblages of 

the meta-igneous blocks in the paucity, and often complete lack of, garnet and 

frequent occurrence of white mica and epidote. The presence of pseudo-eclogite in 

schist blocks with associated schist of varying compositions, suggests that the 

formation, fracturing and detachment of pseudo-eclogite at schist-serpentinite 

contacts was a relatively common phenomenon despite the apparent necessity for 

glaucophane + carbonate schists or relatively thinly interbedded glaucophane-bearing 

schist and carbon ate-bearing schist. 

8.3.1 Volume changes 

Volume changes and resulting fracturing associated with desilication reactions in 

metagabbros were considered in chapter 7. Volume change resulting from formation 

of pseudo-eclogite via reaction [8.2] were also calculated (appendix II) and show that 

the reaction results in a 24 % volume decrease. This volume decrease may be taken 

up as a decrease in the pseudo-eclogite thickness relative to the precursor schist 

layers, however such a volume decrease may also have contributed to the fracturing 

and eventual detachment of the pseudo-eclogite. 

8.3.2 Original geometry of pseudo-eclogite at 9J16 

Dixon (1969) concluded that the pseudo-eclogite sections at 9J16 are part of a once 

continuous section, formed from a layer of calcareous-schist between two marble 

bands. However, detailed mapping of the areas, as shown in figure 8. 1, shows that 
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this cannot be the case because the eastern section of pseudo-eclogite is formed from 

schist layers lower in the sequence than those from which the western pseudo-

eclogite section is formed. 

Three possibilities may explain the observed geometry. Firstly it may be the result of 

a series of pseudo-eclogite forming, fracturing and detachment events. However, the 

similar thicknesses of both remaining pseudo-eclogite sections seems more likely to 

suggest a single prolonged formation event followed by partial detachment of some 

sections. 

A second possible explanation for the present pseudo-eclogite geometry is that the 

formation of pseudo-eclogite does not occur in a layer-parallel manner. This is 

illustrated schematically in figure 8.6. Such non layer-parallel formation of pseudo-

eclogite may be due to lateral heterogeneities within layers. This may include 

variations in composition or possibly variations in layer thickness with pseudo-

eclogite forming more readily in thinly bedded layers. 

The final, and possibly most likely, explanation for the present pseudo-eclogite 

geometry is that the contact between the schist and the serpentinite was not 

conformable, and cut across a number of schist layers. This is illustrated in figure 

8.7, and seems likely because the thin slivers of serpentinite in this area are thought 

to be the result of sequence duplication. Thus the presence of faults and resulting 

non-conformable stratigraphic contacts within the sequence is likely. 

8.3.3 Timing of pseudo-eclogite fracturing 

Dixon (1969) concludes that the deformation event that disrupted the pseudo-eclogite 

was a phase of extension, arguing from the boudinage of the pseudo-eclogite (figure 

8.5b). The timing of this extensional fracturing and disruption of the pseudo-eclogite 

layer, relative to the PTt-tectonic history of Syros, as outlined in chapter 2, however, 

is harder to ascertain. 
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Figure 8.6: Illustration of non-layer-parallel pseudo-eclogite formation to give the outcrop pattern 
now observed at contact 9J16 between schist and former serpentinite matrix. 
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Figure 8.7: Illustration of pseudo-eclogite formation along an initially discordant contact to give the 
outcrop pattern now observed at contact 9J16 between schist and former serpentinite matrix. 
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Fracturing on a thin section scale noted in pseudo-eclogite samples from 9J16 

consists of fractures less than 1 mm wide filled with fibrous pyroxene and white 

mica, chlorite or albite. This range of mineralogy indicates that micro-fracturing 

occurred in the pseudo-eclogite over a range of PT conditions and it may be the case 

that detachment of pseudo-eclogite sections similarly occurred over a wide PTt 

range. However, the lack of any partially detached eclogite sections at any of the 

localities studied, which might indicate that the process was continually ongoing 

over this PT range, suggests that this is not the case. Instead it seems likely that 

detachment of pseudo-eclogite sections occurred during a relatively short time span 

and then ceased. 

Bond (1999) correlates boudinage of the pseudo-eclogite and partially 'eclogitized' 

glaucophane-schist at 5J, and flattening and layer parallel extension within adjacent 

marble units, with an early, high PT stage of extensional deformation. This phase of 

extensional deformation she associates with unroofing and extension as it appears to 

be co-axial with undoubted retrograde extension, thus apparently timing the 

disruption of the pseudo-eclogite to the later stages of peak blueschist metamorphism 

at the earliest. However, layer parallel extension may also have occurred during the 

earlier high pressure deformation events Si, and S2, documented by Ridley (1982) 

and Bloor (1998) (chapter 2) which involve flattening and shearing of the 

metamorphic pile. 

From folding of boudinaged and fractured pseudo-eclogite observed at 5J (figure 8.5) 

Dixon (1969) suggested that the boudinage and fracturing of the pseudo-eclogite 

occurred either prior to or synchronous with the folding episode observed in the 

schists. He also pointed out that the extreme competence contrast of pseudo-eclogite 

and its envelope of marble and schists only developed after metasomatic reaction. 

This implies that strain-rates during pseudo-eclogite development were low enough 

to preserve the continuity of the pseudo-eclogite layers. The highly disrupted nature 

of the pseudo-eclogite layers observed including the formation of tension gashes 
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(figure 8.5b) suggests that fracturing occurred prior to or in the early stages of 

folding, with later folding resulting in the disruption of the fractured layers. 

The folding in the schists at 5J may be correlated with the S2 phase of deformation 

from observation of inclusion trails in garnets. These are rotated relative to the 

external schistosity indicating growth prior to the folding episode (plate 8.1). As 

discussed in chapter 2, the observations of Ridley (1982) and Bloor (1998) suggest 

that garnets grew within the schist relatively late during the Si deformation event. 

Thus the folding at 5J may be correlated with the S2 deformation event. 

The Si fabric-forming event is not associated with folding and may be dominantly a 

pure-shear, flattening event with an unknown component of homogeneous simple 

shear. The onset of folding is marked by a quartz-vein-associated fluid-infiltration 

event which introduced lawsonite to the greyschists (Bloor, 1998). Intense shear 

deformation with top-to-south-west sense then ensued, transporting the Si cleavage 

and largely obliterating it. Bloor (1998) correlates this change in deformation style 

with transfer of the Syros packet from the down-going slab to the hanging wall and it 

seems possible that the changing stress fields associated with this transition resulted 

in large-scale fracturing and detachment of pseudo-eclogite sections. Thus it seems 

most likely that the fracturing and detachment of pseudo-eclogite sections from 

schist-serpentinite contacts occurred during the transition from Si to S2 deformation, 

which is possibly associated with transfer of the Syros packet from the down-going 

slab to the hanging wall of the subduction zone. 

8.4 Metasomatic chlorite 

At location 5J, an almost continuous chlorite zone, 5-10 cm thick, occurs at the schist 

edge where it is adjacent to the serpentinite melange. This chlorite zone consists of 

almost monomineralic chlorite with only a few accessory minerals, and is concluded 

to be the result of bimetasomatic reaction between the schist and the serpentinite as 

in the case of chlorite around meta-igneous blocks (chapters 4-7). 
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Along some sections of the schist-serpentinite contact, chlorite is adjacent to 

omphacite-rich pseudo-eclogite, although the pseudo-eclogite at 5J is nowhere as 

thick as that observed at 9J16. In other sections of the contact, chlorite is directly 

adjacent to fractured layers of apparently unmetasomatised glaucophane-schist and it 

is seen to fold around the ends of fractured schist layers (plate 8.4). There are a 

number of possible explanations for this latter observation of chlorite adjacent to 

glaucophane-schist. 

The first possibility is that pseudo-eclogite never formed in these sections of the 

contact. As observed, pseudo-eclogite is nowhere as thick at 5J than at 9J16, which 

may be because of bulk compositional differences in the schist or thicker 

interbedding of schist layers as discussed above. In extreme cases such variation in 

the schist composition and layer thickness may result in no pseudo-eclogite forming. 

No detailed analyses were made of the variations in schist mineralogy but it was 

observed that the glaucophane-schist layers along much of the 5J contact are thicker 

than near the edges of the pseudo-eclogite at 9J16, and in some places up to 30 cm 

thick. 

Alternatively pseudo-eclogite did form at these contacts, but was fractured and 

removed, becoming incorporated in the serpentinite melange. In this case two 

possibilities may account of the present occurrence of chlorite. One possibility is 

that the chlorite grew after the removal of the pseudo-eclogite by continued 

bimetasomatism. If this is the case then again it must be surmised that pseudo-

eclogite did not re-develop due to the specific schist composition and layering 

thickness. 

A further possibility to explain the occurrence of chlorite adjacent to glaucophane 

schist, is that the chlorite zone developed adjacent to pseudo-eclogite as noted in 

other areas at 5J. On fracturing and partial removal of pseudo-eclogite, however, the 
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Plate 8.4: Metasomatic chlorite folds 
round the end of a fractured layer of 
apparently unmetasomatised 
glaucophane schist, 5J. The possible 
causes of this juxtaposition are 
discussed in the main text. Pen for 
scale. 
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Plate 8.5: Infiltration-related glaucophane incursions and surrounding glaucophane-enriched 
schist, at 5J. a) a small glaucophane incursion is largely channelled between two schist later, the 
upper of which is more glaucophane-rich and is also apparently more susceptible to alteration to 
glaucophane. A thin zone of pyroxene + chlorite marks the transition from schist to chlorite zone. 
Pen for scale. b) a larger incursion of infiltration-related glaucophane causes widespread 
glaucophanitization of the schist. Pen for scale. 

Plate annotations: gl-schist = glaucophane schist, px = pyroxene, chl = chlorite, gl = infiltration-
related glaucophane, tr = infiltration-related calcic amphibole 
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Plate 8.6: Block BB, located east of the road to Kambos (see figure 3.1) viewed from the south-
west. The eastern (right) end of the block is heavily retrogressed while at the western (left) end 
blueschist facies minerals are preserved. The two slip surfaces and the breccia face discussed in 
the main text are located at the eastern end of the block. Rucksack for scale. 
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less rigid chlorite zone remained partially intact to be 'smeared' across the fractured 

schist layers left by the detachment of the pseudo-eclogite. 

Any of these mechanisms seems plausible to explain the observed occurrence of 

chlorite adjacent to glaucophane-schist from the evidence obtained from 5J. 

A final possibility is that the chlorite is retrogressive in origin. However, its pale 

pleochroism suggests a Mg-rich composition similar the majority of other examples 

of bimetasomatic chlorite observed rather than the more strongly pleochroic and 

dispersive, Fe-rich compositions most frequently observed in greenschist 

retrogressive chlorite. Therefore, it seems probable that the chlorite zone is part of 

the bimetasomatic sequence formed at schist-serpentinite contacts. Chlorite is also 

associated with the metasomatic rinds of detached schist blocks in the melange in 

agreement with this. 

8.5 Metasomatic talc 

Adjacent to the chlorite zone at the edge of the schist at 5J, the matrix of the melange 

is composed of talc with lenses of chlorite and infrequent occurrence of minor 

carbonate, which is exposed to a maximum thickness of 1.5 m. This talc-chlorite 

layer is more reminiscent of the talc-chlorite zone observed at block 8Ea (chapter 7), 

than the talc-rich melange matrix adjacent to 9J16. The paucity of carbonate 

indicates that this talc-rich zone formed due to addition of silica, rather than CO2, to 

the serpentinite melange, thus confirming silica loss from the block, which is 

expected from the large gradient in silica concentration between schists and 

serpentinite. 

Addition of Si02  from the schist to a talc + carbonate zone may cause reaction of 

carbonates with silica to produce talc via reaction such as: 

3 magnesite + 4 Si02  + H20 = talc (M93S40io(OH)2) + 3 CO2  [8.7] 
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releasing CO2  to react with serpentinite advancing the talc-carbonate zone further 

into the matrix. Thus the presence of a virtually carbonate-free talc-chlorite zone 

adjacent to the schist does not imply that no CO2-loss and associated pseudo-eclogite 

formation occurred. However, at 5J very little carbonate is observed even in areas of 

talc at a distance from the contact suggesting that CO2-loss was only ever a minor 

factor at this contact. 

The apparent lack of CO2-loss from the schist at 5J corresponds to the relatively 

small amounts of pseudo-eclogite apparent at the schist-edge. This lack of pseudo-

eclogite formation presumably reflects an overall bulk composition significantly 

different from pseudo-eclogite bulk composition. The observed paucity of 

carbonate, and lack of significant pseudo-eclogite growth it indicates, also suggests 

that lack of pseudo-eclogite formation rather than removal of pseudo-eclogite may be 

the more likely explanation for the occurrence of chlorite adjacent to glaucophane-

schist. 

Patches of antigorite occur in the melange matrix at 5J, but continuous exposure 

between these and the schist is not visible. Therefore the thickness of the 'talc-zone' 

adjacent to the schist cannot be measured although it may be a metre or more wide. 

8.6 Metasomatic amphibole 

Dixon (1969) notes glaucophane or actinolite 'skins' on schist or pseudo-eclogite in 

contact with serpentinite melange. These he assumes to be of metasomatic origin, 

and he suggests that they may be a metasomatic equivalent of marble. Where they 

are absent he concludes that they, like the pseudo-eclogite, have been disrupted by 

later tectonism. 

In the present study it was observed that, at 9J16, green calcic amphibole occurs 

adjacent to the eastern section of pseudo-eclogite (figure 8.1). In thin section the 

amphibole is colourless to very pale green and thus apparently close to tremolite in 

370 



Chapter 8: Schist associated with the serpentinite melange 

composition. Crystals are elongate, up to 2 mm long, and are aligned forming a 

strong fabric. Thin bands of chlorite are also present and accessory sphene. Similar 

calcic amphibole also occurs around part of block 1 lJa. Here the fabric is tightly 

folded with more abundant, platy chlorite and accessory sphene and rutile. Both 

these occurrences are reminiscent of the amphibole observed in the rind of block 9J, 

and, although neither at 9J16 nor at 1 iJa is there associated glaucophane incursions 

and veins, this does occur in other cases. 

The clearest example of incursions of amphibole into schist was observed in the 

gully of 5J where a number of veins of glaucophane penetrate to a maximum of 12 

cm into the schist (plate 8.5). Within the omphacite-rich, pseudo-eclogite block 

edge, the glaucophane appears strongly vein-controlled while in layers of 

glaucophane-schist, the incursion results in a marked increase in overall glaucophane 

abundance in the layer (plate 8.5). Beyond the schist edge, towards the serpentinite 

melange matrix, the glaucophane merges into a bluish-green calcic amphibole, which 

cuts through a chlorite-rich rind adjacent to the schist edge. 

This change from calcic amphibole in the chlorite zone to sodic glaucophane in the 

pseudo-eclogite and schist is similar to the compositional changes observed in 

amphibole incursions in meta-igneous blocks. In meta-igneous bocks the 

compositional change was suggested to be related to an increase in the degree of 

interaction between in infiltrating, amphibole-crystallising fluid and fluid 

equilibrated with glaucophane-bearing assemblages, and this also seems to be likely 

in this case. The smaller size of amphibole incursions at 5J, compared for example 

to those at block 8Ea, will, at 5J, result in no calcic-amphibole in the centres of 

amphibole incursions into the schist as observed. 

Similar glaucophane and calcic-amphibole relationships are seen, although less 

clearly, in the detached pseudo-eclogite and schist block 1 lJb. At 1 lJb the 

amphibole ranges from colourless to pale blue in thin section. Crystals are up to 5 

mm long and there is no visible fabric. The amphibole is seen to overgrow pale, 
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magnesium-rich chlorite, in plates up to 2 mm across, and also pyroxene of the 

pseudo-eclogite block edge. 

The vein-like nature of the glaucophane incursions into schist at schist-serpentinite 

contacts suggests that, as around meta-igneous blocks in the serpentinite melange, 

amphibole is the product of fluid infiltration. This fluid clearly infiltrated the 

bimetasomatic chlorite zone and pseudo-eclogite, after they had developed as 

discrete metasomatic bodies, as well as the schist. The amphibole cannot, however, 

be traced beyond the chlorite zone into talc. 

8.6.1 Timing of amphibole incursion 

The cross-cutting relationships seen between amphibole incursions and the chlorite 

and pseudo-eclogite indicate that amphibole incursion occurred after bimetasomatic 

zone growth or at least late in the process. This is in agreement with the observed 

timing of amphibole incursions from meta-igneous blocks where a bimetasomatic 

chlorite zone appears to have been present prior to infiltration of the amphibole 

crystallising fluid, while a few observed cases of replacement of calcic amphibole by 

chlorite indicates that some bimetasomatic zone growth continued after the incursion 

of amphibole. 

Evidence for the timing of metasomatic amphibole incursion relative to the fracturing 

and detachment of the pseudo-eclogite is found in a detached pseudo-eclogite schist 

block, BB. Block BB is located in the upper unit of the northern serpentinite belt 

(figure 3. 1), around 300 in east of the road to Kambos, about 50 in west of block GB 

(chapter 5) and only 10-15 in away from the nearest contact with the bounding 

schist-unit. The exposed block measures 9 in east-west by 1-3 in north-south, 

narrowing at the western end (plate 8.6). 

The eastern end of the block, is heavily retrogressed and albitised and associated 

albite veins up to 4 cm wide cut across it (plate 8.7). The retrogressed mineralogy 
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Plate 8.7: Albite veins up to 4 cm wide 
are present at the eastern end of block 
BB. The material around the veins is 
heavily retrogressed to greenschist 
facies minerals including albite and 
aeginne. Patches of monomineralic 
sodic amphibole (glaucophane with 
crossite rims) are also present and are 
concluded to be related to an episode of 
infiltration (see main text). Tape 
measure at 20 cm for scale. 

Plate 8.8: Contact between pseudo-eclogite 
(bottom of picture) and glaucophane-schist 
(centre and top of picture) at the western end of 
block BB. In this area greenschist retrogression 
is absent and the high-grade blueschist 
mineralogy is preserved. Tape measure for 
scale. 
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Plate 8.9: Relic schistose textures in highly 
retrogressed glaucophane schist from the 
eastern end of block BB. The schistosity, 
defined by alignment of glaucophane crystals, 
is distorted in may areas by growth off large 
albite porphyroblasts. 100 Drachma coin for 
scale. 

Plate 8.10: Two intersecting slip surfaces 
at the eastern end of block BB. The pen 
(for scale) lies at the intersection between 
the two surfaces. One surface (the right of 

, the pen) is at 046/52 with striae dipping at 
20° on the face and the other (to the left 
of the pen) is at 088/32 with striae dipping 
at 50° on the face. 
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includes aegirine pyroxene apparently once rims around omphacite cores now 

replaced by albite, crossitic rims on glaucophane, fragments of garnet, minor epidote 

and accessory rutile, sphene and opaque oxides all within a matrix of interlocking 

grains of poikioblastic albite, 1-2 mm in diameter. 

The western end of the block is clearly a mix of glaucophane-schist and pseudo-

eclogite, reminiscent of that observed at 9J16 and related blocks (plate 8.8). Some 

areas of the retrogressed eastern end of the block have a relic schistose texture (plate 

8.9) while others are more massive and apparently glaucophane-free and these may 

be correlated from their textures and traces of relic blueschist mineralogy with areas 

of glaucophane schist and pseudo-eclogite respectively. 

The highly retrogressed eastern end of the block also contains two intersecting slip 

surfaces (plate 8.10), one at 046/52 with striae dipping westwards at —20°, and one at 

088/32 with striae dipping westwards at 50° on the face. The most distinctive 

feature, however, is a breccia face roughly parallel to the latter slip surface (plate 

8.11). The breccia consists of pale, glaucophane-free clasts, apparently originally 

pseudo-eclogite but now heavily albitized. 

Over the majority of the face, the clasts occur in a matrix of apparently similar 

lithology, however, in some areas (see plate 8.11) the matrix consists of 

monomineralic glaucophane now rimmed by retrogressive crossite and in places 

partially included in poikiloblastic albite, clearly also of late retrogressive origin. 

Similar monomineralic glaucophane without the crossitic rims and albite 

poikiloblasts is observed at the western end of the block in contact with non-

brecciated material of similar pseudo-eclogitic composition to the clasts (plate 8.12). 

The pseudo-eclogite breccia face seems likely to be related to the fracturing and 

detachment of the pseudo-eclogite from the nearby schist-serpentinite contact. The 

short distance between the now detached block and nearby schist, suggest that the 

block was only transported a short distance after detachment. This may have helped 
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Plate 8.11: Breccia face at the eastern end of block 
BB. Light coloured, breccia clasts of heavily albitized 
pseudo-eclogite are preserved and in some cases are 
cemented in a matrix of monomineralic sodic 
amphibole (glaucophane with crossite rims). 
'Cementing' of the pseudo-eclogite breccia by 
amphibole is though to have aided in the preservation 
of the breccia face. Tape measure at 20 cm for scale. 

Plate 8.12: Monomineralic glaucophane 
at the western end of block BB in contact 
with pseudo-eclogite. No greenschist 
retrogression is present in this area. Tape 
measure for scale. 
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Plate 8.13: Schist block from 
the lower serpentinite unit at 
'Polychrome Point' (figure 3.1) 
partly embedded in melange 
matrix and with a chlorite-rich 
metasomatic rind. Tape 
measure at 10 cm for scale. 
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Plate 8.14: Loose schist block at 
'Polychrome Point' (figure 3.1). 
Such schist blocks may or may  
not have formally been 	 . 

incorporated in the lower 	4 	 . 	- ' 
serpentinite unit exposed at this P,.t - 	- 
locality. Tape measure at 10 cm 	.:!  
for scale 
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to preserve the breccia face, however, cementing of the breccia by crystallisation of 

amphibole seems likely to be a more significant factor in the preservation of the 

breccia face. This indicates that the amphibole must have crystallised during or soon 

after brecciation in order to preserved the breccia face. 

The occurrence of monomineralic amphibole around brecciated clasts of pseudo-

eclogite, therefore, suggests that incursions of metasomatic amphibole occurred 

during or soon after the fracturing and detachment of pseudo-eclogite from schist-

serpentinite contacts. This times the amphibole incursion event, as well as the 

fracturing and detachment of pseudo-eclogite slabs, to the transition from Si to S2 

deformation. 

The timing of the amphibole infiltration event to the transition form Si to S2 

deformation suggests a link between the vein-infiltration event documented by Bloor 

(1998) which produced lawsonite growth in grey-schists, although the inferred fluid 

compositions are not obviously related as is discussed further in chapter 10. Bloor 

(1998) argued that transfer to the hanging-wall in a subduction environment, which 

must occur if the rocks are to ever reach the surface, will be associated with tectonic 

duplication and thus, potentially with a discrete change in PT for the underthrust 

packet and possible fluid-release. There will also be a change in deformation style 

for the transferred packet above. The metasomatic amphibole infiltration event may 

therefore be another product of this inferred process. 

8.7 Schist adjacent to the lower melange unit 

Glaucophane-rich basic schist, such as occurs in some schist blocks within the main, 

upper serpentinite melange unit, is observed adjacent to the basal boundary of the 

lower melange unit in the north, where it is well exposed at 'Polychrome Point' 

(figure 3.1) just north of the prehistoric hill fort of Khalandriani near Kastri. Here a 

partially preserved layer of pseudo-eclogite exists with both pseudo-eclogite and 

glaucophane-schist now in contact with the melange. The schist also contains bands 
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of marble and a marble unit appears to cap the melange. This latter, however, is 

considered to be merely a large melange block (Dixon and Ridley, 1987). 

The pseudo-eclogite shows signs of fracturing on a thin section scale with calcite-

veins running perpendicular to the schistosity and not extending into unaltered 

glaucophane schist. However, both glaucophane-schist and pseudo-eclogite, in 

common with many of the blocks in the melange, show signs of greenschist-

retrogression with chlorite, albite, calcite and white mica after garnet and 

glaucophane. Therefore, the calcite veining may be retrogressive rather than the 

product of peak metamorphic early extension. 

A number of blocks of schist ranging up to 2-3 m in diameter are exposed on the 

point. Some have clearly been incorporated into the melange and posses partially 

preserved chlorite-rich rinds (plate 6.13). Others, however, are loose and may or 

may not have once been incorporated in the melange (plate 6.14). 

Overall, it may be concluded that the process of pseudo-eclogite formation, 

fracturing and incorporation into the melange occurred in the lower melange unit at 

Polychrome Point in a similar way to within the upper melange unit. 

8.8 Conclusions 

From the above discussion, the following may be concluded. 

A zone of 'pseudo-eclogite', first noted by Dixon (1969), formed at schist-

melange contacts via omphacite-forming decarbonation reactions where bulk 

schist compositions were favourable. Favourable schist compositions may 

include calcareous-glaucophane schist or thinly interbedded carbonate-free 

glaucophane schist and glaucophane-free carbonate schist. These reactions were 

driven by loss of CO2  to the melange matrix where CO2  reacted with serpentinite 

to form talc-carbonate assemblages. The volume of talc-carbonate produced 

being proportional to the amount of pseudo-eclogite formed at the schist edge. 
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A bimetasomatic chlorite zone formed between the schist margin, whether or not 

converted to pseudo-eclogite, and talc-bearing zones. This is consistent with 

observations of chlorite zones around all varieties of meta-igneous blocks in the 

serpentinite melange. 

Boudinage, fracturing and detachment of sections of pseudo-eclogite occurred 

with incorporation of the detached pseudo-eclogite slabs and minor amounts of 

attached schist into the serpentinite melange. The timing of the detachment event 

is thought most likely to be during the transition from Si to S2 deformation 

associated by Bloor (1998) with transfer of the Syros packet from the down-

going slab to the hanging wall of the subduction zone. 

Incursions of metasomatic amphibole occurred in the chlorite zone, schist and 

pseudo-eclogite, including 'cementing' pseudo-eclogite breccia apparently 

associated with fracturing and detachment of pseudo-eclogite bodies. As also 

observed in meta-igneous blocks, the amphibole varies in composition from 

calcic in the chlorite zone to sodic in pseudo-eclogite and schist, implying 

interaction between the infiltrating fluid and schist-derived fluids in equilibrium 

with glaucophane-bearing assemblages. 

The cementing of pseudo-eclogite breccia indicates that the metasomatic 

amphibole incursions crystallised during or soon after major fracturing of the 

pseudo-eclogite. This times the amphibole incursion event, also to the transition 

from Si to S2 deformation, possibly relating it to the fluid infiltration event 

documented by Bloor (1998) that produced lawsonite growth in the greyschist. 

The amphibole infiltration event may thus be linked to transfer of the Syros 

packet from the down-going slab to the hanging wall of the subduction zone, as 

was suggested to be the case for the lawsonite generating fluids by Bloor (1998). 
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The origin of the metasomatic amphibole incursions is discussed further in the 

following chapters. 
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Chapter 9: Modelling component activities 

9.1 Introduction 

In the previous five chapters (chapters 4 to 8) the bimetasomatic zone sequences and 

infiltration metasomatic products observed around blocks of various compositions 

within the serpentinite melange on Syros have been described. The following 

chapter aims to gain further information on this metasomatism, by considering 

activities of components in solution and the corresponding stability ranges of 

relevant minerals. This was accomplished using the modelling program Wintherm 

written and kindly supplied by T.J.B. Holland  

For this study the block 9J and its zone sequences were chosen because they are 

well-documented (chapter 4) and the mineralogy of the block is simple and relatively 

homogeneous. 

The aims of the modelling undertaken in this chapter include the following: 

To confirm that the proposed bimetasomatic zone sequence observed could be 

stable at high grade blueschist facies conditions. 

To support or refute textural evidence, which suggests the Cr-rich outer pyroxene 

band is a relic of an early stage of zone sequence growth. 

To investigate the possible composition of the amphibole-crystallising fluid, 

which infiltrated the block and bimetasomatic zone sequence during 

bimetasomatic zone growth. 

9.1.1 Activity and concentration gradients in bimetasomatic zone 

sequences 

As discussed in chapter 1, bimetasomatism occurs via diffusion of components in a 

stationary pore fluid. Components will diffuse down chemical potential gradients, 

Department of Earth Sciences, University of Cambridge, Downing Street, Cambridge. 
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which at constant pressure and temperature, will be linear functions of gradients in 

log(a), the logarithm of activity, according to the equation: 

t=p°+RTln(a) 	[9.1] 

where is the chemical potential; i°  is the chemical potential at the standard state 

and is a function of P and T; R is the gas constant; T is the temperature in K; a is the 

activity and is a function of a number of factors including P, T and concentrations of 

components; and ln(a) = 2.303 log(a). 

A diffusion equation of the form: 

J = -L(at/a 	[9.1]6 

may be written relating flux, J, to chemical potential gradient via a linear 

phenomenological coefficient, L (e.g. Joesten, 1977). Assuming no interaction with 

other diffusing components (appendix I), the diffusion profile of an initial step-wise 

discontinuity in chemical potential will evolve to the classic diffusion profile as 

shown in figure 9.1. From the relationship between chemical potential and activity, 

the profile of log(a) across the discontinuity will be of a similar form. 

If reaction occurs with diffusion, however, such as in the formation of bimetasomatic 

zone sequences, a more complicated activity profile will result, with stepwise 

changes in the chemical potential gradient (Powell, 1978; Joesten, 1991). Notably, 

however, the sign of the chemical potential gradient and, therefore of the gradient in 

log(a), across the zone sequence remains constant with no maxima or minima 

occurring (figure 9.2). 

9.1.2 Local equilibrium 

If local equilibrium conditions are assume to hold, then, by definition, the chemical 

potential of a component in any solid phase will be equal to the chemical potential of 

that component in solution. At constant PT this means that the activity of a 

6  The analogous equation to Fick's first law of diffusion (chapter 6). 
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Figure 9.1: Profiles of chemical potential, t, at time to to t. for aqueous species i, diffusing from an 
area of high initial chemical potential to one of low initial chemical potential without reaction. 
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Figure 9.2: Profiles of l.t(CaO), .t(MgO) and 4(Si02) across a bimetasomatic reaction zone sequence 
between quartz (Q) and dolomite (DO), after Joesten (1991). TR = tremolite, CC = calcite. Chemical 
potentials are buffered at invariant and univariant layer contacts calculated at 450 °C and 500 bars, 
and X(CO2) = 0.9. Values are normalised to an arbitrary origin at TR + CCIDO and gradients within 
layers are assumed to be constant. Ratios of the phenomenological coefficients, L (see main text 
equation [9. 11, and appendix I) are LCa0Ca0/LSI02Si02 = 1 and LMgoM o/Lsjo2sioz = 10. Thick black arrows 
denote the direction of zone growth. Note that chemical potential gradients have a continuous 
direction of slope although the magnitude of slope may change at layer contacts. 
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component in any solid phase will be equal to the activity of that component in 

solution. Therefore, activity profiles for components in solution across a 

bimetasomatic zone sequence, in which local equilibrium holds, will be identical to 

activity profiles of components in the solid phases. 

This is useful because it is the solid phases which are preserved after bimetasomatic 

reaction has ceased, while little or no information is available on the fluid 

composition or component activities in the fluid. Therefore in modelling the 

bimetasomatic zone sequence of block 9J, it was initially assumed that local 

equilibrium held during bimetasomatism. Some possible consequences of non-local 

equilibrium behaviour are discussed below and also in sections 9.4.3 and 9.5.3. 

9.1.3 Kinetic factors and relict minerals 

As mentioned in chapter 1, true local equilibrium behaviour is unlikely to occur in a 

real system where kinetic factors may inhibit mineral crystallisation or dissolution. 

If minerals do not dissolve as predicted by thermodynamic and equilibrium criteria, 

then they may remain as relict minerals, preserving the record of earlier component 

activities. Such relict minerals may result in apparent maxima or minima in activity 

and log(a) profiles across zone sequences. 

The presence of minor components within the system may also contribute to the 

preservation of relict minerals and may, moreover, contribute to inaccuracies in 

calculated activities if the minor elements are not included in the activity model. 

At block 9J, it seems possible that both these factors may contribute significantly to 

the presence of the chromium-rich outer-pyroxene band. In chapter 4 it was 

suggested from textural evidence that this 'zone', which is incomplete around block 

9J, is a textural relic, and one of the main aims of components activity modelling was 

to support or refute this hypothesis. 
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9.2 Approach to modelling 

Log(a)-log(a) plots for the major components of block 9J and its metasomatic rind, at 

peak blueschist facies conditions were constructed from activity data, produced 

through the program Wintherm, written by T.J.B. Holland (personal 

communication). 

These log(a)-log(a) plots were then used to establish whether the proposed 

bimetasomatic zone sequence observed at block 9J may, in reality, be stable at high 

grade blueschist facies conditions. 

Limits on component activities across the zone sequence are set by observed 

stabilities of minerals within zones and in adjacents zones. These limits were 

calculated and used to plot permissible ranges of component activities across the 

observed bimetasomatic zone sequence. Apparent activity profiles across the zone 

sequence are then discussed with reference to these permissible ranges. 

It was concluded above, that gradients in log(a) across the zone sequence may 

provide information on the extent of local equilibrium and the applicability of 

activity models. Therefore, the available information on apparent activity profiles 

across the zone sequence of block 9J was used to discuss these factors and more 

specifically to gain information on the possible relict origin of the outer pyroxene 

band. 

Finally the composition of the amphibole-crystallising fluid was investigated with 

reference to the stability fields of glaucophane and tremolite on log(a)-log(a) plots. 

For ease of reading in the following text the abbreviations, shown in table 9.1 are 

made in most cases: 
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Quantity Abbreviation 

log[a(Mg)/a2(H)] log(Mg) 

log[a(Na)/a(H1)] log(Na) 

log[a(Ca)/a2(H)] log(Ca) 

log[a(Si02(aq))] log(Si) 

Table 9.1: Abbreviations made in the text 

Mineral activities are also abbreviated in some cases for ease of reading. For 

example, pyroxene with a(jd) = 0.6 may be denoted by jadeite (0.6) orjd(0.6). 

9.2.1 Wintherm 

The program Wintherm uses the internally consistent thermodynamic dataset of 

Holland and Powell (1998) to calculate mineral stability fields as a function of 

component activity7, using thermodynamic equations summarised in appendix V. 

Input data 

When using Wintherm, a single reaction, between two solid phases, is considered at 

any one time. The input data required are the PT conditions of interest, the X(CO2) of 

the fluid, and the activities of each component in the reaction. In the present case, 

activities were calculated from electron microprobe data for the minerals observed in 

block 9J, using activity models summarised in section 9.2.3. Other mineral activities 

were left at the default setting of 1. This assumes that the mineral phases are pure. 

However, leaving the unknown mineral activities set to 1 also gives the least 

restricted ranges of log(a) for the observed minerals, whose activities are known, 

keeping the stability fields of these minerals to a maximum. 

Wintherm also has the capacity to calculate, for any given reaction, T at fixed F; P at fixed T; T as a 
function of X(CO2); dH; H, S, and G as functions of T; log K; and T as a function of ln(a) of any 
reaction component. The program can also be used for speciation calculations if a suitable input data 
is supplied. 
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The activity of H in the 9J system is unknown, therefore, log[a(Mg)/a2(J{)] and 

log[a(Na)/a(H4)] were plotted as opposed to log[a(Mg)] and log[a(Na)]  (see 

appendix V). 

Reactions 

Reactions between A1203  bearing minerals were run preserving A1203. This 

effectively assumes that Al is immobile. In reality Al is unlikely to be truly 

immobile but it is still likely to be one of the least mobile components (e.g. Mehnert, 

1969; Linder et al., 1992). 

For non-A1203  bearing minerals, saturation surfaces were calculated. These are the 

surfaces in activity space at which the solution becomes saturated and precipitates 

the mineral in question and are discussed further below (section 9.4). 

The most serious limitation for the modelling was in the dataset used. This sis not 

contain data on omphacite as a single phase. Thus stability fields for relevant 

activities of the end members jadeite and diopside were used instead. 

9.2.2 PT conditions for modelling 

To model the bimetasomatic zone sequence of block 9J, the stability fields of 

minerals were calculated at 15 kb and 500 °C. This is within the range of peak PT 

estimated for the blueschist facies on Syros, although towards the upper end of the 

temperature range. The effects of lowering temperature and pressure are discussed 

briefly in section 9.6 in relation to infiltration-controlled crystallisation of 

glaucophane. 
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9.2.3 Activity models 

Mineral activities were calculated from electron microprobe data from block 9J and 

its surrounding metasomatic rind (appendix IV). The activity-composition relations 

used are summarised and briefly discussed below. The water activity applicable to 

the Syros serpentinite melange is also discussed. 

Pyroxenes 

The activity of jadeite (jd), diopside (di), acmite (ac) and hedenbergite (hd) in the 

pyroxenes of block 9J were calculated using the activity-composition equations of 

Holland (1990). These equations are developed from a two-site mixing model 

assuming non-ideal mixing, and are: 

RT1nY(jd)  = XcaM2[XMgMIWA + XFe2+MIW13  + XFe3+MIWC] 

RTlny(d) = XNaM2[XFe3+M1(WA - Wc) + XFe2+M1 (WA - WB) + XAIM1WA] 

RT1nY(ac)  = XcaM2[XMgM1(WA - Wc) + XFe2+M1 (WB - Wc) - XA1M1WA] 

RTlnY(hd) = XNaM2[Xpe3+M1(WB - Wc) + XMgM1(WA - WB) + XAIM1WB] 

where R is the gas constant (= 8.314 kJ moi1  K 1 ), T is the temperature in Kelvin, 

Xjj is the mole fraction of i in the j-site, WA = 26 kJ, WB = 25 kJ, and Wc 0. 

This activity model, however, assumes a disordered C2/c pyroxene structure over the 

whole compositional range (figure 9.3a) and does not include the region of P2/n 

ordered omphacites and the associated miscibility gaps noted by Carpenter (1979, 

1980). Holland (1990) does, however, discuss semi-quantitatively the effects of a 

region of ordered P2/n omphacites and these are shown on figure 9.3b. 

The topography of Holland's (1990) P2/n region and associated miscibility gaps at 

500 °C does not agree with that of Carpenter (1980) (figure 9.3c). Carpenter's 

(1980) topography is based, in part, on his data from Syros blueschists (Carpenter, 
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Figure 9.3: a Activity of jadeite in the ternary jadeite-acmite-diopside system at 500 °C, after Holland 
(1990) calculated for disordered C2/c pyroxenes. b Activity of jadeite in the ternary jadeite-acmite-

diopside system at 500 °C calculated for disordered C2/c pyroxenes, as in figure 9.3a, but with the 

addition of an ordered P2/n omphacite field, after Holland (1990). Relations within the two miscibility 
gaps and in the ordered region are only qualitative; they are based on calculated results along the 
jadeite-diopside join and the unsubstantiated assumption that ordering at the Ac50Di50  composition 

occurs below about 300 °C (Holland, 1990). 
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Figure 9.3: c Equilibrium phase diagram of temperature against composition for jadeite-augite, after 
Carpenter (1980). The composition limits are not defined precisely but an attempt has been made to 
incorporate the available temperature data. d Activity of jadeite in the ternary jadeite-acmite-diopside 
system at 500 °C, after Holland (1990). Thick lines are calculated for disordered C2/c pyroxene, as in 
figure 9.3a. Thin lines are for addition of an ordered P2/n omphacite field, as in figure 9.3b. Stippled 
areas are pyroxene composition ranges for pyroxenes in block 9J from the serpentinite melange on 
Syros, as in figure 4.16. 
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1979) and the distribution of pyroxene data from block 9J (figure 9.3d) suggests that 

the actual topography is close to that of Carpenter (1980), as observed in chapter 4. 

The consequences of using an activity model which ignores the region of P2/n 

ordering and its associated miscibility gaps is discussed further in section 9.5.4. 

The average a(jd) of the pyroxenes in the block centre is 0.89 with a(di) ranging from 

o to 0.11. The activity of acmite and hedenbergite are below 0.1 in all block centre 

pyroxenes except for the retrogressive acmitic reefs, where a(ac) reaches up to 0.63. 

The average a(jd) of the 'new' pyroxene of the block-edge inner pyroxene band is 

0.6 with a(di) in the range 0.56-0.66. Again, a(ac) and a(hd) are below 0.1. The 

maximum and minimum a(jd) in the outer pyroxene band are 0.52 and 0.25 

respectively and a(di) lies in the range 0.5-0.68. The activity of acmite in the outer 

pyroxene band reaches a maximum of 0.23 in pyroxenes that are thought to be 

retrogressive in origin (chapter 4). All other a(ac) and all a(hd) values in the outer 

pyroxene band are both 0.1. 

Amphiboles 

The activity of glaucophane (gi) and tremolite (tr) in the sodic-amphibole of block 9J 

was initially calculated from electron microprobe data using the formulae: 

a(gl) = XNaM4 2 XA1(V)M(13) "MgM(1-3)
3  

a(tr) = XCaM4 
2 
 XMgM(13) 

5  X 8 
ST 

respectively, after Evans (1990), where Xjj is the mole fraction of i in the j-site. For 

the activity modelling in this chapter, an average activity was taken from sodic-

amphibole compositions within block 9J. The models of Evans (1990), however, 

assume ideal mixing on all sites and significant errors may be present in activity 

estimates especially away from end-member compositions. The two expressions are 

also inconsistent. However, although activity calculations made using the more 
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complex model of Dale el al. (2000)8,  give differences of up to 0.24 in individual 

activity calculations, the calculated average a(gl) for sodic amphiboles within bock 

9J is effectively identical, with both methods giving a(gl) of close to 0.5. 

A value for a(gl) of 0.50 was therefore used for the modelling discussed in this 

chapter, and other calculated activities are as follows. The model of Evans (1990) 

gives a(tr) in sodic amphiboles as <0.005, while that of Dale et al. gives a negligible 

a(tr). Calcic-amphibole has a low, and sometimes negligible, a(gl) for both models. 

The model of Evans (1990) gives a(tr) up to 0.45 in calcic-amphibole, but this is 

probably a maximum upper limit as the more complex model of Dale et al. gives a 

maximum a(tr) of 0.39. 

These values of component activities were used in the modelling discussed in the 

present chapter. However it should be noted that a significant source of error exists 

in these activity calculations due to the lack of incorporation of miscibility gaps in 

the amphibole series. One such miscibility gap is observed, in the present study, to 

exist in the gl aucophane-barroi site series and will seriously effect the calculated 

activities particularly of amphibole compositions lying close to the edges of the 

miscibility gap. Activity calculations that admitted the presence of miscibility gaps in 

the amphibole series would considerably reduce the extreme variations in amphibole 

activity coefficients seen, for example in figure 9.15. 

Chlorite 

The activity of clinochlore (din), Mg5AI2Si3O10(OH)8 , in chlorite from the chlorite 

zone of block 9J was calculated from electron microprobe data (appendix IV) using 

the equation of Holland and Powell (1990), which assumes ideal mixing of Al and Si 

8  The model of Dale et al. (2000) assumes regular solution between endmembers and an ideal mixing 
modle after Holland and Powell (1998), The model of Dale etal. (2000) is incorporated in the 
program 'Ax' which was used to calculated iron distribution in amphiboles (see appendix IV). 
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on only two of the four tetrahedral sites and ideal mixing of Al on only two of the six 

octahedral sites: 

a(clin) = X2(2 - X)2  

where X is obtained from the formula of the analysed chlorite, written as 

(M96 _xAlx)(Si4 _ XAIX)O1o(OH)8. Thus for pure clinoclore X = 1, while for amesite 

X=2. 

An average chlorite activity of 0.45 was calculated from all the data on the chlorite 

zone of block 9J, and was used in the modelling. However, this value may be in 

error due to the simplicity of the activity model used, which does not account for the 

presence of iron in the chlorite. Although iron content is also low (XFe2+M  <0.1), 

calculation using the more recent model of Holland et al. (1998) for the ternary 

system clinochlore-amesite-daphnite, which incorporates ordering of Al strongly into 

the M4 site, suggests that average a(clin) may be closer to 0.5. 

Activity of H20 

Dixon (1969) deduced that reaction of serpentinite to talc-carbonate assemblages, 

such as occur near block 9J, would buffer the fluid to water-rich compositions 

(chapter 7). The presence of sphene in the block and chlorite zone of 9J suggests a 

very low CO2  activity, since sphene is unstable with CO2, breaking down to rutile via 

the reaction: 

sphene + CO2  = rutile + calcite + quartz 	[7.2] 

Thus the activity of water (a(H20)) was set at unity during initial activity 

calculations. 

Barr (1989, 1990), however, although concluding that the metamorphic fluid in the 

northern greyschists of Syros had X(CO2) :5 0.002 mol%, also measured salinities 

ranging from almost pure water to halite-saturated. A high salt content in the fluid 

will lower the water activity. Therefore, if Barr's (1989, 1990) measured salinities 

apply to the high PT fluid around block 9J, a water activity of unity may be 
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unrealistic. The possible effects of the observed salinities on the activity of water are 

discussed below and the effects of these on the calculated stability fields of minerals 

are discussed in section 9.5.6. 

The data of Barr (1989) show that the Syros blueschist fluids contain predominantly 

NaCl with minor MgCl2  and possibly CaCl2. Because of the very low CO2  

concentrations, the fluid may effectively be considered as lying in the binary NaCl - 

H20 system. Concentrations of chloride-salts have largely been neglected in 

experimental and thermodynamic modelling of high pressure and temperature 

geochemical and petrological processes in favour of pure H20 and its dilution with 

CO2. However, more recent work, discussed below, allows some quantitative 

estimates of a(H20) through empirical a(H20)-X(H20) relationships based on 

experimental data, where X(H20) is the mole fraction of H20. 

Early work on a-X relations in salt solutions, including those of NaCl, involved only 

low pressures and temperatures and mainly dilute solutions. Recent experimental 

work (Aranovich and Newton, 1996; Shmulovich and Graham, 1996 and 1999; 

Makkonen-Craig, 1997; Shmulovich et al. 1998), however, has extended data to high 

PT regions and more concentrated solutions. 

Two models for a(H20)-X(H20) relations in relatively concentrated salt-water 

solutions have been developed. Aranovich and Newton (1996) used experimental 

data on brucite-periclase dehydration equilibria (figure 9.4) to show that at low 

pressures of 2 kb the solution is close to an ideal mixture of undissociated NaCl and 

H20, with a(H20) = X(H20) for X(H20) > 0.5 in NaCl-H20 solutions. However, 

with increasing pressure, the relationship alters with a(H20) becoming progressivley 

smaller than X(H20), and at 15 kb a(H20) = X(H20)2. This trend towards a 

relationship of a = X2  Aranovich and Newton interpret as resulting from pressure-

induced dissociation of NaCl in the fluids. 
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Figure 9.4: Activity of water, a(H20) in the binary H20-NaCl system, after Aranovich and Newton 
(1996). Water activity is plotted as a function of H20 mole fraction, X(H20), calculated from brucite-
periclase dehydration equilibrium data. Average uncertainties of the determinations are about the 
same size as the plotted symbols. At 2 kb NaCI and H20 are nearly ideal mixtures with water activity 
equal to X(H20), but water activity rapidly decreases below mole fraction with increasing pressure, 
with values approaching the square of the mole fraction at 10-15 kb. 
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Shmulovich and Graham (1996) found that the formula a = X2  did not fit their data 

for melting of albite and dehydration of brucite in H20-NaC1 fluids at 9kb. 

Makkonen-Craig (1997) found a similar discrepancy with his data for the H20-KC1 

system at 9kb. Shmulovich et al. (1998), however, found that the equation 

a = X2/(2 - X) closely approximated the a(H20) in the system H20-KC1 at 9kb. 

For calculation of a(H20) of the Syros blueschist rocks, the formula of Aranovich 

and Newton (1996), a = X2, was chosen because the data of Aranovich and Newton 

(1996) extends to 15kb and the fit of the model to the data is good in the region of 

10-15 kb. The temperature at which Aranovich and Newton's (1996) 10-15 kb data 

was obtained is around 900 °C, considerably higher than the 450-500 °C of the Syros 

blueschists. A lower temperature may cause increases in non-ideality (Graham, 

personal communication), but at present not enough data exist to quantify variation 

of a-X relations with temperature. 

Barr (1989) gives fluid inclusion data on quartz segregations from three metabasite 

rocks, and from matrix quartz in one of these samples. She also gives data from 

quartz segregations from two metasediments, quartz matrix data from one of them, 

and garnet inclusion data from a further metasediment. All the fluid inclusions 

except for an apparently late population in the matrix quartz of one of the rocks from 

which garnet inclusions were also sampled and one other metasediment, show salt 

concentration in the range of 3.5 to 11 equivalent wt% NaCl. The late population 

from the matrix quartz, Barr (1989) believes may have been formed by relatively 

late-stage hydration reactions in the schist, still, however, apparently within the 

blueschist facies. This late population shows a much higher concentration of salt, 

between 30 and 40 equivalent wt% NaCl. 

Assuming that all salt is NaCl, converting Barr's equivalent wt% NaCl to mole 

fraction NaCl, assuming a binary H20-NaCI solution and using the formula of 

Aranovich and Newton (1996), a = X2, the above salinities equate to a(H20) = 0.93 
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to 0.98 for the low salinity fluids, and a(H20) = 0.69 to 0.78 for the late stage, high 

salinity fluids. 

Barr's samples are all from the north of the island with the exception of one sample 

taken from the Ermoupolis-Kouroupi unit, which is believed to be a down-faulted 

section from the same stratigraphic level as the north of the island (chapter 2). Thus 

the fluids she sampled may be directly related to those present within the serpentinite 

melange. 

Barr (1989) concludes, from her data, that fluids, at least within the greyschist of 

northern Syros, were non-pervasive. It is, therefore, possible that the late, high 

salinity fluid was only a relatively local phenomenon. If this is the case, a high water 

activity, of 0.93 to 0.98, seems plausible for the duration of the bimetasomatic 

reactions in the serpentinite melange on Syros, and a water activity of unity is not an 

unreasonable approximation. If a relatively late, high salinity fluid was more 

pervasive, then a water activity as low as 0.69 may be applicable. However, such a 

fluid was apparently late stage and is therefore likely only to have effected the latter 

stages of mineral growth. The effects of lowering water activity are discussed 

further below, in section 9.10. 

9.2.4 Log(a) - Log(a) plots and the behaviour of a fluid 

The following section is a brief introduction to the characteristics of log(a)-log(a) 

plots with reference to diagrams which are also considered later in the text. Further 

examples and illustrations of log(a)-log(a) plots, or mineral stability diagrams, may 

be found, for example in Powell (1978) and Faure (1992). 

The composition of a fluid may vary anywhere across a log(a)-log(a) plot where it 

remains undersaturated or just saturated in a given phase. Supersaturation is not 

permitted, thus the fluid composition cannot exceed log(a)-log(a) of a saturation 

surface. For example, on figure 9.6b, which is drawn for a fixed silica activity such 
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that log[a(Si02(aq))] = -0.79, log(Mg)/a2(H)] is plotted against log[a(Na)/a(H)], 

and the talc saturation surface is a straight line parallel to the log[a(Na)/a(H)] axis. 

The composition of the fluid, with this fixed a(Si02(aq)) can never exceed the value 

of log[a(Mg)/a2(H)] corresponding to talc saturation, as talc would precipitate, 

maintaining the fluid at talc saturation. Therefore, antigorite saturation will never be 

achieved at this a(Si02(aq)) and such a fluid will continue to dissolve antigorite and 

precipitate talc as long as the activity of silica is maintained at the stated value. 

Figure 9.7, shows log[a(Mg)/a2(Ir)] plotted against log[a(Si02(aq))]. Here the talc 

and antigorite saturation surfaces plot as straight lines with slopes equal to the 

stoichiometric ratios of Mg to Si in the two phases. The plot shows that antigorite 

saturation will be achieved at lower log[a(Si02(aq))] than -0.79, as 

log[a(Mg)/a2(H)] in the fluid may increase to higher values than that for talc 

saturation at log[a(Si02(aq))] = -0.79, as log[a(Si02(aq))] decreases. At high 

log[a(Mg)/a2(H)], and low log[a(Si02(aq))], the fluid composition is confined at 

or below the antigorite saturation surface and antigorite saturation may thus be 

achieved. 

The exception to the rule that fluids cannot cross the saturation surfaces of the phases 

stable under the stated conditions, is the case for a mineral of variable activity, such 

as diopside in figure 9.9. Here the fluid composition may cross the saturation surface 

for a pyroxene with a(di) = 0. 1, for example, providing that the activity of diopside in 

the pyroxene crystallising is allowed to increase. This may continue until a(di) = 1, 

where the fluid composition is confined at or below the a(di) = 1 saturation surface 

by the crystallisation of pure diopside. 

9.3 Review of the zone sequence of block 9J 

The edge of block 9J displays a zone sequence, apparently of bimetasomatic origin, 

which has been described in detail in chapter 4 and is summarised briefly below. 
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The sequence comprises unaltered block, which is largely jadeite and quartz; an 

'inner pyroxene band' representing altered block edge, which is largely omphacitic 

pyroxene; a zone of chlorite; a discontinuous thin 'outer pyroxene band' including 

chromium-rich pyroxene, and outer talc-bearing zones (figure 4.15). 

The talc-bearing outer zones, which contain talc ± chlorite, also contain carbonate, 

which is apparently related to the proximity of the neighbouring schist (chapter 8), 

and amphibole, which is apparently the product of infiltration, as it is associated with 

fracturing and channelling, and not bimetasomatism. Thus the relevant minerals in 

the outermost preserved zone, for bimetasomatic zone purposes, are talc ± chlorite. 

Beyond the talc zone, antigorite was presumably present before it was entirely 

consumed and this is also born in mind when considering mineral stability fields in 

terms of varying component activities. 

The chromium-rich omphacitic pyroxene, and associated outer pyroxene band, may 

be a relic of an early crystallisation of chromium-rich pyroxene around already 

existing chromite within the ultramafic matrix. This chromite-rich band then 

remained as the bimetasomatic zone developed around it, as discussed in chapter 4. 

As such, it may be expected to show anomalous component activities reflecting 

component activities at the time of its formation rather than during the later 

development of the bimetasomatic zone sequence. 

9.4 The zone sequence of 9J in the WASH system 

Initially the system Na20-MgO-A1203-SiO2-H20, the NMASH system, was used to 

model the zone sequence of block 9J. The main simplification in this system is that 

it ignores the diopside component in the jadeite observed in 9J. It also ignores any 

iron, manganese, potassium and other minor elements such as chromium. For 

simplicity in modelling block 9J, the minor glaucophane and white mica in the block 

centre is ignored, and the block composition is taken as jadeite. Jadeite activity is 
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taken as 0.89 in the block centre and 0.6 at the block edge (in the inner pyroxene 

band) as calculated from electron microprobe data, and silica activity is assumed to 

reach quartz saturation in the block centre. Other mineral activities are as discussed 

in section 9.3. 

Stable minerals and aqueous species, in the applicable PT range, which were 

considered when constructing log(a)-log(a) plots, are given in table 9.2. The table 

also shows the mineral abbreviations and chemical formulae used by Wintherm. 

Mineral name/aqueous species Abbreviation Chemical formula 
cr glaucophane gi Na2Mg3Al2Si8O22(OH)2  

chlorite (clinochlore) din Mg5Al2Si30 10(OH)8  

pyrope py M93Al2Si3012  

Mg-carpholite mcar MgAl2Si2O6(OH)4  

jadeite jd NaA1Si206  

paragonite pa NaA13Si3010(OH)2  

albite ab NaAISi308  

pyrophyllite prl Al2Si4030(OH)2  

kyanite ky Al2SiO5  

corundum cor A1203  

diaspore dsp AlO(OH) 

talc ta Mg3Si4010(OH)2  

antigorite atg M948Si34085(OH)62  

H' (aq) H 

Na (aq) Na+ Na 

Mg 	(aq) Mg++ Mg 

aqueous silica aqSi Si02  

Table 9.2: Name abbreviations and formulae for minerals and aqueous species 

considered in the system NMASH as used by the program Wintherm. 

9.4.1 Stability of the zone sequence observed at block 9J 

The stability fields of minerals in the WASH system listed above were calculated at 

15 kb and 500 °C under conditions of varying Na, Mg and Si02(aq) activity. The 

results are shown in figure 9.5 in 3-dimensional log(Na)-1og(Mg)-log(Si)-space 

and selected 2-dimensional slices are shown in figure 9.6. The maximum value for 
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log(Si) is set within block 9J by quartz saturation, at log(Si) = -0.66 (a(Si02(aq)) = 

0.219). A low value of log(Si) is set in serpentinite matrix, by the talc-antigorite 

equilibrium reaction, at log(Si) = -1.25 (a(Si02(aq)) = 0.0562). These two values are 

used as maxima and minima on figure 9.5 but it should be noted that log(Si) may fall 

below the minimum value of —1.25 within talc-free serpentinite matrix. 

It can immediately be seen from figure 9.5 and 9.6 that a bimetasomatic zone 

sequence from jadeite to chlorite to talc is possible at high grade blueschist facies 

conditions. This lends considerable support to the zone sequence within the 

metasomatic rind, as deduced from field studies is, being a true high grade blueschist 

bimetasomatic zone sequence. Therefore, the amphibole-free zone sequence 

proposed from observational studies is concluded to be the peak metamorphic, high 

grade blueschist bimetasomatic zone sequence formed between the quartz saturated 

jadeite block, 9J and serpentinite matrix. 

9.4.2 Limits on component activities 

Some limits on log(Si) in the bimetasomatic zone sequence of block 9J have already 

been mentioned above and the geometric relationships between mineral stability 

fields places other limits on various components activities if the system is 

constrained to result in the zone sequence: 

Jd(O.89) + qz 	Jd(O.89)-Jd(O.6) ± qz Jd(O.6) 	Clin(O.45) 	Jd(O.52-0.25) 	Talc(l) 

Block centre 	 Inner px band Chlorite zone Outer px band Talc ± chlorite 

Log[a(Si02(aq))I at quartz saturation is not 1 because the standard state for aqeuous silica is taken as 
a 1 molal solution at the P and T of interest, and the molality of Si02  in solution at quartz saturation, 
15 kb and 500 °C is < 1. It is in fact - 0.216 (Manning, 1994). Since aqueous silica is a neutral 
hydrated monomer species, a = x (Manning, 1994), thus log[a(Si02(aq))] = 109[x(Si02(aq))] = 
log(0.216) = -0.66 as given by Wintherm. 
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Log[a (Si02(aq))] 

Besides the upper and lower limts of log(Si) as plotted in figure 9.5 and discussed 

above, a further limit on log(Si) is set by the necessity of having a contact between 

jadeite (0.6) and chlorite. This can be seen on in figure 9.5, and also figure 9.7 

where the clin-jd(0.6) surface is replaced by a pa-gi surface at high log(Si). The 

value of log(Si) at which this occurs, for the activity values used here, is log(Si) = - 

0.79 (figure 9.6b), and log(Si) must clearly have been below this value at the block 

edge for the observed zone sequence to form. If log(Si) had been above this value at 

the block edge, then a zone of glaucophane would have formed, as suggested by 

Dixon (1969) (see chapter 4). The key observation here, therefore, is that the 

presence of antigorite resulted in log(Si) being maintained at a value below 

glaucophane stability, thus glauocphane did not form as part of the bimetasomatic 

zone 

Thus there are three limits which can be placed on log(Si) in the bimetasomatic zone 

sequence of block 9J. log(Si) must be -0.66 in the quartz saturated block centre, it 

must fall at least as low as -0.79 at the block edge-chlorite contact, and log(Si) must 

have been -1.25 at the contact between talc and antigorite. These limits are 

summarised in table 9.3, and it is clear that they indicate a gradient of continuously 

decreasing log(Si) from the block centre outwards to the antigorite matrix. 

Log[a (Mg)/a2(H)] 

The slope of the gradient in log(Mg) present across the bimetasomatic reaction 

zone sequence of block 9J may be deduced by considering of figures 9.5, 9.6 and 9.7. 

It is clear from these diagrams that a gradient of increasing log(Mg) from block 9J 

to the serpentinite matrix is necessary to account for the observed zone sequence 

from jadeite to omphacite to chlorite to talc. This is because the talc saturation 

surface always lies at higher log(Mg) than the maximum log(Mg) of jadeite 

stability for a(jd) above about 0.25 (figure 9.7), while the average a(jd) of the 

A', 
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Figure 9.8: Minimum limit for log(Na) in block 9J and maximum and minimum limits for 

log(Na) in the inner and outer pyroxene bands as a function of log(Si). Data given in table 9.3. 1): 

one of the few possible gradients in log(Si)-log(Na)-space involving a continuous increase in 

log(Na) as log(Si) decreases from the block (log(Si) = -0.66) to the matrix (log(Si) = -1.25 or less). 

Such a gradient in log(Na) is believed unlikely to have occurred (see main text). 2), 3) and 4): 

three of the numerous possible gradients in log(Si)-log(Na)-space involving a continuous decrease 

in log(Na) as log(Si) decreases from the block to the matrix. Note that such gradients do not 
account for the presence of the OPB beyond the block-edge IPB (see main text). OPB = outer 
pyroxene band, IIPB = inner pyroxene band. 
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omphacite of the block edge inner pyroxene band is 0.6. Neither varying log(Na) 

nor log(Si) will remove this necessity for a gradient in log(Mg 

If jadeite activity at the block edge were as low as 0.25, then the stability field of 

pyroxene would extend to values of log(Mg) coincident with talc (figures 9.6a and 

9.6c). A zone sequence from jadeite to talc could then exist with no glaucophane 

present. However, even in this case, to obtain an intervening chlorite zone, a 

gradient in log(Mg) is still necessary. 

From figure 9.6 it may be estimated that the range of log(Mg) across the zone 

sequence of block 9J is probably between 3 and 5. There is, however, no minimum 

limit at the lower end of the range, or maximum limit at the upper end once the 

antigorite stability field is reached. The value of log(Mg) at talc-antigorite 

equilibrium, for a(H20) = 1, is 4.57 (see figure 9.6a) and log(Mg) in the 

bimetasomatic zone sequence must have reached this value at the contact between 

talc-bearing zones and antigorite. 

In summary, an increase in log(Mg) across the bimetasomatic zone sequence of 

block 9J is necessary to account for the zones observed and the limits set on 

log(Mg) are compatible with a consistent slope in the gradient of log(Mg) with 

log(Mg) varying form low in block 9J to high in the serpentinite matrix. 

Log[a(Na)/a (i-I)] 

The limits on log(Na) imposed by the configuration of the zone sequence of block 

9J and the calculated mineral activities are not so easily visualised as those in log(Si) 

and log(Mg). They are discussed briefly below and summarised in table 9.3 and on 

figure 9.8. The likely log(a) gradients implied by the limits set on log(Na) and their 

implications are also discussed. 

D1 



A B C 0 E F 

log(Si) a(Si) log(Na) a(Na) log(Na) a(Na) log(Na) a(Na) Iog(Na4 ) a(Na) log(Na) a(Na) 
Min in the block Min at the block edge Max at the block edge Min in Outer px band Max in outer px band 

Atg - Tccontact -1.25 0.0562 6.64 4.37E+06 6.38 2.40E+06 7.45 2.82E+07 7.7 5.01 E+07 8.02 1.05E+08 

-1.2 0.0631 6.56 3.63E+06 6.31 2.04E+06 7.25 1.78E+07 7.52 3.31E+07 7.84 6.92E+07 

-1.15 0.0708 6.49 3.09E+06 6.23 1.70E+06 7.08 1.20E-1-07 7.32 2.09E+07 7.64 4.37E+07 

-1.1 0.0794 6.41 2.57E+06 6.16 1.45E+06 6.88 7.59E-i-06 7.12 1.32E+07 7.44 2.75E+07 

-1.05 0.0891 6.34 2.19E+06 6.08 1.20E+06 6.68 4.79Ei-06 6.95 8.91E+06 7.27 1.86E+07 

-1 0.1 6.26 1.82E+06 6.01 1.02E+06 6.5 3.16E+06 6.75 5.62E+06 7.07 1.17E+07 

-0.95 0.112 6.19 1.55E+06 5.93 8.51E+05 6.3 2.00E+06 6.55 3.55E+06 6.87 7.41E+06 

-0.9 0.126 6.11 1.29E+06 5.86 7.24E+05 6.1 1.26E+06 6.37 2.34E+06 6.69 4.90E+06 

-0.85 0.141 6.04 1.10E+06 5.78 6.03E+05 5.93 8.51E+05 6.17 1.48E+06 6.49 3.09E+06 

-0.8 0.158 5.96 9.12E+05 5.71 5.13E+05 5.73 5.37E+05 5.97 9.33E+05 6.29 1.95E+06 

Limit ofJd-Clm -0.79 0.162 5.95 8.91E+05 5.69 4.90E+05 5.7 5.01 E+05 5.94 8.71E+05 6.26 1.82E+06 

(for a(Jd) = 0.6) -0.75 0.178 5.89 7.76E+05 

-0.7 0.12 5.81 6.46E+05 

Oz saturation -0.66 0.219 5.75 5.62E+05  

Table 9.3:P=15 kb, T=Soo°c,a(H20)=1 

Range of log(Si) permissable between antigorite-talc equilibrium and quartz saturation. 

Minimum values of log(Na) in the block (min value of log(Na) for the presence ofjd atjd = pa, with a(jd) = 0.89) 

Minimum values of log(Na) at the block-edge (min value of log(Na) for the presence of jd atjd = pa, with a(,jd) = 0.6) 

Maximum values of log(Na) at the block edge (max value of log (Na) forjd - clin contact, with a(.jd) = 0.6 and a(clin) = 0.45) 

Minimum values of log a(Na) in the Outer pyroxene band. Calculated forjd. with a(jd) = 0.25, stable at talc saturation 

Maximum values of log a(Na*)  in the outer pyroxene band. Calculated forjd, with a(jd) = 0.52, stable at talc saturation 

Abbreviations as in main text, and a(Si) = a(SiO,(aq)), a(Na) = a(Na4 )/a(H). 
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From figure 9.6 it can be seen that for any value of log(Si), there is a corresponding 

minimum value of log(Na) at which jadeite (0.89), or jadeite (0.6) will occur in 

preference to paragonite. This puts a lower limit on log(Na) in the block and at the 

block edge respectively for any given value of log(Si). These limits, calculated over 

the range of log(Si) from antigorite-talc equilibrium to quartz saturation, are shown 

in table 9.3 (columns B and C respectively) and are seen to increase with decreasing 

log(Si). 

A maximum limit on log(Na) in the block cannot be defined from the current model. 

However, it can be seen from figure 9.6 that for any value of log(Si) below -0.79, 

there is a maximum value of log(Na) for which ajadeite (0.6)-clinochlore contact 

will be present in preference to ajadeite (0.6)-glaucophane contact, and thus there is 

a maximum value of log(Na) for which a chlorite zone rather than a glaucophane, 

will form at the block edge. Values for this maximum limit on log(Na) at the block 

edge over the range of permitted log(Si) are also shown in table 9.3 (column D). 

The possible range of log(Na) at the block edge for the full permitted range of 

a(Si02(aq)) is 5.69 to 7.45 (table 3, columns C and D). Assuming a small to 

moderate decrease in the value of log(Si) from the block centre to the block-edge 

inner pyroxene band, these values indicate that the change in log(Na) between the 

jadeite block and the inner pyroxene band will involve an increase in the value of 

log(Na) only if log(Na) in the block is close to its minimum and log(Na) and 

log(Si) at the block edge are not too close to their minimum and maximum values 

respectively (figure 9.8). It is more likely, however, that log(Na) will decrease 

towards the block edge, in view of the high Na concentration in the block compared 

to that in the matrix (figure 9.8). 

The outer pyroxene band in the zone sequence of block 9J occurs adjacent to a mix 

of chlorite and talc, thus, if it is part of an ordered bimetasomatic zone sequence, the 

pyroxene in the outer pyroxene band, with a(jd) = 0.52-0.25 must be stable at talc 

saturation. This sets limits on the value of log(Na) at talc saturation (see fig. 9.6), 
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the minimum limit being given by jadeite (0.25) stable at talc saturation and the 

maximum limit by jadeite (0.52) stable at talc saturation. These limits for a range in 

log(Si) bounded by the value at the talc-antigorite equilibrium and that set by the 

limit on jadeite-clinochiore stability for jadeite (0.6) is shown in table 9.3 (column E 

and F). 

For the outer pyroxene band, the full range of log(Na) possible is 5.94 to 8.02 (table 

9.3, columns E and F). It can be seen from figure 9.8, however, that for a gradient of 

decreasing silica activity away from the block or even for a constant value of silica 

activity, the gradient in log(Na) between the block-edge inner pyroxene band and 

the outer pyroxene band must be one of increasing log(Na). This is counter-

intuitive, since block 9J is richer in sodium than the surrounding matrix. For a 

decreasing gradient in log(Na) between the inner and outer pyroxene bands, an 

increasing gradient in silica activity must be present, which is also counter-intuitive 

as discussed above. 

It appears therefore that log(Na) in the outer pyroxene band, as implied by mineral 

activities calculated from electron microprobe data, is inconsistent with a gradient of 

decreasing log(Na) away from the block as is indicated by the decreasing jadeite 

content of the pyroxene towards the block edge and the high concentration of Na in 

the block compared to that in the serpentinite matrix. In order to accommodate the 

log(Na) values calculated for the outer pyroxene band, one or both of the gradients 

in decreasing log(Na) and log(Si) between the block centre and the inner pyroxene 

band of the block edge would have to reverse with log(Na), or log(Si), or both, 

increasing towards the outer pyroxene band. Such a change in the slope of a log(a) 

gradient across a bimetasomatic zone is incompatible with flow of components down 

chemical potential gradients and, therefore, suggests that the outer pyroxene band is 

not strictly part of the steady state bimetasomatic zone sequence. Instead it may be a 

relic of an early period zone sequence growth, as concluded from textural evidence 

in chapter 4. It is also possible that the minor chromium content of many pyroxene 

crystals in the outer pyroxene band may significantly affect the stability of the 
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pyroxene and cause errors in the calculated component activities of the minerals as 

the models used do not include Cr-bearing components. 

9.4.3 Summary 

Modelling of the bimetasomatic zone sequence in the simplified NMASH system 

reveals that the zone sequence: 

Jd(O.89) + qz I Jd(O.89)-Jd(O.6) ± qz I Jd(O.6) 	I Clin(O.45) 
	

Jd(O.52-0.25) I Talc(1) 

Block centre 
	

Inner px band Chlorite zone Outer px band Talc ± chlorite 

As observed at block 9J is a stable bimetasomatic zone sequence at high grade 

blueschist facies conditions. 

A gradient of increasing log(Mg) away from the block is in agreement with the 

zone sequence observed and also with a continuously decreasing activity from the 

serpentinite matrix with high log(Mg) to block 9J with low log(Mg). Similarly 

gradients of decreasing log(Si) and log (Nat) away from the block are expected from 

a simple consideration of component concentrations in the two reactants. However, 

it has been shown that a simultaneously decreasing gradient in both log(Si) and 

log(Na) between the inner pyroxene band, at the block edge, and the outer pyroxene 

band does not fit with the activity data calculated from electron microprobe analysis. 

This suggests that the outer pyroxene band is a relic of an earlier period of zone 

sequence development as was also suggested from mineralogical and textural 

considerations, discussed in chapter 4, implying that local equilibrium did not hold. 

The presence of significant concentrations of chromium, however, may cause errors 

in the mineral activity models used. 

If this is the case, and true a(jd) in the outer pyroxene band is lower, then the degree 

to which local equilibrium conditions are broken is diminished. In order for a 
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decreasing gradient in log(Na) to be present from the inner pyroxene band to the 

outer pyroxene band, however, a(jd) would have to be around 0.1 or less (figure 9.6a, 

figure 9.7) in the outer pyroxene band, which is a significant decrease from the 

values of 0.52-0.25 calculated in the present study, disregarding Cr-content. 

Such a large decrease in a(jd) of all the pyroxene in the outer pyroxene band as a 

result of a Cr content that is at most around 6 wt%, but in other cases is negligible, 

seems unlikely. Therefore, in reality, it is probably a combination of Cr-content 

affecting a(jd) and a(di) of the pyroxene in the outer pyroxene band, and local 

disequilibrium that gives rise to the anomalous components activities in Ca and Na 

calculated for the outer pyroxene band. Thus it is concluded that the outer pyroxene 

band is a relic of an earlier stage in the evolution of the zone sequence prior to 

attainment of the steady state as suggested in chapter 4. 

9.5 The zone sequence of 9J in the CNMASH system 

In order to account for the diopside component in the pyroxenes of block 9J and to 

explore the limits on the activity of calcium in the bimetasomatic zone sequence, the 

system under consideration was expanded to CaO-Na2O-MgO-A1203-SiO2-H20,  the 

CNMASH system. Stable minerals and aqueous species considered in this system 

are listed in table 9.4. 

9.5.1 Diopside activity in the 9J zone sequence 

Diopside activity in pyroxenes from block 9J and its metasomatic zone sequence 

were calculated from electron microprobe data (appendix IV) using the activity-

composition relationship given in section 9.2.3. The resulting calculated ranges of 

diopside activity, as described above, are 0 to 0.11 for pyroxenes from the block 

centre, 0.56-0.66 for pyroxenes from the block-edge inner pyroxene band and 0.5-

0.68 for pyroxenes from the outer pyroxene band. 
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Mineral name/aqueous species Abbreviation Chemical formula 

glaucophane gi Na2Mg3Al2Si8O22(OH)2  

chlorite (clinochiore) din Mg5AI2Si3O:o(OH)8  

pyrope py M93Al2Si3O12  

Mg-carpholite mcar MgAl2Si2O6(OH)4  

grossular gr Ca3Al2Si3O12  

clinozoisite cz Ca2Al3Si30 2(01-1) 

pumpellyite pump Ca4MgAI5Si6O21  (OH)7  

jadeite jd NaA1Si206  

paragonite pa NaAI3Si3O10(OH)2  

lawsonite law CaAl2Si207(OH)2H20 

albite ab NaAISi308  

anorthite an CaAl2Si2O8  

pyrophyllite pri Al2Si4O10(OH)2  

kyanite ky AI2SiO5  

corundum cor A1207  

diaspore dsp AlO(OH) 

tremolite tr Ca2Mg5Si8O22(OH)2  

diopside di CaMgSi206  

talc ta M93Si4O10(OH)2  

antigorite atg M948Si34085(OH)62  

W (aq) H+ 

Na (aq) Na+ Na 

Ca 2+  (aq) Ca++ Ca 2+ 

Mg 2+  (aq) Mg++ Mg 2+ 
 

aqueous silica aqSi SiO2  

Table 9.4: Name abbreviations and formulae for minerals and aqueous species 

considered in the system CNMASH as used by the program Wintherm. 

Because diopside is an aluminium-free phase, the ranges of diopside activity in the 

block and in the inner pyroxene band are shown by plotting the saturation surfaces of 

diopside at the range limits (with 0 represented by 0.001). This is shown in figure 

9. 10, which shows a section of log(Mg)-log(Ca) space at a fixed log(Si) within 

the range between antigorite-talc equilibrium and quartz saturation, and log(Na) 

within the corresponding permissible range at the block edge (see table 9.3). The 

range of diopside activity in the inner pyroxene band (0.56-0.66) is not specifically 

plotted but falls within the range for the outer pyroxene band. 
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di(0.1) 

Clinochlore (0.45) 
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Diopside saturation 

-1.4 	-1.3 	-1.2 	-1.1 	-1 	-0.9 	-0.8 	-0.7 	-0.6 	-0.5 

I09[a(S102(aq))] 

Figure 9.9: log(Mg)-log(Si) space in CNMASH at 15 kb, 500 °C, log(Na) = 6.35 and log(Ca) 
= 5.5. Saturation surface for a range of a(di) are shown. 

Antigorite saturation 

Tremolite saturation 
4.3-- 

Talc saturation 

4.2  
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 log[a(Ca)/a2(H)1 

Figure 9.10: log(Mg)-log(Ca) space in CNMASH at 15 kb, 500 °C, log(Na) = 6.35 and log(Si) 
= -1. Saturation surfaces for selected a(di) & stability fields for selected a(jd) are shown. 
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With a diopside component added to the system and diopside activity allowed to 

increase continuously, the boundaries between the stability fields of calcium-free 

minerals will be the same as in the calcium-free system. The fluid, however, cannot 

cross the saturation surface for a(di) = 1. A diopside component will exist in the 

pyroxene below the saturation surface for a(di) = 1 and will increase, with increasing 

log(Ca) and log(Mg), as saturation surfaces of diopside with progressively higher 

a(di) are crossed. 

9.5.2 Limits on Log[a(Ca)/a2(W)] in the zone sequence 

As with log(Si), log(Mg) and Iog(Na), some maximum and minimum limits may 

be placed on log(Ca) within the bimetasomatic zone sequence of block 9J from 

consideration of the geometry of mineral stability fields and saturation surfaces and 

the mineral activities calculated form electron microprobe data. The calculated 

maximum and minimum limits at various points in the zone sequence may then be 

used to construct apparent gradients in log(Ca) across the zone sequence as was 

done for log(Si), log(Mg) and log(Na) in section 9.4 above. 

Because addition of Ca to the system adds a fourth dimension, these limits are 

difficult to represent visually. However, they are discussed below, tabulated in tables 

9.5 and 9.6, and summarised in figure 9.11. The implied gradients in log(Ca) and 

the implications of these are discussed in section 9.5.3. 

Log[a(Ca)/a2(H)] in the block 

Values of log(Ca) within block 9J are constrained by the necessity for stability of 

the observed pyroxenes, which are in the range a(di) = 0-0.11, as calculated from 

electron microprobe data. The value of a(di) = 0.11, for example, gives the 

maximum limit for log(Ca) (figure 9.10). At diopside saturation, however, the 

values of log(Ca), log(Mg) and log(Si) are constrained to lie on the saturation 
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Figure 9.12: log(Mg)-log(Ca) space in CNMASH at 15 kb, 500 °C, log(Na) = 6.35 & log(Si) 
= -1. Saturation surfaces for a range of a(di) & stability fields for a range of a(jd) are shown. 
Shaded area is the field of stable pyroxenes ranging from Jd to Di-rich compositions with a(ac) 
from 0 to 0.1 and a(hd) from 0 to 0. 1, as calculated using the activity model of Holland (1990). 
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-1.3 	-1.2 	-1.1 	-1 	-0.9 	-0.8 	-0.7 	-0.6 
Iog[a(Si02(aq))J 

Figure 9.11: Maximum and minimum limits for log(Ca) in the inner and outer pyroxene bands of 
block 9J as a function of log(Si). Data given in tables 9.5 and 9.6. 1): one of the few permissible 

gradients in log(Si)-(Si) -space from the IPB to the OPB involving a continuous increase in 

log(Ca) as log(Si) decreases from the block (log(Si) = -0.66) to the matrix (log(Si) = -1.25 or 
less). Note that 1) requires a very steep gradient in log(Si), with log(Si) almost at antigorite 
saturation (<-1.25) in the OPB. A gradient such as 1), therefore is considered unlikely. 2), 3) and 

4): three of the numerous possible gradients in log(Si)-log(Ca)-space involving a continuous 

decrease in log(Ca) as log(Si) decreases across the zone sequence from the block to the matrix. 
Such gradients suggest that Ca was sourced within the block which is thought not to be the case 
(see main text). OPB = outer pyroxene band, IPB = inner pyroxene band. 
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surface in the 3-components space, therefore, log(Ca) of diopside saturation 

depends on log(Si) (figure 9.9) and log(Mg) (figure 9.10). Log(Mg) is not fixed 

within the block, therefore, a limit on log(Ca) within block 9J cannot be 

established absolutely. However, unless values of log(Mg) within the block are 

dramatically lower than those of the block edge, log(Ca) is likely to be lower in the 

block than at the block edge. 

Log[a(Ca)/a2(I-f)] at the block edge 

In a similar manner, the values of log(Ca) in the inner pyroxene band at the block 

edge are limited by the stability of pyroxene in the range a(di) = 0.5-0.68. In this 

case, a value of a(di) = 0.68 gives the limit on maximum log(Ca) in the inner 

pyroxene band. Pyroxenes of the inner pyroxene band must also be stable with 

chlorite, thus log(Ca) must reach and not significantly exceed the value for 

saturation of diopside, with a(di) = 0.56-0.66, at the point of breakdown of jadeite 

(with a(jd) = 0.6) to chlorite. If log(Ca) is below this value the pyroxene at the 

block edge will break down to chlorite before attaining the observed diopside 

content. Similarly if log(Ca) significantly exceeds this value, diopside of a higher 

a(di) than that observed will occur subject to kinetic limitations (chapter 1). 

Varying log(Na) in the CNMASH system will change the maximum limit on 

log(Ca) at the block edge by raising or lowering the log(Mg) of the jadeite-

clinochiore boundary (see figure 9.6) while the position of diopside saturation 

surfaces in activity space remains unchanged. Increasing log(Na) increases 

log(Mg) of the jadeite-clinochiore boundary thus lowering the maximum limit on 

log(Ca) at the block edge. Decreasing log(Na), decreases log(Mg) of the 

jadeite-clinochiore boundary thus increasing the maximum limit on log(Ca) at the 

block edge. 

For any log(Si), the minimum possible value for log(Na), defined by the jadeite 

paragonite boundary (see figure 9.6), which has the correspondingly lowest 
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log(Mg), will give the maximum log(Ca) at the jadeite-clinochlore boundary. 

This maximum value for log(Ca) in the block-edge inner pyroxene band, calculated 

for a(di) = 0.66, a(jd) = 0.6 and with the minimum log(Na) permitted (table 9.3 

column C), is shown in table 9.5 (column B) for the range of log(Si) between 

antigorite-talc equilibrium and the maximum defined by the presence of the jadeite-

clinochiore join. 

Similarly the maximum possible log(Na*)  will give the highest log(Mg) for the 

jadeite-clinochiore boundary and thus the minimum permitted value of log(Ca). 

This minimum value for log(Ca) in the inner pyroxene band at the block edge, 

calculated for a(di) = 0.56, a(jd) = 0.6 and with the maximum log(Na) permitted 

(table 9.3 column D), is shown in table 9.5 (column E) for the range of log(Si) 

between antigorite-talc equilibrium and the maximum defined by the presence of the 

jadeite-clinochiore join. 

In summary, some maximum and minimum limits on log(Ca) may be calculated 

for the inner pyroxene band and these are presented as functions of log(Si) in table 

9.5. The maximum and minimum values for log(Ca) for the block edge inner 

pyroxene band as a function of log(Si) are also shown on figure 9.11. 

Log[a(Ca)/a2(H)] in the outer pyroxene band 

Limits on log(Ca) in the outer pyroxene band are set by the range of a(di) and the 

observation that the outer edge of the outer pyroxene band is in contact with talc. 

Thus pyroxene with a(di) in the range 0.5-0.68 must be stable at talc saturation. This 

implies that, at log(Mg) of talc saturation, log(Ca) may have a minimum value 

which lies on the saturation surface for a(di) = 0.5 and must have a maximum value 

not significantly exceeding the saturation surface for a(di) = 0.68. 

Because the position of the talc saturation surface is independent of log(Na), these 

limits of log(Ca) will be independent of log(Na). The limits on log(Ca) in the 
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A B C D E 

log(Si) a(Si) log(Mg) a(Mg**) log(Ca) a(Ca*+) log(Mg) a(Mg**) log(Ca) a(Ca) 

for jd-clin at min iog(Na+) Max at block edge for jd-clin at max log(Na+) Min at block edge 

Atg - Tccontact -1.25 0.0562 3.89 7.76E+03 6.65 4.47E+06 4.32 2.09E+04 6.16 1.45E+06 

-1.2 0.0631 3.87 7.41E+03 6.57 3.72E+06 4.25 1.78E+04 6.12 1.32E+06 

-1.15 0.0708 3.85 7.08E+03 6.49 3.09E+06 4.19 1.55E+04 6.08 1.20E+06 

-1.1 0.0794 3.83 6.76E+03 6.41 2.57E+06 4.12 1.32E+04 6.05 1.12E+06 

-1.05 0.0891 3.81 6.46E+03 6.33 2.14E+06 4.05 1.12E+04 6.02 1.05E+06 

-1 0.1 3.79 6.17E+03 6.25 1.78E+06 3.99 9.77E+03 5.98 9.55E+05 

-0.95 0.112 3.77 5.89E+03 6.17 1.48E+06 3.92 8.32E+03 5.95 8.91E+05 

-0.9 0.126 3.75 5.62E+03 6.09 1.23E+06 3.85 7.08E+03 5.92 8.32E+05 

-0.85 0.141 3.73 5.37E+03 6.01 1.02E-i-06 3.79 6.17E+03 5.88 7.59E+05 

-0.8 0.158 3.71 5.13E+03 5.93 8.51 E+05 3.72 5.25E+03 5.85 7.08E+05 

LimitofJd-Clin -0.79 0.162 3.71 5.13E+03 5.91 8.13E+05 3.71 5.13E-i-03 5.84 6.92E+05 

(for a(Jd) = 0.6) -0.75 0.178 

-0.7 0.12 

Oz saturation -0.66 0.219  

Table 9.5: P= l5 kb, T=500 °C, a(HO)= 1 

Range of log(Si) permissable between antigorite-talc equilibrium and quartz saturation. 

Minimum values of log(Mg) at the block edge for jd-clin boundary to occur. This occurs at min log(Na*) (table 9.3, column C) with a(jd) = 0.6. 

Maximum values for log(Ca) at the block-edge. This occurs at min log(Na) and log(Mg) with a(jd) = 0.6 and a(di) = 0.66. 

Maximum values of log(Mg) at the block edge for jd-clin boundary to occur. This occurs at max log(Na) (table 9.3, column D) with a(jd) = 0.6. 

Minimum values for log(Ca) at the block-edge. This occurs at max log(Na) and log(Mg) with a(jd) = 0.6 and a(di) = 0.56. 

Abbreviations as in main text, and a(Si) = a(Si07(aq)), a(Mg) = a(Mg)/a2(Ff), a(Ca) = a(Ca)Ia2(I{). 
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outer pyroxene band will, however, be dependent on log(Si). These maximum and 

minimum limits calculated for log(Ca) in the outer pyroxene band are tabulated in 

table 9.6 (columns C and D respectively) and are also shown on figure 9.11. 

9.5.3 Implied gradients in Iog[a(Ca)/a2(H)] 

The range of log(Ca) possible at the block edge is fairly limited. For the full 

possible range of log(Si) it is only 5.84 to 6.65, which means that a(Ca)/a2(H) 

must lie within a range of less than an order of magnitude (figure 9.11). Although 

log(Ca) within block 9J is undefined, it is likely to be lower than log(Ca) at the 

block edge implying a gradient of increasing log(Ca) from the centre to the edge of 

block 9J. 

The range of log(Ca) calculated for the outer pyroxene band is 5.54 to 5.99. An 

increase in log(Ca) between the inner and outer pyroxene bands will, therefore, 

only occur if log(Ca) in the inner pyroxene band is close to its minimum, log(Ca) 

in the outer pyroxene band is close to its maximum and there is a very steep gradient 

in decreasing log(Si) (figure 9.11). In all other cases, a decrease in log(Ca) must 

occur between the block-edge inner pyroxene band and the outer pyroxene band 

(figure 9.11). 

The possible source of calcium to block 9J are discussed further in chapter 10, but as 

observed in chapter 4, block 9J does not appear to be the source of the calcium. 

Therefore a gradient of decreasing log(Ca) is counter-intuitive and raises the same 

possibilities, of lack of local equilibrium and a relic origin for the outer pyroxene 

band as, the implied gradient of increasing log(Na) between the inner and outer 

pyroxene bands discussed above (section 9.4). 

The implied gradients in log(Ca) between the inner and outer pyroxene bands, 

therefore, lends further support to the conclusion that the outer pyroxene band is a 

relic of an early period of zone sequence growth as described in chapter 4. 
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A 
log(Si) a(Si) 

B 
Iog(Mg) 	a(Mg**) 
at talc saturation 

C 
log(Ca) 	a(Ca°) 
Max in outer px band 

D 
log(Ca) 	a(Ca) 
Min in outer px band 

Atg - Tc contact -1.25 0.0562 4.57 3.72E+04 5.99 9.77E+05 5.85 7.08E+05 

-1.2 0.0631 4.51 3.24E+04 5.95 8.91E+05 581 6.46E+05 

-1.15 0.0708 4.44 2.75E+04 5.92 8.32E+05 5.78 6.03E+05 

-1.1 0.0794 4.37 2.34E+04 5.89 7.76E+05 5.75 5.62E+05 

-1.05 0.0891 4.31 2.04E+04 5.85 7.08E+05 5.71 5.13E+05 

-1 0.1 4.24 1.74E+04 5.82 6.61E+05 5.68 4.79E-i-05 

-0.95 0.112 4.17 1.48E+04 5.79 6.17E+05 5.65 4.47E+05 

-0.9 0.126 4.11 1.29E+04 5.75 5.62E+05 5.61 4.07E±05 

-0.85 0.141 4.04 1.10E+04 5.72 5.25E+05 5.58 3.80E+05 

-0.8 0.158 3.97 9.33E+03 5.69 4.90E-i-05 5.55 3.55E+05 

Limit of Jd-Clm -0.79 0.162 3.96 9.12E+03 5.68 4.79E+05 5.54 3.47E+05 

(for a(Jd) = 0.6) 0.75 0.178 

-0.7 0.12 

Qzsaturation -0.66 0.219  

Table 9.6: P=lS kb, T=500 °C,a(H20)=1 

Range of log(Si) permissable between antigorite-talc equilibrium and quartz saturation. 

Log(Mg) at talc saturation 

Maximum values for log(Ca) in the Outer pyroxene band. Calculated for di, with a(di) = 0.68, stable at talc Saturation. 

Minimum values for log(Ca) in the outer pyroxene band. Calculated for di, with a(di) = 0.5, stable at talc saturation. 

Abbreviations as in main text, and a(Si) = a(SiO,(aq)), a(Mg**) = a(Mg)/a2(I-[), a(Ca) = a(Ca)/a2(Ir). 

-5 

I 



Chapter 9: Modelling component activities 

9.5.4 Limits on pyroxene composition 

If there were a continuous range of diopside activity from 0 to 0.68, and jadeite 

activity from 0.89 to 0.25, within pyroxene of the bimetasomatic zone sequence, the 

zone sequence expected, with an increasing log(Ca) and log(Mg) gradient, would 

consist of pyroxene with a continuous and progressively decreasing jadeite content 

and increasing diopside content. This is illustrated on figure 9.12, which shows an 

expanded area of log(Mg)-log(Ca) space as shown on figure 9.10; but with a 

greater number of diopside saturation surfaces and jadeite stability field boundaries 

marked. A fluid composition increasing in log(Ca) and log(Mg), at this log(Si) 

and log(Na), would also eventually reach either saturation for pure diopside, a(di) = 

1, and be confined by this boundary or saturation for talc and be similarly confined. 

It may also be observed that, if a(jd) and a(di) are allowed to vary unconstrained, no 

chlorite zone would be expected to form. 

Clearly these conclusions do not fit with what is observed in the zone sequence of 

block 9J. The origin of the outer pyroxene band, as a relic, has already been 

discussed in chapter 4 and also above, but there are two other notable differences 

between the zone sequence observed around block 9J and that predicted above from 

consideration of activity diagrams. 

The most obvious difference in the observed sequence is the presence of the chlorite 

zone. This may be explained when it is considered that, for example, in an 

omphacite composed solely of jadeite and diopside components, a(jd) and a(di) 

cannot vary in an unconstrained fashion. Instead one must increase as the other 

decreases, limiting the omphacite compositions to a narrow field on figure 9.12. 

Addition of a variable and unconstrained acmite or hedenbergite component to the 

real pyroxene will allow its stability field to lie anywhere on figure 9.12, however, if 

the acmite or hedenbergite components is restricted, then the range of the possible 

stability field of the pyroxene will also be limited (figure 9.12). 
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This is the case in the pyroxenes of block 9J where a(ac) and a(hd) at peak PT 

conditions are both observed to be less than 0.1. Outside the range of permissible 

a(jd) and a(di), for example at lower activity values, the combined activity of all 

pyroxene components is not sufficient for pyroxene to crystallise. Thus, once the 

fluid diverges from the pyroxene stability field, pyroxene will breakdown, in this 

case to chlorite. This constraint on pyroxene composition is expressed in the Gibbs-

Duhem equation: 

N 

nio d 1  = 0 	 [9.2] 
i=1 

where n is the formula proportion of component i in phase 4). For two components, 

such as jadeite and diopside in omphacite (= 4)), for example the Gibbs-Duhem 

equation may be written: 

fljd dtd + ndi dtd = 0 	[9.3] 

where fljd = ndi = 1 in pure omphacite (Jd5oDi5o) 

The second difference between the observed sequence and that expected from 

consideration of activity diagrams, is that between the block centre and the block-

edge inner pyroxene band, there is not a continuous range of pyroxene compositions. 

Instead a composition gap exists between pyroxenes with a(jd) = 0.89, a(di) = (0.11) 

and those with a(jd) = 0.6, a(di) = 0.56. This may be explained by the presence of 

the region of omphacite with an ordered P2/n structure and its associated miscibility 

gaps, discussed in chapter 4, which is not incorporated in the activity model of 

Holland (1990) which is used in the present study. 

Two pyroxene compositions that coexist across a miscibility gap must have identical 

component activities and this is, unsurprisingly, observed not to be the case at block 

9J, using the activity model of Holland (1990) which ignores the region of P2/n order 

in omphacites. However, in chapter 4 it was observed that the gap in pyroxene 

compositions appeared to agree with the topology of the P2/n region and associated 
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miscibility gaps proposed by Carpenter (1980) suggesting that the gap in pyroxene 

composition is the product of the miscibility gap. 

It can also be seen from comparison of the two models of Holland (1990) (figure 

9.3d) that taking into account the ordered P2/n region and the associated miscibility 

gaps will remove the apparent activity difference between 'new' and 'old' pyroxenes 

in the inner pyroxenes band. Thus the presence of the apparent gap in pyroxene 

activities observed at block 9J is concluded to be the result of the miscibility gap in 

the jadeite-omphacite solid solution series, which is not accounted for by the activity 

model of Holland (1990). 

9.5.5 Conclusions 

From modelling of the bimetasomatic zone sequence of block 9J in the CNMASH 

system, it may be concluded that, the apparent gradient in log(Ca) between the 

inner pyroxene band of the block edge and the outer pyroxene band suggests local 

equilibrium did not hold and the outer pyroxene band is a relic of an earlier period of 

zone sequence growth. 

It is also concluded that the observed gap in pyroxene compositions between the 

jadeite-rich pyroxenes of the block centre and those of the inner pyroxene band is the 

result of the miscibility gap documented by Carpenter (1979, 1980). The apparent 

differences in activity of coexisting pyroxenes on either side of this miscibility gap is 

concluded to be a product of the activity model used (Holland, 1990) which does not 

take account of the miscibility gap. 

9.5.6 Lowering water activity 

As was discussed in section 9.2.3, the water activity during blueschist facies 

metamorphism and metasomatism on Syros is thought to be close to 1, however, it 

may have been as low as 0.93, and possibly as low as 0.69 in some late fluids. 
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Figure 9.13 shows the effects of lowering a(H20) in the WASH system at fixed 

log(Si). As a(H20) is lowered, the jadeite-clinochiore boundary becomes shorter 

until it is replaced by the glaucophane-paragonite boundary, as is also true for the 

same boundaries in the direction of increasing silica activity. Therefore, at lower 

a(H20), the upper limit on log(Si) at the block edge will be lower. 

The jadeite-paragonite join is unaffected by changes in a(H20), because the reaction 

does not involve consumption or production of water. Therefore, the calculated 

values for minimum log(Na) in the block and at the block edge are independent of 

a(H20). Maximum calculated block-edge values for log(Na), at given log(Si), 

however, will be lower at lower a(H20) 

The effect of lowering a(H20) on saturation surfaces such as those for antigorite and 

talc, and also for diopside, are the same as for lowering log(Si). This can be seen 

from the dissolution reactions, for example: 

tc + 2 Ff = 3 Mg + 4 S102(aq) + 4 H20 

di +4 H = Ca2  + Mg2  + 2 Si02(aq) + 2 H20 

where Si02(aq) and H20 are seen to occur in the same proportions. Therefore, 

lowering a(H20) will increase the maximum and minimum limits on log(Na), at 

given log(Si), in the outer pyroxene band and it will also increase the maximum and 

minimum values of log(Ca) at given log(Si) in both the inner and outer pyroxene 

bands. Lowering a(H20) also lowers the log(Si) of antigorite-talc equilibrium (table 

9.7) which will alter the overall maximum and minimum ranges in log(Na) and 

log(Ca) in the inner and outer pyroxene bands, shifting them towards higher values. 

The limits discussed above and listed in tables 9.3, 9.5 and 9.6 were recalculated for 

a(H20) = 0.85, a value of a(H20) at around the middle of the possible range for all 

Syros fluids recorded by Barr (1989), and are given in tables 9.7 to 9.9 and figure 

9.14. It can be seen from these tables and figure 9.14 that although activity ranges 

are altered as discussed above, the changes are small and the conclusions that may be 

drawn from the implied gradients in component activities remain the same. 
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A B C D E F 

log(Si) a(Si) log(Na) a(Na) log(Na) a(Na) log(Na) a(Na) log(Na) a(Na) log(Na) a(Na) 

Min in the block Min at the block edge Max at the block edge Min in outer px band Max in outer px band 

Atg - Tccontact -1.28 0.0525 6.68 4.79E+06 6.43 2.69E+06 7.51 3.24E+07 7.78 6.03E-+-07 8.1 1.26E+08 

-1.25 0.0562 6.64 4.37E+06 6.38 2.40E+06 7.4 2.51E+07 7.67 4.68E+07 7.98 9.55E+07 

-1.2 0.0631 6.56 3.63E+06 6.31 2.04E-i-06 7.22 1.66E+07 7.47 2.95E+07 7.78 6.03E+07 

-1.15 0.0708 6.49 3.09E+06 6.23 1.70E+06 7.02 1.05E+07 7.27 1.86E+07 7.58 3.80E+07 

-1.1 0.0794 6.41 2.57E+06 6.16 1.45E+06 6.82 6.61E+06 7.09 1.23E+07 7.41 2.57E+07 

-1.05 0.0891 6.34 2.19E+06 6.08 1.20E+06 6.65 4.47E+06 6.89 7.76E+06 7.21 1.62E+07 

-1 0.1 6.26 1.82E+06 6.01 1.02E+06 6.45 2.82E+06 6.69 4.90E+06 7.01 1.02Ei-07 

-0.95 0.112 6.19 1.55E+06 5.93 8.51E+05 6.25 1.78E+06 6.52 3.31E+06 6.83 6.76E+06 

-0.9 0.126 6.11 1.29E+06 5.86 7.24E-i-05 6.07 1.17E+06 6.32 2.09E+06 6.63 4.27E+06 

-0.85 0.141 6.04 1.10E+06 5.78 6.03E+05 5.87 7.41E+05 6.12 1.32E+06 6.43 2.69E+06 

Limit ofJd-Clin -0.81 0.155 5.98 9.55E+05 5.72 5.25E+05 5.73 5.37E+05 5.97 9.33E+05 6.29 1.95E+06 

(for a(Jd) = 0.6) 0.8 0.158 5.96 9.12E-i-05 

-0.75 0.178 5.89 7.76E+05 

-0.7 0.12 5.81 6.46E+05 

Oz saturation -0.66 0.219 5.75 5.62E-i-05  

Table 9.7: as table 9.3 but with a(H20) = 0.85 

Range of log(Si) permissable between antigorite-talc equilibrium and quartz saturation. 

Minimum values of log(Na*)  in the block (min value of log(Na) for the presence ofjd atjd = pa, with a(jd) = 0.89) 

Minimum values of log(Na) at the block-edge (min value of log(Na) for the presence ofjd atjd = pa, with a(jd) = 0.6) 

Maximum values of log(Na) at the block edge (max value of log (Na) forjd - din contact, with a(jd) = 0.6 and a(clin) = 0.45) 

Minimum values of log a(Na) in the outer pyroxene band. Calculated for jd, with a(.jd) = 0.25, stable at talc saturation 

Maximum values of log a(Na) in the outer pyroxene band. Calculated for jd, with a(jd) = 0.52, stable at talc saturation 

Abbreviations as in main text, and a(Si) = a(SiO,(aq)), a(Na) = a(Na)/a(H). 



A B C D E 

log(Si) a(Si) log(Mg) a(Mg) log(Ca) a(Ca**) log(Mg) a(Mg) log(Ca) a(Ca) 

for jd-clin at min log(Na+) Max at block edge for jd-clin at max log(Na+) Min at block edge 

Atg - Tc contact -1.28 0.0525 4.02 1.05E+04 6.72 5.25E-+-06 4.45 2.82E-+-04 6.22 1.66E-i-06 

-1.25 0.0562 4 1.00E+04 6.68 4.79E+06 4.41 2.57E+04 6.2 1.58E-i-06 

-1.2 0.0631 3.99 9.77E+03 6.59 3.89E+06 4.35 2.24E+04 6.16 1.45E+06 

-1.15 0.0708 3.96 9.12E+03 6.52 3.31E+06 4.28 1.91E+04 6.13 1.35E+06 

-1.1 0.0794 3.95 8.91E+03 6.43 2.69E-i-06 4.21 1.62E+04 6.1 1.26E+06 

-1.05 0.0891 3.92 8.32E-i-03 6.36 2.29E+06 4.15 1.41E+04 6.06 1.15E+06 

-1 0.1 3.91 8.13E+03 6.27 1.86E+06 4.08 1.20E+04 6.03 1.07E+06 

-0.95 0.112 3.88 7.59E+03 6.2 1.58E+06 4.01 1.02E+04 6 1.00E+06 

-0.9 0.126 3.87 7.41E+03 6.11 1.29E+06 3.95 8.91E+03 5.96 9.12E+05 

-0.85 0.141 3.84 6.92E+03 6.05 1.12E+06 3.88 7.59E+03 5.93 8.51E+05 

Limit of Jd-Clin -0.81 0.155 3.83 6.76E+03 5.97 9.33E-i-05 3.83 6.76E+03 5.9 7.94E+05 

(for a(Jd) = 0.6) -0.8 0.158 

-0.75 0.178 

-0.7 0.12 

Oz saturation 0.66 0.219 - 

Table 9.8: as table 9.5 but with a(H20) = 0.85 

Range of log(Si) permissable between antigorite-talc equilibrium and quartz saturation. 

Minimum values of log(Mg) at the block edge for jd-din boundary to occur. This occurs at min log(Na) (table 9.3, column C) with a(.jd) = 0.6. 

Maximum values for log(Ca) at the block-edge. This occurs at min log(Na) and log(Mg) with a(,jd) = 0.6 and a(di) = 0.66. 

Maximum values of log(Mg*+)  at the block edge for jd-clin boundary to occur. This occurs at max log(Na+) (table 9.3, column D) with a(jd) = 0.6. 

Minimum values for log(Ca) at the block-edge. This occurs at max log(Na) and log(Mg) with a(jd) = 0.6 and a(di) = 0.56. 

Abbreviations as in main text, and a(Si) = a(Si02(aq)), a(Mg) = a(Mg)/a2(l{), a(Ca) = a(Ca)/a2(Ff). 
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A 
log(Si) a(Si(aq)) 

B 
log(Mg) 	a(Mg) 
at talc saturation 

C 
log(Ca) 	a(Ca**) 
Max in outer px band 

D 
log(Ca) 	a(Ca**) 
Min in outer px band 

Atg - Tccontact -1.28 0.0525 4.71 5.13E+04 6.05 1.12E+06 5.91 8.13E+05 

-1.25 0.0562 4.67 4.68Ei-04 6.03 1.07E+06 5.89 7.76E+05 

-1.2 0.0631 4.6 3.98E+04 6 1.00E+06 5.86 7.24E+05 

-1.15 0.0708 4.53 3.39E+04 5.97 9.33E-i-05 5.83 6.76E+05 

-1.1 0.0794 4.47 2.95Ei-04 5.93 8.51 E+05 5.79 6.17E+05 

-1.05 0.0891 4.4 2.51E+04 5.9 7.94E-i-05 5.76 5.75E-i-05 

-1 0.1 4.33 2.14E+04 5.87 7.41E+05 5.73 5.37E+05 

-0.95 0.112 4.27 1.86E+04 5.83 6.76E+05 5.69 4.90E-f-05 

-0.9 0.126 4.2 1.58E+04 5.8 6.31E+05 5.66 4.57E+05 

-0.85 0.141 4.13 1.35E+04 5.77 5.89E+05 5.63 4.27E+05 

LimitofJd- CIin -0.81 0.155 4.08 1.20E+04 5.74 5.50E+05 5.6 3.98E+05 

(for a(Jd) = 0.6) -0.8 0.158 

-0.75 0.178 

-0.7 0.12 

Oz saturation -0.66 0.219  

Table 9.9: as table 9.6 but with a(H20) = 0.85 

Range of log(Si) permissable between antigorite-talc equilibrium and quartz saturation. 

Log(Mg) at talc saturation 

Maximum values for log(Ca) in the outer pyroxene band. Calculated for di, with a(di) = 0.68, stable at talc saturation. 

Minimum values for log(Ca) in the outer pyroxene band. Calculated for di, with a(di) = 0.5, stable at talc saturation. 

Abbreviations as in main text, and a(Si) = a(SiO,(aq)), a(Mg**) = a(Mg)/a2(H), a(Ca+F) = a(Ca)/a2(lr). 
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Figure 9.14: a) Minimum limit for log(Na) in block 9J and maximum and minimum limits for 

log(Na) in the inner and outer pyroxene bands as a function of log(Si) for a(H20) = 0.85. Data 

given in table 9.7. b) Maximum and minimum limits for log(Ca) in the inner and outer pyroxene 
bands of block 9J as a function of log(Si) for a(H70) = 0.85. Data given in tables 9.8 and 9.p. Note 

that these limits are virtually indistinguishable from those calculated for a(H20) = 1 (figure 9.8 and 

9.11). OPB = outer pyroxene band, IPB = inner pyroxene band. 
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Conclusions 

The general conclusion is that, even if a(H20) was, in fact, as low as 0.85 and not 

unity during bimetasomatic zone sequence growth continuous gradients existed in Si, 

Na, Mg and Ca during bimetasomatic zone sequence growth. The outer pyroxene 

band preserves apparently anomalous component activities because it is a relic from 

an earlier period of zone growth (chapter 4). 

9.6 Late amphibole crystallisation 

The occurrence of amphibole in the metasomatic rind of the blocks in the Syros 

melange appears in almost all cases to be the result of an episode of fluid infiltration 

being associated with veins. These veins appear to cut through the bimetasomatic 

rinds and outer sections of blocks as discussed in chapter 7 and may have 

accomodated a substantial time-integrated fluid flux. Within the outer metasomatic 

rind of melange blocks the infiltrated amphibole is tremolitic or actinolitic. Closer to 

the block the amphibole becomes barroisitic and may be rimmed with glaucophane 

or crossite, while within the block the amphibole is commonly pure glaucophane or 

crossite. The following section discusses some possible origins for the fluid and 

aims to establish some limits on its composition using log(a)-log(a) plots. 

9.6.1 Fluid interaction and changing composition of the amphibole 

The mineral products of a channelled infiltrating fluid will be dependent on the PT of 

fluid infiltration, the composition of the infiltrating fluid, the time-integrated fluid 

flux, and the degree of interaction between infiltrating fluid and infiltrated rock. 

An infiltrating fluid may be expected to have a relatively constant composition if its 

volume, calculated from the time-integrated fluid flux, is significantly greater than 

that of the fluid already present in the rock. However, if the relative volume of the 

infiltrating fluid is small, it may well be modified by the composition of the fluid 
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already present in the infiltrated rock body, which is also likely to be small in 

volume. 

Interaction between the infiltrating fluid and fluid equilibrated with the infiltrated 

blocks appears to have occurred during infiltration of the amphibole-crystallising 

fluid in the serpentinite melange on Syros. The result of this is alteration of the 

amphibole composition from actinolite, in much of the metasomatic rind, to 

glaucophane, or glaucophane rimmed, near and within the blocks. Variations in a(gl) 

and a(tr) with varying component activities are shown in figure 9.15, and it can be 

seen that decreasing log(Mg) increases the activity of glaucophane in amphibole 

while decreasing that of tremolite. Similarly increasing log(Na) increases the 

activity of glaucophane in amphibole. Increasing log(Si), however, will expand the 

stability field of glaucophane to lower log(Mg) (figure 9.7) and log(Na) (figure 

9.6) and will also lower the log(Mg) and log(Ca) necessary for tremolite 

saturation (figure 9.16). 

Therefore, if a tremolite-saturated fluid interacted with a fluid of relatively low 

log(Mg), and high log(Na) as well as high log(Si), such as may be expected within 

the melange blocks, and especially within block 9J, it would tend to cause 

glaucophane to crystallise instead of tremolite. This appears to be what is observed 

in and around the blocks within the melange, from which it is concluded that 

significant interaction occurred between infiltrating fluids and infiltrated block and 

bimetasomatic zones. 

9.6.2 By-passing of the zone sequence by a matrix-equilibrated fluid? 

It is concluded from evidence in the present study (chapters 4 and 7) that the fluid 

infiltration event, resulting in amphibole growth, occurred above the albite stability 

field and during bimetasomatic zone growth. 
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Figure 9.15: Variations in a(gl) and a(tr) in CNMASH at 15 kb and 500 °C; a) log(Mg)-log(Ca) 

space with log(Na) = 6.5 and log(Si) = -1; b) log(Si)-log(Na) space with log(Ca) = 6 and 

Iog(Mg) = 4. Stability fields for a range of a(gl) and saturation surfaces for a range of a(tr) are 
shown on both a) and b). 
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Because the amphibole incursion event is concluded to have occurred during 

bimetasomatic zone growth, one possible origin for the infiltrating, amphibole-

crystallising fluid, might be a matrix-equilibrated fluid that infiltrated the blocks, in 

effect by-passing the bimetasomatic zone and re-creating the original juxtaposition of 

reactants. However, if this occurred within peak metamorphic conditions where the 

observed glaucophane-free zone sequence was stable, it would simply result in veins 

and alteration haloes with mineralogies mimicking those of the original, amphibole-

free, bimetasomatic zone sequence (c.f. Carswell et al., 1974). 

A change in P or T, associated with infiltration of a matrix-equilibrated fluid may 

have resulted in glaucophane growth, if the PT change caused glaucophane to be 

stabilised in the bimetasomatic zone sequence as is illustrated for two cases in 

NMASH in figure 9.17. 

However, the observed overgrowth of infiltration-related amphibole by chlorite 

(chapters 4 and 7) indicates that growth of the glaucophane-free bimetasomatic zone 

sequence continued after the amphibole infiltration event. Therefore, the change, 

whether in PT or composition, which caused amphibole to crystallise was temporary, 

and the metasomatic rind later apparently reverted to growing the original, 

amphibole-free bimetasomatic zone sequence. 

A temporary fluctuation in PT conditions occurring simultaneously with an 

infiltration event, while conceivably possible, seems highly unlikely. Therefore it is 

concluded that the fluid which resulted in amphibole veins and incursions within 

melange blocks and their metasomatic rinds was derived externally to the immediate 

block-matrix system. 

9.6.3 Limits on the composition of the infiltrated fluid 

From observations of block 9J and other blocks in the serpentinite melange on Syros, 

it is concluded that the infiltrating fluid, which resulted in crystallisation of 
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amphibole in the blocks and metasomatic rinds, occurred under the same blueschist 

facies metamorphic conditions as bimetasomatic zone sequence growth. It is further 

concluded, from the above discussion, that the fluid was sourced externally to the 

immediate block-matrix system. The following discussion aims to obtain 

information on component activities in this fluid through observations on mineral 

stability fields and saturation surfaces in the CNMASH system, which are illustrated 

on appropriate log(a)-log(a) plots. 

As has been described in previous chapters (chapters 4 and 7), the composition of the 

amphibole crystallised from the infiltrating fluid changes with increasing proximity 

to melange blocks, altering from calcic amphibole to more sodic compositions. This 

suggests that infiltrating fluids are interacting with more sodium-rich bimetasomatic 

zone-equilibrated and block-equilibrated fluids, resulting in a continuum of 'mixed' 

fluid compositions, as discussed above. If this is the case then the 'mixed' fluids 

should contain component activities which lie somewhere between those of the 

original infiltrating fluid and those of the bimetasomatic zone-equilibrated and block-

equilibrated fluids with which they are interacting. Thus, just as within the 

bimetasomatic zone sequence itself, gradients in component activities are expected to 

have existed between the fluids crystallising calcic amphibole and the fluids 

crystallising glaucophane nearer to sodium-rich block. Similar gradients should also 

have existed between a region in the fluid crystallising calcic amphibole and talc and 

chlorite zone-equilibrated fluids where the fluid crystallising calcic amphibole has 

infiltrated these zones. 

Growth of calcic amphibole in talc and chlorite zones 

From textural evidence (chapters 4, 7 and 8) an amphibole zone was concluded not to 

be part of the bimetasomatic zone sequence. Therefore all amphibole in the 

metasomatic rinds of melange blocks is concluded to be related to the amphibole 

infiltration event. 
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Amphibole in metasomatic rinds occurring with talc, and in some cases in the outer 

areas of the chlorite rind (chapters 4, 5 and 7), is most frequently calcic, and in 

CNMASH this calcic amphibole is represented by tremolite. At log(Ca) below 

about 5.6 (figure 9.18) tremolite is not stable, as talc saturation occurs at lower 

log(Mg) for all values of log(Si) at or below quartz saturation. However, at higher 

log(Ca) tremolite may be stabilised at the expense of talc and chlorite at 

appropriate log(Si) and log(Mg) (figure 9.18). At very high 1og(Ca), tremolite 

may even be stabilised at the expense of antigorite (figure 9.18a). 

The stabilisation of tremolite at log(Ca) above about 5.6 indicates that, with an 

appropriate gradient in log(Si) and log(Mg), a tremolite zone could form between 

talc and chlorite zones in the bimetasomatic sequence around a block. Because 

log(Ca) at the block edge of 9J, and therefore most likely also in the bimetasomatic 

chlorite and talc zones, is almost certainly above this value (table 9.5) this suggests 

that a tremolite zone could form between the chlorite and talc zones of block 9J. The 

lack of any evidence for such a tremolite zone at block 9J, however, indicates that the 

gradients in log(Si) and log(Mg) were not appropriate, with log(Si) probably too 

low at any given log(Mg) for tremolite to grow. The conclusion, from textural 

evidence (chapter 7), that tremolite is not part of the bimetasomatic zone sequence 

around gabbroic blocks, suggests that a similarly low ratio of log(Si) to log(Mg) 

was present in all metasomatic zone sequences preventing tremolite from 

crystallising. 

In relation to the component activities of the amphibole-crystallising, infiltrating 

fluid, the lack of tremolite in the bimetasomatic zone sequence and its crystallisation 

as the result of fluid infiltration, suggests that the infiltrating fluid had a higher 

log(Ca), or a higher ratio of log(Si) to log(Mg) than bimetasomatic fluids. 
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Figure 9.18: log(Mg)-log(Si) space in CNMASH at 15 kb and 500 °C showing the position of the 

tremolite saturation surface at different values of log(Ca). The stability field of sodium-bearing 

minerals a at log(Na) = 6.35 are also shown for reference. a) Note that at high log(Ca) tremolite 
may become stable at the expense of antigorite b) Enlarged view of the higher log(Si) region of 

figure 9.17a. note that tremolite will only become stable above log(Ca) = 5.6. Below this values 

talc saturation occurs at lower component activities for all log(Mg) and log(Si) below quartz 
saturation. 
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The path of the fluid in activity space 

In order to crystallise glaucophane as a result of mixing a calcic-amphibole-saturated 

infiltrating fluid and block-equilibrated fluids, it is necessary for the component 

activities in the resulting fluid to lie within the glaucophane-stability field. The lack 

of any primary chlorite in the infiltrated veins and incursions also requires that the 

component activities of the 'mixed' fluid at no point place the fluid within the 

chlorite stability field. Thus the composition of the infiltrating fluids and the 'mixed' 

fluid, which crystallised glaucophane, must lie on a continuous path from tremolite 

saturation through the glaucophane stability field to a composition in equilibrium 

with the block, or bimetasomatic zone, within which the glaucophane is crystallised. 

For crystallisation of glaucophane veins within the jadeite-quartz block, 9J, this 

means that component activities in the fluid must pass from tremolite saturation, 

through the field of glaucophane stability, to the stability field of jadeite at quartz 

saturation, without passing through the chlorite zone. Such a requirement clearly 

places limits on component activities within the fluid (figure 9.18a), and these are 

discussed further below. 

Glaucophane crystallisation and its implications for component activities 

Component activities in the infiltrating, amphibole-crystallising fluid were assessed 

in the same way that the bimetasomatic zone sequences of block 9J were modelled 

using log(a)-log(a) relations in the systems WASH and CNIMASH. 

The extent of the glaucophane stability field in NMASH is illustrated in figure 9.19, 

assuming, initially, a constant water activity of a(H20) = 1. If consistent gradients in 

component activities are also assumed, the constraint of passing through the 

glaucophane stability field either requires the fluid to possess a higher log(Si) than 

any fluid within the glaucophane-free bimetasomatic zone sequence, for any given 
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Figure 9.19: log(Mg)-log(Si) space in NMASH at 15 kb and 500 °C. The stability field for 

glaucophane is bounded by the two log(Na)-independent boundaries, jadeite-glaucophane and talc 

saturation. This limits glaucophane saturated fluids to a band in log(Mg)-log(Si) space which is 
bounded at one end by quartz saturation and at the other by the glaucophane-clinochlore boundary 

the position of which is dependent on 1og(Na). Note that for any log(Na), fluids, such as those of 
the stable bimetasomatic zone sequence of block 9J, which lie in the clinochiore or jadeite stability 

fields, must have lower log(Si) for any given value of log(Mg) than fluids which lie in the 
glaucophane stability field. 
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log(Mg) and log(Na); or alternatively, to posses higher log(Na) possibly at 

similar ratios of log(Si) to log(Mg) 

The only effective difference between the metasomatic interaction (bimetasomatism) 

forming the bimetasomatic zone sequence and the fluid compositional modification 

resulting in glaucophane crystallisation near and within block 9J, in terms of the 

factors controlling component activities, is the composition of the infiltrating fluid 

relative to serpentinite-matrix equilibrated fluids. Therefore higher log(Na) or 

higher log(Si) for any given log(Mg) must be the result of similar characteristic in 

the 'original' infiltrating fluid in comparison to serpentinite matrix-equilibrated 

fluids. For the case of Na, the increase in log(Na) near the block, which results in 

glaucophane crystallisation instead of calcic amphibole, indicates that, although 

log(Na) in the original infiltrating fluid may be higher than in serpentinite-

equilibrated fluids, it is still lower than in the block-equilibrated fluids of block 9J. 

The change from calcic to sodic amphibole probably also indicates a decrease in 

log(Ca) towards the block, indicating that the original infiltrating fluid had a higher 

log(Ca) than block-equilibrated fluids. 

Log(Si) in the block is constrained to be at a maximum by the presence of quartz so 

the ratio of log(Si) to log(Mg) in the original infiltrating fluid cannot be higher than 

within the block, if tremolite is to crystallise (figure 9.18). For quartz undersaturated 

block lithologies, however, the ratio of log(Si) to log(Mg) in the original 

infiltrating fluid may be higher than that within the block (or block-edge). 

Conclusions 

From the above discussion, it may be concluded that the amphibole-crystallising 

fluid, which infiltrated melange blocks and their metasomatic rinds, had a higher 

log(Ca) and higher log(Na), or a higher ratio of log(Si) to log(Mg) than 

serpentinite-equilibrated fluids. Compared to block-equilibrated fluids, however, the 
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infiltrating fluid had a lower log(Na), probably higher log(Ca), and a lower ratio 

of log(Si) to log(Mg). 

Lowering water activity 

Barr's (1989, 1990) data on fluid inclusions in blueschist facies rocks from Syros, as 

discussed in 9.3.4 above, suggests that while water activity was probably high in the 

majority of blueschist fluids, it may have fallen to as low as 0.69 in some fluids. 

Thus it is possible that the infiltrating fluid responsible for amphibole crystallisation 

in and around block 9J and other melange blocks may have had a water activity 

significantly lower than unity. 

If water activity is lowered to 0.69, the stability field of glaucophane, below talc 

saturation, will shift to higher log(Mg) as illustrated on figure 9.20. More 

significantly, at a(H20) = 0.69, tremolite saturation requires higher log(Ca) than at 

higher a(H20), with log(Ca) of 5.75 or more required to stabilise tremolite over talc 

(figure 9.20), as opposed to values as low as 5.6, which are possible at a(H20) = 1 

(figure 9.18). Thus if a(H20) is low in the infiltrating fluid, minimum required 

values of log(Ca) in the fluid at fixed log(Si) and log(Mg) are higher. Similarly 

log(Si) and log(Mg) required for tremolite saturation at fixed log(Ca) and lower 

a(H20) are also higher. Therefore, an infiltrating fluid with lower a(H20) but 

otherwise similar component activities to serpentinite-equilibrated fluids will not 

result in crystallisation of tremolite and thus cannot account for the observed 

amphibole veins. 

For a fluid with a low a(H20) however, it is still possible for component activities to 

lie on a path from tremolite saturation through glaucophane stability to jadeite-quartz 

stability (figure 9.20), although if log(Mg) decreases rapidly while a(H20) remains 

relatively low, jadeite rather then glaucophane would crystallise near the block. As 

this is not observed, possible gradients in component activities between an 

infiltrating fluid with low a(H20) and block equilibrated fluids are constrained. 
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Figure 9.20: log(Mg)-log(Si) space in (C)NIMASH at 500 °C and 15 kb. Thick solid lines are at 
a(H20) = 1, thin solid lines are saturation surfaces at a(H20) = 0.69 and dashed lines mark other 

mineral stability fields at a(H20) = 0.69. Mineral stability fields for selected values of log(Na) are 

shown in both cases. Selected saturation surfaces for tremolite at a(H20) = 0.69 are also shown. 

Note than at a(H70) = 0.69, tremolite is only stable above log(Ca) = 5.75. 

445 



Chapter 9: Modelling component activities 

Overall, however, a lower water activity in the infiltrating fluid is not incompatible 

with the mineralogical evidence. 

9.6.4 Conclusions 

From this consideration of mineral stability fields in activity space, the following 

conclusions can be drawn: 

The amphibole-crystallising fluid was sourced externally to the block-matrix 

system and did not result from infiltration of a serpentinite-equilibrated fluid. 

The infiltrating fluid had a higher log(Ca), higher log(Na), and/or a higher 

ratio of log(Si) to log(Mg) than serpentinite-equilibrated fluids, and may also 

have had a lower a(H20). Compared to block-equilibrated fluids the infiltrating 

fluid had a lower log(Na), probably higher log(Ca), and a lower ratio of 

log(Si) to log(Mg). 

The composition of the infiltrating fluid was modified by interaction with the 

infiltrated block. This modification involved increasing log(Na), and probably 

decreasing log(Ca), increasing log(Si) and decreasing log(Mg) with 

increasing proximity to the block. 

9.7 Addition of iron to the system 

Outside the 9J block-matrix system, the majority of the blocks observed in the 

serpentinite melange on Syros contain significant quantities of iron. The addition of 

iron to the system is hard to treat quantitatively within the current modelling 

approach as it adds a fifth dimension to an already complex system. The inability of 

the modelling program, Wintherm, to deal with solid solution in minerals also 

introduces considerable difficulties in modelling the CNFMASH system. 

Furthermore, the iron-rich blocks on Syros are multimineralic metagabbros which are 
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unsuited to the applied method of component activity modelling in log(a) space. 

Therefore quantitative modelling of iron-bearing systems was not attempted. 

Qualitatively, the addition of iron to a matrix-surrounded block will add a gradient in 

aqueous iron (e.g a gradient in 1og[a(Fe)/a2(H)] and in log[a(Fe)/a3(H)]) which 

will decrease outwards from block to matrix unless the iron has a very low diffusion 

coefficient. 

With addition of iron to the system, minerals such as chlorite and amphibole, which 

show solid solution between Mg and Fe2 , and between Al and Fe3 , will contain a 

component of the Fe end-member. If a constantly decreasing gradient in aqueous 

iron exists between the block and the matrix, and local equilibrium holds, the amount 

of this iron end-member component will decrease away from the block. Such a 

decrease in iron content was observed in chlorite from within a number of blocks and 

their metasomatic rinds, as noted in chapter 7. This suggests that a continuously 

decreasing gradient in aqueous iron did exist during bimetasomatic zone sequence 

growth around iron-bearing blocks. 

In general, more actinolite and less glaucophane is observed around iron-rich, 

metagabbroic blocks, such as 8Ea, than block 9J. This probably reflects lower 

sodium activities and possibly also lower silica activities in the metagabbroic blocks. 

Sodic-amphibole is also darker and more iron-rich around iron-rich metagabbros 

compared to the amphibole around block 9J, or iron-poor Mg-gabbros and K-rich 

gabbros, reflecting the variation in iron-content of the blocks. 

9.8 Conclusions 

From consideration of activity gradients in major components between block 9J and 

the serpentinite matrix in this chapter, and reference to observations on blocks with 

more complex mineralogies within the serpentinite matrix on Syros, the following 

general conclusions were drawn: 

447 



Chapter 9: Modelling component activities 

The glaucophane-free bimetasomatic zone sequence of block 9J, deduced from 

mineralogic and petrologic observation (chapter 4), is a plausible zone sequence 

under high-grade blueschist facies conditions. By inference, therefore, the 

similarly glaucophane-free bimetasomatic zone sequences, deduced for other 

block compositions (chapters 6, 7 and 8) within the serpentinite melange on 

Syros, are also plausible products of high-grade blueschist bimetasomatism. 

In agreement with mineralogic and petrologic observations (chapter 4) the outer 

pyroxene band at block 9J is concluded to be relict from an earlier period of zone 

sequence growth. Calculated component activities in the bimetasomatic fluid are 

also consistent with the relict nature of the outer pyroxene band, and thus show 

anomalous maxima and minima in components activity gradients. 

Activity gradients existed in the fluid with continuous sign of slope (positive or 

negative with sections of 'zero slope' allowed) from high to low Si and Na and 

low to high Mg between block and matrix. The activity of Ca decreases towards 

the centre of block 9J suggesting an external source for Ca. 

From observation of the iron content of chlorite in the metasomatic rinds of Fe-

rich blocks in the Syros serpentinite melange, it is concluded that an activity 

gradient with a continuous direction of slope existed in Fe from high values in 

the blocks to low values in the surrounding matrix. 

Amphibole in the metasomatic rind and within melange blocks crystallised from 

the short-lived channelled flow of a fluid, which was sourced externally to the 

block-matrix system. It did not result from infiltration of a serpentinite-

equilibrated fluid into the metasomatic rind and block. 



Chapter 9: Modelling component activities 

The amphibole-crystallising, infiltrating fluid had a higher log(Ca) and higher 

1og(Na), and/or a higher ratio of log(Si) to log(Mg) than serpentinite-

equilibrated fluids, and may have had a lower a(H20). Compared to block-

equilibrated fluids the infiltrating fluid had a lower log(Na), probably higher 

log(Ca), and a lower ratio of log(Si) to log(Mg). 

The composition of the infiltrating fluid was modified by interaction with the 

infiltrated block. This modification involved an increase in 1og(Na), and 

probably a decrease in log(Ca), an increase in log(Si) and a decrease in 

log(Mg). An increase in a(H20) will also have occurred if the infiltrating fluid 

had a lower a(H20) than block equilibrated fluids. 
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10.1 Introduction 

The previous chapters have discussed metasomatism in the serpentinite melange on 

Syros, both within the melange matrix and at contacts between matrix and meta-

igneous or metasedimentary lithologies within, or in contact with, the melange 

matrix. In this chapter, the compositions and possible origins of fluid phases within 

the melange are considered along with implications for peak PT fluid-flow within the 

units exposed on Syros. 

The metasomatic rinds around melange blocks and at contacts between melange and 

bounding schist units, contain abundant chlorite and amphibole suggesting 

similarities with metasomatic rinds described from the Franciscan Complex and 

Santa Catalina Island, California (see chapter 1). The discontinuous nature of 

amphibole in the rind and the formation of a zone of diopside or chloromelanite 

alteration at the edge of jadeite blocks, also suggests close similarities with blocks in 

serpentinite melange units from the Polar Urals and Pre Balkhash (Dobretsov and 

Ponomareva, 1965). 

These similarities in metasomatic products between the Syros serpentinite melange 

and serpentinite melange in other blueschist terrains suggest that fluid-flow regimes 

may also be similar, and this possibility is discussed towards the end of the present 

chapter. 

10.2 Ca-rich fluid present during bimetasomatism 

In chapters 4 to 8, metasomatism within and around the meta-igneous blocks within 

the melange was considered. The spatial extent of bimetasomatism in the blocks 

clearly varies with block composition (chapter 6) but despite these differences; the 

main gains and losses of components in all meta-igneous blocks appear to be similar. 

Gains and losses of components, both major and minor, are largely consistent with 

the relative concentrations of these components within blocks and matrix. Thus Fe 
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and Mn are gained at the edge of the plagiogranite block, 9J, where their 

concentrations in the block are lower than within the matrix, but these same 

components are not gained at the edge of more Fe and Mn-rich metagabbroic blocks. 

Similarly Mg is gained at the edges of both the plagiogranite, 9J, and the dioritic 

gabbro block, 8Eb, and Si is lost from all the meta-igneous blocks. 

Peaks in component concentrations at the block edge, where lower values of the 

component occur in both block and matrix, were also noted in both plagiogranite and 

metagabbro. These appear to have two possible causes. They may be the result of 

build-up of a relatively minor element, which is incompatible in the phases produced 

during bimetasomatism, such as K at the edge of block 9J. Alternatively, a peak in 

concentration of a component may be the result of a high activity of that component 

in the fluid present in the melange matrix, which is not reflected in the matrix 

mineralogy and bulk composition. This appears to be the case for Ca, which is noted 

to increase at the edges of both plagiogranite and gabbroic blocks, but is found to be 

present only in low concentrations in the melange matrix from bulk chemical 

analysis. 

Metasediment in contact with serpentinite (chapter 8) does not show peaks in Ca 

content at the edge of the metasediment as is seen at the edges of meta-igneous 

blocks in the melange. However, bimetasomatic pseudo-eclogite-forming reactions 

produce CO2  (chapter 8), and, if a high calcium-activity fluid were present within the 

surrounding melange matrix, then a calcium carbonate mineral might be expected to 

crystallise. In fact, both calcite and dolomite are observed in talc-bearing 

metasomatic rinds at schist-matrix contacts, although the calcite may be a late, low 

temperature retrogressive product (chapter 7). This suggests that Ca-rich fluids were 

present during pseudo-eclogite formation and associated conversion of serpentinite to 

talc, and that reactions forming talc + carbonate metasomatic zones from serpentinite 

were of the form: 

2 serpentinite + 3 CaO(aq)  + 6 CO2  = talc + 3 dolomite + 3 H20 [10.1] 

rather than 
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2 serpentinite + 3 CO2  = talc + 3 magnesite + 3 H20 	[3.2] 

From this discussion, therefore, it may be concluded that a fluid with a relatively 

high calcium activity (log a(Ca)/a2(H) probably around 5.5 to 5.8 from data in 

chapter 9) was present in the serpentinite during bimetasomatic zone growth in the 

serpentinite melange on Syros. Equally importantly, this fluid was responsible for a 

significant flux of calcium to the growth site of calcium-rich minerals, such as 

omphacite at the edge of block 9J. 

10.2.1 Rodingites 

Fluids with a high CaO activity in serpentinite rocks are attested to by the common 

presence of rodingites. These are rocks of various protolith compositions, most 

commonly gabbroic (Schandl et al., 1989; Mittwede and Schandl, 1992; Mogessie 

and Rammlmair, 1994), found in contact with serpentinite bodies, in which calc-

silicate phases have grown at the expense of Na and K-bearing phases resulting in an 

overall gain in Ca and loss of alkalis. 

Rodingitization is most frequently attributed to reaction of the protolith with a Ca-

rich, silica-undersaturated fluid produced during serpentinization of ultramafic 

material (Bilgrami and Howie, 1960; Barnes et al., 1967; Honnorez and Kirst, 1975; 

Coleman, 1977). The process of serpentinization, which occurs at relatively low 

temperatures under water-saturated conditions, involves breakdown of olivine and 

other ferro-magnesian phases to form serpentinite minerals, but also breakdown of 

pyroxenes. The pyroxenes contain calcium, which cannot be accommodated in the 

serpentinite minerals. 

If CO2-rich fluids are present in the serpentinizing ultramafic then carbonate phases 

may precipitate, and this is observed in many serpentinites. However, calcium-

silicates will not precipitate as the activity of silica is too low in serpentinite except at 

very high a(Ca). The solubility product of, for example, tremolite, is not exceeded 

453 



Chapter 10: Discussion offluids in the melange 

until log a(Ca)/a2(H) is around 6.2 (figure 9.17). Thus, if the fluid present in the 

serpentinite is CO2-poor, even moderately high concentrations of calcium will 

remain in solution and calcium may be transported to neighbouring lithologies where 

it can cause rodingitization. Significantly, however, the presence of the Ca-rich fluid 

is not recorded in the mineralogy and bulk chemistry of the serpentinite unit itself. 

10.2.2 Origin of Ca-rich fluid 

Clearly, in the serpentinite melange on Syros, calcium-rich fluid cannot be the result 

of serpentinization of the melange matrix since this is concluded to have occurred, 

probably in a sea-floor setting, prior to the formation of the melange in the present 

sedimentary sequence (chapter 3). Three other possible sources of a Ca-rich fluid are 

therefore considered below. 

A Ca-rich fluid within the serpentinite melange may have been derived internally to 

the melange and surrounding metasedimentary sequence through interaction of fluids 

with calcium-rich schist. Fluid is produced by all the bimetasomatic reactions 

suggested to have occurred within the serpentinite melange on Syros (chapters 3, 6, 

and 8), and the volume of this fluid is not inconsiderable. For example, the volume 

of H20 calculated to have been produced as a result of desilication of block 9J and 

associated conversion of serpentinite to talc, is around 1.6 to 2.1 cm  per cm  of the 

block, which is roughly a tenth of the volume of talc produced by the same reaction 

(appendix II). The total volume of water produced by desilication of block 9J is 

calculate (appendix II) to be 8.3 m3  

The only likely sources of calcium for such a fluid, produced locally by 

bimetasomatic reactions, however, are the metasedimentary blocks within the 

melange and the surrounding metasedimentary units. This implies that the 

bimetasomatic ally derived fluid would have to form, interact with significant 

quantities of metasediments and pass back into the melange to account for the Ca-

rich fluid present during bimetasomatism. Such a process, therefore, would require 
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wide-scale fluid-flow both within the melange and the schist units. This appears 

contrary to the data of Barr (1989) which indicates that input of pervasive external 

fluids to the Syros blueschists was negligible as isotopic heterogeneitiy is preserved. 

No oxygen isotope study of the melange matrix and immediately adjacent 

metasediments has been carried out and channelled flow cannot be ruled out. 

However, while fluid production in the melange, as a result of bimetasomatism, is 

likely to induce fluid flow into the surrounding metasedimentary and metagabbroic 

units, the reverse of this fluid-flow gradient, resulting in calcium-rich fluids 

percolating into the serpentinite melange matrix, is less probable. Furthermore such 

a melange-derived fluid would initially be calcium poor and only gradually become 

calcium-enriched during bimetasomatic rind growth, due to interaction with the 

schist, and, even then, not necessarily ubiquitously. Therefore, because observations 

made in the current study point to the ubiquitous presence of a calcium-rich fluid in 

the serpentinite melange from an early point in bimetasomatic zone growth, it seems 

unlikely that such a fluid was itself the product of bimetasomatism. 

A second possible source of fluid in the melange matrix is up-temperature 

dehydration reactions such as 

glaucophane + tremolite + clinozoisite = garnet + omphacite + Si02  + H20 [6.7] 

or the greenschist-blueschist reaction, 

albite + chlorite + tremolite = glaucophane + clinozoisite + quartz + H20 	[10.2] 

occurring either within melange lithologies or the surrounding metasediments and 

metagabbros. Calcium-rich fluids, however, are most likely to result from such 

reactions within calcium-rich metasediments and such a source again necessitates 

relatively wide-scale fluid flow in metasedimentary units to result in such a fluid 

percolation into serpentinite melange and this appears contrary to the evidence of 

Barr (1989). However, it is possible that wide-scale fluid flow occurred exclusively 

in areas immediately adjacent to the serpentinite melange unit, which were not 

analysed by Barr (1989). Alternatively, wide-scale fluid flow may have occurred 

within schist units during relatively early prograde metamorphism with the small 
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scale fluid heterogeneitites, noted by Barr (1989), developing at a later stage, under 

higher-grade metamorphic conditions. 

From the above discussion, it may be concluded that the calcium-rich fluid, 

apparently present during peak blueschist-metamorphic bimetasomatism within the 

serpentinite melange on Syros, may be the product of prograde metamorphic fluid 

production. A third possibility, however, is that the fluid was sourced externally to 

the exposed Syros sedimentary pile, possibly in dehydrating metasediments lower in 

the subduction zone which experienced higher fluid-flow than those exposed on 

Syros. Alternatively the fluid may have been sourced by or at least partially 

equilibrated with, a dehydrating serpentinized ultramafic unit containing Ca-rich 

rodingitizing fluids, as was suggested by Bloor (1998) as a source of lawsonite 

generating fluid in the Syros greyschists. 

Whatever the source of the calcium-rich fluid, present within the serpentinite 

melange during bimetasomatism, its apparently pervasive occurrence suggests that it 

was equilibrated with the serpentinite matrix. Therefore it will have had a low silica 

content and high magnesium content as well as a high calcium content. 

10.2.3 Volume of Ca-rich fluid 

The volume of Ca-rich fluid required to deliver the observed amounts of calcium to 

the bimetasomatic zone sequences around blocks in the Syros serpentinite melange 

may be calculated by mass balance if the weight percent of CaO in the fluid is 

known. Unfortunately solubility data on calcium bearing minerals at the relevant PT 

conditions is unavailable, and a-X relationships for calcium in solution, let alone in 

appropriate water-rich, NaCl-bearing solutions (chapter 9) at blueschist PT, have 

similarly not been investigated. Consequently estimates of the weight percent of 

CaO likely to occur in a high-grade blueschist fluid, in equilibrium with serpentinite 

and talc but not saturated in tremolite or any other calcium-bearing mineral, are at 

best uncertain. 
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Some useful information on Ca in solution can, however, be gained from data 

currently available it the literature and from these data, a very rough estimate of the 

likely weight percent CaO in the Ca-rich fluid present in the serpentinite during 

bimetasomatism in the Syros melange was estimated. 

It is apparent from available data (Fein and Walther, 1989; Yardley, 1997; 

Shmulovich et al, 2000; Shmulovich pers corn) that the solubility of calcium-bearing 

minerals, and the concentration of Ca in solution, increases as the chloride content of 

the solution increases. Chloride content may be expressed as Cl molality or 

equivalent wt% NaCl and as such, the data of Barr(1989) give an estimate of the 

concentration of chloride in solution in the Syros metasediments which may be 

applicable to the serpentinite melange (chapter 9). 

For an equivalent wt% NaCl of 3.5- 11 (approximately a chloride molality of 0.6-2 

assuming a binary H20-NaCI solution), as measured by Barr (1989), estimates of the 

concentration of Ca in solution may be estimated from the available data. Data from 

Yardley (1997) for a solution in equilibrium with quartz, albite, zoisite, muscovite, 

paragonite, chlorite and hematite, under oxidising conditions and at 350 °C and 1 kb 

gives values for the molality of Ca in solution at appropriate Cl concentrations of 

0.04 to 0.5. This is roughly equal to 0.2-2.7 wt% CaO if the solute is assumed, for 

simplicity, to be pure H20. 

Data from Fein and Walther (1989) for a fluid in equilibrium with calcite at 400 °C 

and 2 kb gives a similar order of magnitude estimate for the molality of Ca in 

solution, to that of Yardley (1997), with a value of at least 0.1. 

Data from Shmulovich (pers corn.), for fluid in equilibrium with diopside and 650 °C 

gives somewhat lower values of Ca concentration in solution at the appropriate 

equivalent NaCl wt%. However, Ca- concentration in the fluid clearly increases with 
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increasing pressure, with - 60 ppm Ca in solution at 2 kb, - 300 ppm in solution at S 

kb and - 500 ppm in solution at 7kb (equivalent to around 0.0016 wt% CaO). These 

data suggest that at the high pressures of the Syros blueschists (15 kb) concentrations 

of Ca in solution may be somewhat higher than those measured at lower pressure 

conditions in the literature. A value of around 3 wt% CaO in the fluid was therefore 

used to calculate the volume of fluid necessary to deliver the observed amounts of 

CaO during bimetasomatic zone growth. 

To estimate the amount of CaO apparently fixed from the Ca-rich fluid in the 

serpentinite matrix during bimetasomatism, the zone sequence of block 9J was 

considered. Here CaO has been added to the block edge forming a zone of altered 

block including the inner pyroxene band. In this zone, CaO has increased by an 

average of 4 wt% over a thickness of 20 cm. For this amount of CaO addition to the 

block, around 27 cm3  of a fluid with 3 wt% CaO is required per cm  of the block 

surface, if it is assumed that all the calcium can be removed from solution. This is a 

significant volume of fluid (for example it is around 15 times the volume of fluid 

calculated to have been liberated by desilcation of 9J and conversion of antigorite to 

talc), and in reality a greater volume of fluid is probably required since removal of all 

CaO from solution is unlikely. 

If the Ca-rich fluid which delivered calcium to the block edge of 9J and other 

melange blocks is assumed to be a stationary pore fluid, with the flux of Ca to the 

block dependent on diffusion, then the length scale over which this diffusion must 

have occurred may be calculated. Clearly if a volume of pure fluid existed around the 

block, diffusion of Ca would have had to occur over at least 27 cm to account for the 

Ca addition to the block edge. However, a volume of pure fluid is clearly highly 

improbable and the volume of fluid per cm of rock will be dependent on the pore 

volume. Estimates of the pore volume in metamorphic rocks (Norton and Knapp, 

1977; Walther, 1986) suggests that it is less than 0.1 % by volume. 
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If a maximum estimate of 0.1 volume % pore fluid is assumed, then it can be 

calculated that diffusional loss of calcium from the stationary pore fluid must have 

occurred over a distance of 270 m from the block edge. A diffusion length of 270 m 

is, however, incompatible with the evidence of bimetasomatic zones, which suggests 

that diffusion occurred on a scale of centimetres to a few metres at most. In order to 

supply the necessary volume of Ca-rich fluid to the block-edge, therefore, flow of the 

Ca-rich fluid through the melange must have occurred, resulting in a continuous 

supply of Ca-rich fluid to the block-edge. 

The Ca-rich fluid present in the serpentinite melange during bimetasomatic zone 

growth, therefore, is concluded to have been flowing through the rock. However, its 

apparently ubiquitous presence within the melange suggests that this flow was 

pervasive and not channelled. The necessary rate of fluid flow is not possible to 

determine as it is dependent on the duration of bimetasomatic zone growth and the 

pore volume which may increase from its 'static value' under conditions of pressure-

driven fluid flow (e.g. Jamtveit and Yardley, 1997). A further complication may be 

tectonic deformation, which will result in temporal changes in porosity and may 

'renew' Ca-rich pore fluids at the block-edge by mechanically moving them closer to 

the block. 

10.3 Infiltrated fluids 

From the discussion above, it is apparent that the Ca-rich fluid present in the melange 

matrix during bimetasomatism was almost certainly flowing through the melange 

and was therefore, strictly, an infiltrating fluid. However, its flow appears to have 

been unchannelled and pervasive, and this is in contrast to two further infiltrating 

fluids documented it in the serpentinite melange matrix, and most notably within the 

blocks and their immediately adjacent metasomatic rinds, in the present study, which 

appear to have been channelled. One of these channelled fluids produced widespread 

formation of broad amphibole veins and partial sheaths around many blocks, and at 

contacts with adjacent schist units as the result of a single, relatively short-lived 
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infiltration event. The other channelled fluid produced local occurrences of epidote 

veining in some meta-igneous blocks. The amphibole veins and incursions are 

concluded to be the product of a single, discrete, episode of syn-bimetasomatic 

infiltration, which occurred at the time of change in deformation style from Si to S2 

(chapter 8). Epidote veins appear both to pre-date and to post-date the amphibole 

infiltration event, indicating a prolonged period of epidote-related infiltration 

including a number of separate veining episodes. 

10.3.1 Amphibole-crystallising fluid 

The fluid that caused amphibole veins and incursions was concluded, in chapter 9, to 

have been sourced externally to the block-matrix systems that it infiltrated. The 

composition of the fluid is also discussed in chapter 9, and is concluded to have been 

relatively calcium-rich and/or silica-rich compared to the fluid present in the 

serpentinite matrix during bimetasomatic zone growth. Compared to fluids with 

silica-saturated meta-igneous and metasedimentary lithologies within and adjacent to 

the melange, however, the amphibole-crystallising fluid is calcium-rich but sodium 

and silica-poor. 

A relatively silica-rich fluid, infiltrating the serpentinite melange matrix will almost 

certainly result in conversion of antigorite to talc. Therefore, if such a fluid were 

pervasive within the serpentinite matrix, it would be expected to result in pervasive 

conversion of antigorite to talc. If the fluid were vein-controlled, however, any 

alteration of antigorite to talc will be limited to within and around the veins. 

Unfortunately due to the continuous deformation of the melange and the poor 

exposure, it is impossible to detect possible talc veins that may be associated with the 

amphibole infiltration event although some talc veins were noted (chapter 3). The 

existence of areas of unaltered antigorite, however, indicates that the silica-rich fluid, 

which resulted in amphibole crystallisation, must have been channelled within the 

matrix and was not a pervasive fluid. 
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The composition of the fluid and its apparent source outside the serpentinite 

melange, once again suggests a sedimentary origin for the fluid or an origin in 

relatively recently serpentinized ultramafics. The conversion of schist at 5J to a 

more glaucophane-rich composition (chapter 7), however, indicates that this fluid 

was not in equilibrium with the schist compositions exposed on Syros. This suggests 

that the fluid source for the amphibole veins is almost certainly not the sedimentary 

pile now exposed on Syros, and, in fact, as pointed out by Bloor (1998), fluid-

forming reactions within the schists had almost certainly ceased prior to the onset of 

the second phase of compressional deformation. Therefore it may be concluded that 

the amphibole-crystallising fluid was sourced externally to the presently exposed 

sedimentary succession on Syros possibly in schist or serpentinized ultramafic lower 

in the subduction zone. 

If this is the case, then the amphibole-crystallising fluid must have infiltrated the 

melange matrix, as well and the blocks and their metasomatic rinds, as a channelled 

flow, if it were not to equilibrate with the Ca-rich fluid present, and almost certainly 

flowing through, the serpentinite matrix (see above). Furthermore, if the amphibole-

infiltration episode lasted for a significant duration, tectonic disruption, which is 

thought to have occurred throughout bimetasomatic zone growth (see e.g. chapter 4), 

would almost certainly have resulted in disruption of flow channels and mixing of 

the amphibole-crystallising fluid with the Ca-rich fluid of the matrix. The fact that 

the amphibole-crystallising fluid appears not to be in equilibrium with matrix-

derived fluids, therefore, suggests that the amphibole infiltration episode was a 

discrete episode that was short-lived so that tectonic disruption and mixing with 

serpentinite-equilibrated fluids was not a significant factor in determining fluid 

composition. 

10.3.2 Epidote veining 

A number of generations of epidote-rich veins have been recorded in melange blocks 

in the present study (chapter 7), and at various localities, both within and outside 
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serpentinite melange units, by Bond (1999). The veining is concluded to have 

occurred under blueschist facies metamorphic conditions (chapter 6) as the result of 

infiltration by an iron-rich, oxidised fluid, and epidote veining occurred both prior to 

and after the amphibole infiltration event. 

The crystallisation of epidote in veins suggests that the fluid may have been rich in 

calcium and aluminium as well as iron, and a Ca, Al and Fe3trich fluid is compatible 

with a fluid equilibrated with metasediments. The presence of quartz in some veins 

noted by Bond (1999) is also in agreement with such a fluid source as is the 

occurrence of the veins exclusively in meta-igneous rocks (this study and Bond, 

1999). 

Epidote veining appears to be a fairly local although widely occurring phenomenon 

and it is therefore possible that it is the product of small-volume flow of locally 

derived metasediment-equilibrated fluid. The most abundant epidote veining 

observed in the present study, for example, is in block 8Ea which is located adjacent 

to schist and, from the occurrence of talc-carbonate assemblages, was probably also 

closely bounded by schist even where this is no longer visible. 

From mineralogical observations in the present study, and as concluded by Bloor 

(1998), no fluid-forming reactions were occurring within the metasediment during 

the period of high-grade blueschist facies metamorphism when epidote veining 

apparently occurred. The veining episodes, therefore, may have resulted from 

periodic expulsion of fluid, already present in the schist, as the result of progressive 

Si and S2 deformation of the rocks. 

10.4 Summary of fluids in the melange 

From the above discussion, it may be concluded that two different calcium-rich 

fluids were present in the serpentinite melange during high-grade blueschist 

metamorphism. 
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Of these two fluids, one was ubiquitously present throughout the serpentinite 

melange during bimetasomatic zone formation. The volume of this fluid necessary to 

deliver the observed amounts of calcium to the bimetasomatic zones around blocks, 

however, suggests that the fluid was flowing through the melange and was not a 

stationary pore fluid. It may have been the product of prograde dehydration 

reactions or have been sourced externally to the Syros sedimentary pile. In either 

case, however it is likely to have equilibrated with the serpentinite prior to peak 

bl ueschist facies metasomatism. 

The second Ca-rich fluid in the serpentinite melange, was sourced externally to the 

sedimentary pile exposed on Syros, and infiltrated the melange in significant 

volumes during the transition from Si to S2 deformation (chapter 8). This fluid 

probably equilibrated with the serpentinite matrix only partially or not at all. 

10.5 Melange fluids and lawsonite-generating fluid 

Infiltration of a calcium-rich fluid was concluded, by Bloor (1998), to have resulted 

in lawsonite growth in the northern greyschists on Syros, which lie to the north and 

structurally above the gneiss-serpentinite belt. Bloor (1998) times the infiltration of 

this fluid to peak metamorphism at the onset of the second phase of compressive 

deformation, S2, and concludes that the fluid was derived externally to the 

metasomatic pile exposed on Syros. Infiltration of the lawsonite-generating fluid, 

documented by Bloor (1998) resulted in addition of Ca, Al, Sr and Pb to the 

metasediments and loss of Si, Na, K, Ba, Rb and Zn, from which Bloor (1998) 

concluded that the fluid had equilibrated with a serpentinizing ultramafic unit. 

The lawsonite generating fluid of Bloor (1998) is notably similar in composition to 

that of the amphibole-crystallising fluid discussed in the present study, with high 

calcium activity but relatively low sodium activities compared to fluids in 

equilibrium with silica saturated metasediments (chapters 8 and 9). However, the 
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veins associated with lawsonite-generating fluids in the greyschists contain quartz 

indicating a silica saturated fluid while the amphibole veins and incursions in most 

cases do not contain quartz indicating a silica undersaturated fluid. The exceptions 

to this are glaucophane veins in block 9J that also contain quartz (chapter 4), 

indicating silica saturation in the amphibole-crystallising fluid. 

Silica saturation in glaucophane veins within the silica saturated block 9J, suggests 

that the fluid composition has been significantly modified by interaction with silica 

saturated block and block-equilibrated fluids. Such modification is also indicated by 

the changing compositions of amphibole with increased proximity to blocks 

(chapters, 4, 5 and 7). However, the important point to note here is that modification 

of fluid composition, as a result of interaction with the rocks through which it flows, 

could account for the apparent differences in fluid composition between amphibole-

crystallising fluids within and adjacent to serpentinite melange, and lawsonite-

generating fluids within the greyschist. Lawsonite generation in the greyschists and 

amphibole crystallisation in the serpentinite melange, therefore, may be related to the 

same fluid infiltration event. 

The timing of the two infiltration events is also similarly concluded to be at the 

transition from 51 to S2 deformation (chapter 8, this study; Bloor, 1998), which 

lends support to the hypothesis that the two fluids may be related. 

High calcium, and low sodium, are also characteristics of the serpentinite-

equilibrated fluid present in the melange matrix during high-grade blueschist facies 

bimetasomatism. It may be, therefore that the lawsonite-generating fluid in the 

greyschists, studied by Bloor (1998) is related to this fluid, already present in the 

serpentinite melange units rather than to the amphibole-crystallising fluid which 

infiltrated the serpentinite melange later, at the transition from Si to S2 deformation. 

If this is the case, the stresses associated with the change from Si to S2 deformation 

could have resulted in the calcium-rich fluid, already present in the serpentinite 

melange, infiltrating the overlying greyschists and resulting in lawsonite growth. 
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However, if this were the case, lawsonite would be expected to be most abundant 

close to the serpentinite melange. Such a relationship is not observed on Syros, and 

evidence for a link between the lawsonite-generating fluid and Ca-rich fluid present 

in the melange during bimetasomatism is therefore lacking and such a link seems 

unlikely although the possibility cannot be ruled out. 

A third possibility is that none of the three calcium-rich fluids documented in the 

Syros sedimentary pile are directly related and each is the result of a separate pulse 

of fluid input. The closely similar timing for lawsonite generating fluid infiltration 

and amphibole crystallising fluid infiltration, however, suggest that the two are 

related and are simply different manifestations of the same fluid infiltration event, 

with fluid modified to differing compositions by partial equilibration with differing 

compositions of infiltrated rock. 

10.6 Fluid channelling and volume 

The presence of abundant infiltration-derived amphibole within the serpentinite 

melange unit on Syros and the limited veining of this fluid into the adjacent schist 

units as seen at 5J (chapter 8) suggests that the amphibole crystallising fluid was 

channelled within the serpentinite melange unit. Such channelling of fluid in 

ultramafic melange units is also documented from the Catalina Schist, by Bebout and 

Barton (1989), and comparison, therefore, suggests that the fluid flow regimes on 

Syros and Santa Catalina island may well be similar. The possibility of such a 

similarity in fluid flow regimes was also suggested by Bloor (1998), although the 

fluid flow within the coherent units surrounding the serpentinite melange horizons on 

Syros is apparently lower (Bloor, 1998). 

While crystallisation of amphibole indicates relatively high volumes of fluid flow in 

the upper serpentinite melange unit on Syros, features of the thinner, lower 

serpentinite melange unit exposed at 'Polychrome Point' (figure 3.1) indicate higher 

fluid volumes and a somewhat different fluid regime, as discussed below. 
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10.6.1 The lower melange unit - Polychrome Point 

It was noted in chapter 3 that the melange matrix of the lower melange unit in the 

north, exposed at Polychrome Point is largely composed of amphibole, chlorite, talc 

and carbonate, and contains virtually no unaltered serpentinite. 

It was suggested that the high density of blocks and the limited thickness of the 

melange unit have resulted in bimetasomatic alteration of the majority of the 

melange matrix as well as that directly adjacent to the blocks and schist edges. 

However, the amphibole is concluded (chapters 4 to 9) to be the result of an 

infiltration episode. Its high density in the melange matrix at Polychrome Point, 

therefore, suggests that flow of the amphibole-crystallising fluid was higher in the 

lower melange unit, than in the larger upper unit. 

Certain other differences are also apparent between the upper melange unit and the 

lower melange unit exposed at Polychrome Point. These include pyrite within the 

melange matrix at Polychrome Point and the high proportion of garnet in many 

blocks. 

As has already been noted (chapter 8), a number of blocks at Polychrome Point are 

of schist origin. Others, however, are apparently metabasites but differ from those 

studied in the upper melange unit in being sheathed almost entirely by glaucophane 

which merges into the block lithology, passing from glaucophane into glaucophane + 

garnet and finally into a garnet-rich core. 

Some blocks are so highly altered to garnet ± glaucophane that their origins are 

uncertain. One such block is the spectacular 6N9 (plate 10. 1), perched near the cliff-

edge, entirely exhumed from the melange, and fractured revealing its interior. Block 

6N9 is composed of pyroxene and garnet, and in some areas comprising almost 

monomineralic garnet. The block is rimmed by a sheath of glaucophane, which 
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Plate 10.1: Block 6N9 form the lower serpentimte melange unit at Polychrome Point. The 
block has a pyroxene and garnet-rich core which is in some areas almost monomineralic 
garnet. The block is rimmed by a sheath of glaucophane, which penetrates into the block along 
veins, also followed by later fractures and albite veins. A partial chlorite rind is also preserved, 
particularly on the bottom edge of the block, indicating that the block was once incorporated in 
serpentinite melange. 1 lb hammer for scale. 
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penetrates into the block along veins also followed by later fractures and albite veins. 

A partial chlorite rind is also preserved in places, indicating that the block was, in 

fact, once incorporated within the melange. 

The garnet-omphacite mineralogy of block 6N9 is consistent with the block having 

been a metagabbroic block metasomatised by loss of silica to the melange matrix. 

However, the extent of eclogitization appears to have been much larger than in any 

block from the upper melange unit (chapter 6). 

In 6N9 and other blocks of apparent metagabbroic origin at Polychrome Point, garnet 

appears to take the place of epidote in metagabbroic blocks from the upper melange 

unit. Both persist near the block-edge and with infiltrated glaucophane, and occur in 

dense patches within the block itself (chapter 6). Compositionally, the almost 

monomineralic garnet areas are also similar to the epidote-rich 'epidosites' observed 

in metagabbros, as is shown in table 10. 1, differing only significantly in the ratio of 

iron to calcium, which is much higher in the garnet-rich areas. 

A further distinct difference between the epidote-rich and garnet-rich blocks is that, 

while iron in epidote occurs as Fe3 , in garnet, iron may occur as both Fe3  and as 

reduced Fe2 . 

Sample N9-300 from block 6N9 is almost pure garnet with only minor interstitial 

pyroxene, and if treated as pure garnet, a garnet formula of roughly 

(Cao.9Mgo.4Mno.iFe2 1.6)Al2Si3O12  is obtained (appendix III). This indicates that all 

the iron is present as reduced Fe2 . 

It seems probable, therefore, that block 6N9 is a highly metasomatised and reduced 

block of former metagabbro, with epidote having been reduced to garnet via a 

reaction of the form: 

2 epidote (Ps33Cz067) = 2 garnet (Alm33Gros67) + H20 + 0.5 02 
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a reaction also suggested for use as an oxygen barometer by Donohue and Essene 

(2000). 

Rock type Metagabbro 

Ep-rich 

Metagabbro 

Ep-rich 

6N9 

Garnet-rich 

Sample N13-361H N13-361K N9-300 

5102 39.02 39.01 37.46 

A1203  23.85 23.94 19.29 

Fe203  11.31 11.35 27.44 

MgO 0.29 0.31 2.86 

CaO 22.21 22.28 9.89 

Na20 0.26 0.21 0.59 

K20 0.014 0.01 0.041 

Ti02  0.15 0.153 1.65 

MnO 0.138 0.14 1.708 

P205  0.168 0.15 0.648 

LOl 2.03 1.96 2.17* 

Total 99.43 99.51 99.41 

Table 10.1: Comparison of epidote-rich epidosites from 

unmetasomatised metagabbro, and garnet-rich area from block 6N9, 

Polychrome Point. LOl = loss on ignition. *Loss  on ignition is 

negative for the garnet-rich sample due to a high concentration of 

reduced iron (see main text). This becomes oxidised on ignition 

resulting in a net weight gain (negative loss). 

The occurrence of pyrite within the melange matrix also indicated a reducing 

environment. The cause of this reduction is apparently not the amphibole-forming 

fluid since electron microprobe analysis of such amphibole (chapter 7) shows that it 

contained considerably higher Fe3  than amphibole within the metagabbroic blocks it 

infiltrated. Whatever the origin of this apparently strong reduction within the lower 

melange unit, therefore, it appears not to have affected the upper melange unit 

indicating that fluid-flow within the two serpentinite melange units was not identical. 

It also seems possible that there was a generally higher fluid flow through the lower 

melange unit. 
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Why fluid flow should be higher within the lower melange unit is unknown. One 

possibility is that externally derived fluids were percolating from lower down the 

metamorphic pile resulting in a similar geographical control on fluid volume to that 

which apparently controlled later retrogression to greenschist facies (Dixon, 1969; 

Ridley, 1982; Bond, 1999). Perhaps significantly, greenschist retrogression is also 

more widespread at Polychrome Point than in the majority of other areas of melange 

studied. 

10.7 Fluid sources 

From the above discussion it may be concluded that, fluid was apparently channelled 

through the serpentinite melange units on Syros, with the thinner, lower melange unit 

experiencing higher fluid flow, and reducing conditions. The channelling of fluid in 

the serpentinite melange units suggests a similarity in fluid-flow regimes between the 

Syros blueschist unit and the blueschist unit of Santa Catalina Island, California. If 

this is the case then it may be that fluid sources were also similar in the two regions. 

Fluid channelled in the ultramafic melange on Santa Catalina Island, is concluded by 

Bebout and Barton (1989, 1993) to have added Si to the melange causing widespread 

alteration of antigorite to talc. The relatively silica-rich nature of this fluid is similar 

to that deduced for the amphibole-crystallising fluid in the Syros melange suggesting 

possible similar fluid sources, although Bebout and Barton to not specify a Ca-

activity in their fluid. The amphibole-crystallising fluid is also not as pervasive as 

the fluid in the Santa Catalina melange suggesting lower fluid-flow in the Syros 

melange as was also suggested by Bloor (1998). 

10.7.1 Fluid sources in the Catalina Schist and in Syros blueschists 

Primarily from stable isotope data, Bebout and Barton (1989, 1993) conclude that the 

fluid that infiltrated the Catalina Schist was probably sourced in low temperature, 
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sediment-rich parts of the subduction zone, below the hotter, Santa Catalina unit. 

This requires non-structure parallel fluid-flow, with fluid flowing to lower pressures 

but from low to high temperatures as shown in figure 10.1. Stable isotope signatures 

suggesting a sedimentary origin for fluids in other blueschist terrains in the 

Franciscan Complex was also deduced by Taylor and Coleman (1968), Magaritz and 

Taylor (1976) and Nelson (1991), although Nelson (1991) also noted some isotope 

signatures which indicated fluids derived from subducted MORB. 

In contrast to the proposed fluid sources in lower temperature dehydrating sediments 

in the Californian blueschist melanges, Bloor (1998) suggests that the lawsonite 

generating fluid in the Syros greyschists was sourced from eclogite forming 

reactions, in hotter and probably deeper parts of the subducting slab. 

10.7.2 Fluid flow in subduction zones and its implications 

The high-grade blueschist terrain of Syros is thought to have been located close to, or 

underplated onto, the hanging-wall of the subduction zone around the time of both 

lawsonite generating fluid infiltration and amphibole crystallising fluid infiltration 

(Bloor, 1998). Whether fluids infiltrating such a high-grade blueschist are sourced in 

relatively low-temperature sediments, or from high PT eclogitizing reaction, will be 

dependent, to a certain degree, on the ratio of fluid velocity upwards to subduction 

velocity downwards (figure 10.1), as discussed by Bebout and Barton (1993). With a 

relatively high fluid velocity, fluid flow paths will be consistently towards lower 

pressures, so that fluids infiltrating a high-grade blueschist terrain are likely to have 

been sourced at higher pressures, although not necessarily higher temperatures 

(figure 10.1). If fluid velocity is relatively low, however, fluids, although flowing 

upwards relative to the surrounding rock, will be subducted to higher pressures until 

they percolate into a region where fluid velocity exceeds subduction velocity. Only 

then will fluid flow be to lower pressures, and such a fluid may well preserve a 

relatively low-temperature sedimentary isotope signature on infiltrating a high-grade 

blueschist terrain as recorded by Bebout and Barton (1989, 1993). 
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Santa Catalina blueschist (400-600 °C, 6-10 kb) 

Syros blueschist (450-500 °C, 15kb) 

Figure 10.1: Schematic fluid-flow paths during subduction for varying ratios of fluid flow velocity 
upwards to subduction velocity downwards. Paths 1 and 2 are for relatively low ratios, where fluid 
formed in dehydrating rocks at relatively cool, shallow levels is subducted to deeper levels and may 
infiltrate terrains at higher PT to those in which the fluid was sourced. Note that for fluid to infiltrate 
the high-grade blueschist unit on Syros requires a lower ratio of fluid velocity to subduction velocity 
than for fluid from a similar source region to infiltrate the lower grade blueschist unit of Santa 
Catalina Island. Paths 3 and 4 are for relatively high ratios of fluid velocity to subduction velocity, 

where fluid infiltrating  blueschist terrains such as those of Syros and Santa Catalina would be sourced 
in deeper, hotter parts of the subduction zone, possibly within blueschist-eclogite transition zones. 
Note that for fluid to infiltrate the Santa Catalina blueschists requires a higher ratio of fluid velocity to 
subduction velocity than for fluid from a similar source region to infiltrate the higher-grade Syros 
blueschists. Figure modified from Bebout and Barton (1993). 
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From this model of fluid flow in subduction zones, it is clear that, for a fluid sourced 

in relatively low temperature sediment to infiltrate a high pressure blueschist terrain, 

will require a lower ratio of fluid velocity to subduction velocity than is required for 

a similar fluid to percolate a lower pressure blueschist terrain. Thus high-pressure 

terrains are less likely to be infiltrated with low-temperature sediment sourced fluids 

than lower pressure terrains. This observation is significant when comparing the 

Syros blueschist terrain with that of Santa Catalina Island, because, while PT 

estimated for Syros are 15 kb and 450-500 °C, those for the Santa Catalina 

blueschists are only around 6-10 kb and 400-600 °C (figure 10.1). Therefore, it 

seems plausible that, while the Santa Catalina blueschists were infiltrated by a fluid 

sourced in relatively low-temperature metasediments, the Syros blueschists may have 

been infiltrated by a fluid sourced in high PT eclogitizing rocks. 

However, Bloor's (1998) suggestion of eclogitizing reactions as a possible source for 

an infiltrating fluid is merely a suggestion, and is not supported by compositional or 

isotopic data on the fluid. In fact, Bloor (1998) also suggests that the fluid 

equilibrated with Ca-rich, Si-poor fluids in a serpentinized ultramafic unit. 

Serpentinite breaks down to forsterite at conditions of pressure and temperature 

possibly not significantly higher than 15 kb and 500 °C (Deer et al., 1992; Ulmer et 

al. 1994). Therefore, a serpentinized ultramafic unit is more likely to occur in 

cooler, shallower regions of the subduction zone, than in hot eclogitizing regions. 

This implies that the chemical composition of the lawsonite generating fluid does not 

indicate a source in hot eclogitizing regions of the subduction zone, and a source, or 

at least some degree of equilibration, in lower PT conditions is, in fact, more likely. 

The above discussion, therefore, suggests that the lawsonite generating fluid may, in 

fact, have been sourced in relatively low-temperature sediment-rich parts of the 

subduction zone as were the fluids in the Catalina Schist, with or without the 

interaction with a serpentinized ultramafic unit suggested by Bloor (1998). 
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10.7.3 Stable isotope signatures of lawsonite-generating fluid 

The stable isotope signatures in metasomatised rocks may give some indication of 

fluid sources (Rollinson, 1993), although, as pointed out by Selverstone et al. (1992), 

isotope signatures cannot be directly related in any way to the bulk chemistry of the 

fluid. The range of 8180 values in the ultramafic melange on Santa Catalina Island 

suggests a low-temperature sedimentary source for the fluid and this is also in 

agreement with 6'3C and D values (Bebout and Barton, 1989, 1993). However, 

Bloor (1998) found that the lawsonite generating fluid in the Syros greyschists had 

8
180 values that were indistinguishable from those of the infiltrated metasediments. 

Bloor (1998) suggests that these 8180  values are due to isotopic equilibration within 

the greyschist, and as such, unfortunately, provide no information on the fluid 

source. The data, however, do not rule out a fluid source similar to that deduced for 

fluid in the Catalina Schist ultramafic melange. 

10.7.4 Source of the amphibole-crystallising fluid 

From the above discussion it may be concluded that, the lawsonite generating fluid in 

the Syros greyschist may have formed from relatively low-temperature dehydrating 

sediment-rich parts of the subduction zone, as did the fluids which infiltrated the 

blueschist terrain of Santa Catalina Island, California, rather than in high PT 

eclogitizing terrains. A similar source, therefore, also seems most probable for the 

amphibole-crystallising fluid, which infiltrated the Syros serpentinite units at a 

similar time to the lawsonite fluids in the greyschists and may be a product of the 

same infiltration event. The bulk chemical composition of this fluid is Ca-rich, but 

also apparently relatively Si-rich compared to the serpentinite equilibrated fluids in 

the Syros melange, and is thus similar to both the Santa Catalina fluids (Bebout and 

Barton, 1989, 1993). Therefore the bulk composition of the amphibole crystallising 

fluid also suggests a similar fluid source to the Santa Catalina fluids. 

474 



Chapter 10. Discussion offluids in the melange 

10.7.5 Conclusions 

From the above discussion, it is concluded that a likely fluid source for the 

amphibole crystallising fluid in the serpentinite melange and also the lawsonite 

generating fluid in the greyschists on Syros is a relatively low-temperature 

dehydrating sediment-rich area of the subduction zone. This is a similar fluid source 

to that suggested for fluids in the blueschist terrain of Santa Catalina Island, 

California. However, high PT eclogitizing is also a possible fluid source, as 

suggested by Bloor (1998). 

10.8 Summary 

From the above discussion the following may be concluded. 

A Ca-rich fluid was present, apparently from onset of bimetasomatism. This 

fluid may have formed as the result of local prograde dehydration reactions, or it 

may have been sourced externally to the metamorphic pile on Syros. In either 

case, however, mass balance calculations indicate that this fluid was flowing 

through the melange. 

The infiltrating fluid that resulted in crystallisation of amphibole around blocks in 

the melange and at schist-melange contacts, was sourced externally to the 

metamorphic pile exposed on Syros. The timing of this fluid infiltration, which 

occurred as a single, discrete event, links it to the fluid infiltration event 

documented by Bloor (1998) that resulted in lawsonite growth in the greyschists. 

This suggests that these two fluids are products of the same infiltration event. 

The two fluid compositions, however, are not identical and this is suggested to be 

due to partial equilibration of fluids with infiltrated rock compositions, which 

will differ along differing fluid flow paths. 
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Epidote-rich veins, observed in some metabasites, during this study and by Bond 

(1999), in contrast to the amphibole-forming fluid, are suggested to be the result 

of movement of small volumes of fluid locally derived from nearby schist. This 

fluid was probably present in the schist prior to peak PT metamorphism and was 

expelled in a series of discrete episodes. 

The lower melange unit exposed at Polychrome Point, appears to have 

experienced higher fluid flow than the larger, upper melange unit. The reason for 

this is unknown, but it may be the result of a general upwards-flow of fluid in the 

Syros sedimentary sequence. The lower melange unit has also experienced 

reducing conditions, which are not recorded in the upper melange unit, and these 

are thought likely to result from the differing fluid flow regimes. 

Finally the apparent channelling of fluid in the serpentinite melange units on 

Syros suggests a similarity between the fluid flow regime in the Syros blueschists 

and that in the blueschists of Santa Catalina Island, California. These similarities 

may include similar fluid sources within relatively low temperature, dehydrating 

sediment-rich parts of the subduction zone. 
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11.1 Conclusions 

The primary aim of this project was to investigate the metasomatic 'rinds' around 

blocks within the high-grade blueschist serpentinite melange on Syros, with an 

emphasis on the possible formation of bimetasomatic zone sequences. The main 

conclusions of this investigation are summarised below. However, during the 

investigation considerable information was also obtained on the nature of blueschist 

facies fluids infiltrating the melange, and conclusions relating to these are also 

summarised below. 

11.1.1 Bimetasomatism 

Conclusions drawn from this study relating to bimetasomatic zone sequence growth 

within the serpentine melange on Syros are summarised below: 

Within the serpentinite melange on Syros, bimetasomatic zone sequences, formed 

under peak high-grade blueschist facies conditions, exist around all block 

lithologies in the melange and at contacts between the melange and adjacent 

schist units. 

The bimetasomatic zone sequence between unaltered block and serpentinite is 

similar in all cases and consists of a zone of altered block tens of centimetres to 

possibly metres in width, a zone of chlorite centimetres to tens of centimetres 

wide, and a talc-rich outer zone tens of centimetres wide. This latter is frequently 

disrupted and mechanically mixed with serpentinite matrix and, less commonly 

with areas of chlorite zone. The zone sequence is summarised in figure 11.1. 

Variations exist between bimetasomatic zone sequences associated with differing 

lithologies. The most noticeable of these differences are within the 'altered 

block' zone. Meta-felsites, composed predominanity of jadeite and quartz, show 

the most dramatic bulk compositional changes between unaltered and altered 
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Bimetasomatic zone sequence 
	 Products of infiltration 

metasomatism 

Figure 11.1: Schematic summary of metasomatic rinds around blocks in the serpentinite melange 
on Syros. Also applicable to metasomatic rinds at contacts between melange matrix and adjacent 
units. The rinds contain a bimetasomatic zone sequence between block and serpentinite matrix 
which consists of a zone of altered block, a zone of chlorite, and a talc-rich outer zone, which is 
often mechanically mixed with serpentinite matrix. Around carbonate-free meta-igneous blocks, the 
talc zone is composed of talc +1- chlorite. However, at contacts between carbonate-bearing schist 
and serpentinite, the talc-rich zone also contains carbonate. Amphibole, in the metasomatic rinds of 
the Syros melange, is the product of an episode of infiltration metasomatism. This infiltration also 
penetrates both meta-igenous and metasedimentary lithologies beyond the metasomatic rinds. The 
amphibole is calcic in the outer regions of the metasomatic rind becoming progressively more sodic 
as it penetrates closer to the relatively sodium-rich metagabbro, plagiogranite or schist of the 
melange block, or unit, in contact with serpentinite matrix. 
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block. A clearly visible zone consisting of omphacite and accessories also occurs 

at the edges of meta-felsic blocks and represents the outermost extent of the zone 

of altered block. Dioritic metagabbros show less dramatic compositional 

changes towards the block edge than do meta-felsites, and in ferrogabbros no 

consistent compositional changes towards the block edge occur. The only 

measurable sign of alteration at the edges of ferrogabbros is an increase in garnet 

and pyroxene towards the block edge, resulting from the desilication reaction: 

glaucophane + epidote + omphacitei  = garnet + omphacite2  + Si02  + H20 

in which the omphacite becomes more jadeitic. This also occurs at the edges of 

dioritic gabbros. In contrast to the edges of meta-igneous blocks, altered block 

at contacts between carbonate-bearing schists and serpentinite matrix is 

composed of 'pseudo-eclogite', an omphacite ± epidote ± garnet rock, the 

product of a decarbonation reaction with antigonte as the CO2  sink. Talc-rich 

bimetasomatic zones also differ between meta-igneous block rinds and 

metasomatic rinds associated with metasediment. While the former contain talc 

± chlorite + accessories, the latter also contain carbonate, also a product of the 

decarbonation reaction. 

The original block-matrix contact lies within the chlorite zone or at the chlorite-

talc contact in less developed areas of bimetasomatic zone sequence. In some 

cases, a chromium-rich 'relict' zone apparently marks the position of the original 

block-matrix contact. 

The width of the bimetasomatic zone sequence varies, and is dependent on 

factors such as block geometry, availability of serpentinite, and block 

mineralogy. 

A Ca-rich fluid was present in the serpentinite melange matrix during 

bimetasomatic zone growth. This fluid may be the product of prograde 

dehydration reaction or be sourced externally to the metasomatic pile exposed on 
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Syros prior to bimetasomatic zone growth. Mass balance calculations indicate 

that this Ca-rich fluid must, almost certainly, have been flowing through the 

melange matrix and was not a static pore fluid. 

11.1.2 Infiltration 

Conclusions drawn from this study relating to discrete blueschist facies infiltration 

events within the serpentine melange on Syros are summarised below: 

The bimetasomatic rinds and melange blocks were infiltrated by a fluid with a 

higher Ca-activity and Na-activity and/or a higher ratio of Si to Mg than the Ca-

rich serpentinite-equilibrated fluids present during bimetasomatism. Compared 

to block-equilibrated fluids, however the infiltrating fluid had a lower Na-

activity, probably higher Ca-activity, and a lower ratio of Si to Mg. This 

infiltration resulted in amphibole crystallisation, predominantly in veins, with 

glaucophane or crossite crystallising in and near melange blocks and calcic 

amphibole crystallising further out in the metasomatic rind (figure 11.1). 

The amphibole crystallising fluid is thought to have derived externally to the 

metasomatic pile exposed on Syros. It is suggested that it is a product of 

dehydration of meta-igneous or metasedimentary units deeper in the subduction 

zone. 

Amphibole infiltration occurred as a single, relatively short-lived, channelled 

event during bimetasomatic zone growth under blueschist facies metamorphic 

conditions. Evidence points to the timing of amphibole coinciding with the 

transition from Si to S2 schistosity development, which Bloor (1998) suggests is 

linked to the transfer of the Syros packet from the down-going slab to the 

hanging wall of the subduction zone. This also suggests links between the 

amphibole-crystallising fluid and concurrent infiltration of lawsonite-generating 

fluids within the nearby greyschists. The two fluid composition are also similar, 
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although not identical, and the difference are suggested to be due to modification 

of fluid composition by infiltrated lithologies which will differ along differing 

flow paths. 

Fluid flow in the Syros blueschists was apparently channelled, with a high fluid 

flow in the serpentinite melange units, as has similarly been documented by 

Bebout and Barton (1989, 1993) in the blueschist unit of Santa Catalina Island 

California. Fluid-flow regimes in the two strati graphic ally separate serpentinite-

melange horizons exposed on Syros, however, appear to differ, with a higher 

fluid-flow and reducing conditions occurring in the thinner, lower melange unit. 

Similarities in fluid flow regime and bulk fluid compositions in the Syros 

blueschists and the blueschist unit of Santa Catalina Island California, suggest 

similar fluid sources within relatively low temperature dehydrating sediment-rich 

areas of the subduction zone. 

An iron-rich, oxidised fluid also infiltrated melange blocks and their metasomatic 

rinds during peak blueschist facies metamorphism. This fluid is suggested to be 

locally derived by expulsion from nearby schist units. Infiltration of the fluid 

produced epidote veining within meta-igneous blocks and mega-amphibole veins 

in the amphibole-rich metasomatic rind. A number of these epidote-veining 

events occurred, apparently spanning the period of amphibole infiltration. 

11.2 Further work 

From this thesis, three clear areas are apparent in which further study would be 

productive. These are outlined below. 

Comparison of metasomatic rinds around Syros melange blocks to those in 

similar blueschist terrains. 

IM 
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Study of the relatively well preserved metasomatic rinds of in-situ blocks in the 

serpentinite melange on Syros suggests that metasomatic rinds, recorded in other 

ultramafic blueschist melange terrains, may be similarly composed of a 

bimetasomatic sequence and varying amounts of infiltration products. Currently 

available data on rinds in other ultramafic blueschist melanges, however, such as 

those of Santa Catalina and the Franciscan Belt in California, the Polar Urals and the 

Pre-Balkhash, is insufficient to compare these terrains, satisfactorily, with the results 

of the present study of Syros. Therefore further detailed work on these terrains is 

necessary to provide such data, which may reveal the similarities and difference in 

metasomatic processes between different blueschist terrains. 

Isotope analysis of fluid infiltration products in the serpentinite melange. 

Isotope data from serpentinite melange units on Syros, may provide useful 

information on the extent of fluid homogenisation in the melange, which may give a 

better idea of the extent of fluid flow in the melange. The extent of isotopic 

homogenisation may also be compared to the homogeneous isotopic signature 

documented within the ultramafic blueschist melange on Santa Catalina Island, 

California. 

Isotope data from amphibole incursions in and around melange blocks may also 

provide useful information on the origin of the externally derived amphibole 

crystallising fluid. Such isotope data may be usefully compared to the data of Bloor 

(1998), obtained from lawsonite generating fluids in the greyschists, and with isotope 

data on fluids in the Santa Catalina melange. The lawsonite generating fluids within 

the Syros greyschists are apparently contemporaneous with amphibole crystallising 

fluids in the serpentinite melange, and comparison of their respective isotopic 

signatures may provide more information on how closely these two fluids are related. 

Similarly comparison of isotopic data from amphibole incursions and fluids within 

the Santa Catalina melange, which are deduced to have been sourced in relatively 
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low-temperature sediment-rich areas of the subduction zone, might indicate if the 

amphibole infiltrating fluid could indeed have a similar source. 

Quantitative modelling of bimetasomatic zone sequences. 

The majority of the quantitative models, which have been developed to date (Fisher, 

1973; Joesten, 1977; Frantz and Mao, 1976, 1979; Lichtner, 1985; Lichter et 

al., 1986a, 1986b; Lebedeva et al., 1985, 1987; Balashov and Lebedeva, 199 1) deal 

only with systems involving monomineralic reactants (appendix I). Thus these 

models are of limited use for modelling the bimetasomatic zone sequences around 

the majority of blocks in the Syros melange which are polymineralic (even in block 

9J, which is predominantly jadeite, the secondary quartz component clearly 

influences the nature of the zone sequence). The recent model of Ruzicka (1998), 

modifies the earlier model of Fisher (1973) and Joesten (1977) to deal with 

polymineralic reactants and is therefore more applicable to the bimetasomatic 

reaction zones of Syros. 

However a further problem with modelling the bimetasomatic zone sequences 

formed on Syros is that the system is not closed. Even discounting the discrete, short-

lived episode of amphibole-crystallising fluid infiltration, addition of Ca to the edges 

of blocks requires that a Ca-rich fluid was flowing through the melange unit. This 

means that any quantitative model used to model the bimetasomatic zone sequences 

in the Syros serpentinite melange must be applicable to polymineralic systems and 

also be able to incorporate diffuse fluid flow in at least one of the reactants. 
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Appendix I: Discussion of the current quantitative 

models for bimetasomatic reaction zone formation 

Various different quantitative methods have been developed to model processes 

involving diffusion with reaction in metasomatic and metamorphic rocks. Three 

models use a so-called 'quasi-stationary' approach and are developed using 

nonequilibrium, or irreversible, thermodynamics. One was developed by Fisher 

(1973) and Joesten (1977), one by Frantz and Mao (1976, 1979) and one by Weare et 

al. (1976). All discussions by the above authors assume local equilibrium, constant 

temperature and pressure, and one-dimensional diffusion (although a spherical 

geometry can be used instead - see Foster (1981) and Weare et al. (1976)). They 

also assume ideal and constant compositions for the phases, although non-ideal phase 

compositiond may be used (e.g. Holland and Ray, 1985). 

Fisher (1973) assumed a simple case of linear chemical potential gradients within 

zones. This means it was assumed that no internal precipitation occurs within zones 

and all zones grow (or are consumed) by reaction at the zone boundaries. The 

consequence of this, for the zone sequences predicted, is that although mineral 

compositions may vary across a zone, individual minerals should not show any 

compositional zoning. 

Joesten (1977, 1991) considered the role of internal precipitation in Fisher's model, 

and how the amount of such precipitation is affected by temperature (Joesten, 1977). 

He concluded that internal precipitation would occur in a zone unless the system was 

at the equilibrium temperature for the reaction initiating zone growth (for example, 

Calcite + Anorthite = Wollastonite + Gehlenite for the zone sequence 

Calcite I Wollastonite + Gehlenite I Anorthite); or all components were diffusing in 

the same direction and had the same mobility. Therefore, in almost all cases of 

bimetasomatism, mineral growth will occur within, as well as at the edges, of zones. 

This means that minerals may show compositional zoning. This can be shown in a 
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simple case (fig Al) where the chemical potential of component A is fixed at the two 

boundaries of zone 2. The zone is growing at one boundary at the expense of zone 1, 

and being consumed at a slower rate at the other boundary by the growth of zone 3. 

Thus the overall zone width is increasing. It can be seen from figure Al.l that at 

time T1, LA  at point P is much higher than at time T2. Therefore, a mineral with 

variable A content at point P will be zoned from high to low A. 

Concentration of 	
Point P 

Time T, comiDonent A 	
.0. 

Time T2 	

.. 

Zone 1 	 Zone 2 

Figure A1.1: schematic diagram of advancing bimetasomatic zone sequence. 

An outline of the models of Fisher and Joesten and of Frantz and Mao (1976, 1979), 

who developed a model using similar assumptions to those of Joesten, is given 

below. 

Fisher (1973) applied the formulation of irreversible thermodynamics to the investigation of 

metamorphic mineral segregations resulting from intergranular diffusion. The method uses a system of 

mass balance equations, flux equations, isothermal isobaric Gibbs-Duhem equations, and steady 

diffusion equations to calculate the exchange cycle at zone boundaries and the stable growth sequence 

for different ratios of L1 , where L 1  are the phenomenological coefficients (analogous to the diffusion 

coefficients) which relate the flux of component i (J1 ) to its chemical potential (lii): 

N 

J1  = Z L1 V(-4) 
	

[Al] 
j=1 

The system of equations is developed as follows (Joesten, 1977; Nishiyama, 1982): 

Temperature and pressure are assumed to be constant for the duration of the metasomatic processes, 

and the intergranular fluid is assumed to be in local equilibrium with adjacent solids at all points within 
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each zone; so the components which diffuse through the intergranular fluid must satisfy the isobaric 

isothermal Gibbs-Duhem equation written for adjacent solids owing to the constraints 

fluid 	solid 	 [A2] 

These constraints show that the diffusion paths in chemical potential diagrams (for construction see 

e.g. Grant, 1977) are restricted to be on the saturation surfaces, since the saturation surfaces themselves 

represent isobaric isothermal Gibbs-Duhem conditions (Korzhinskii, 1959; Brady, 1977; Joesten, 

1977). The conditions are written as 

N 

nio  • dj.t = 0 
	

[A3 

for each solid phase, 4; where nio  is the formula proportion of component i in the solid phase 4; and 

is the chemical potential of component i in the solid phase 4. For example, nci o for gehlenite (0 = 

gehlenite), Ca2AI2SiO7, is 2 and the isobaric isothermal Gibbs-Duhem equation for gehlenite is: 2dp ao  

+ 2dA02 + d1t02 = 0. This does not mean that, for example, l.tCaO is necessarily constant within a 

gehlenite zone, only that it must everywhere obey this constraint; so k,,o cannot vary independently 

of the other two chemical potentials (similarly for J.tA102J3 and dj.i502). 

For each diffusing component, mass balance at each zone boundary requires that 

vix.Yz = ZV. x.Yz  111 	 [A4] 

0=1 

where 	the stoichiometric coefficient, is the number of moles of component i consumed (v1  <0) 

or evolved (vi  > 0) in the reaction at the contact between zones with the assemblage phase X and 

phases Y + Z; 	is the number of moles of phase 4 involved in the reaction at the same contact; 

and nio  is the formula proportion of component i in phase 0. The stoichiometric coefficients for a 

reaction at an interface involving N-diffusing components and p phases are related by N mass balance 

equations of the type above in N + p unknowns. 

In the steady state, the number of moles of a diffusing component evolved or consumed by diffusion-

controlled reaction at a zone boundary is given by the difference between the diffusion flux of that 

component in the zones bounding the contact on either side (Fisher, 1973, pp. 914-915), 
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Vi X-YZ = 
ji 
	 - j1X 	 [A5] 

where JOW  is the flux of component i in the zone of Y + Z which lies on the low potential side of 

the boundary and J" is the flux of component i in the zone of X that lies on the high potential side of 

the boundary. This is effectively saying that the flux of component i into the zone boundary is equal to 

the flux of component i out of the zone boundary, plus the amount of i produced at the zone boundary, 

or minus the amount of i consumed at the zone boundary. At each zone boundary the stoichiometric 

coefficients of the N diffusing components involved in the reaction are related to their respective fluxes 

by N steady-diffusion equations like those above. 

Within each zone, the diffusive flux of each component is related to the chemical potential gradients of 

all diffusing components by (Fisher, 1973, p.  902; Brady, 1975, pp.  960-961), 

N 

JiYz = 	L1V(-JA) 
	

[A6] 

j=I 

where Lij  are phenomenological coefficients for diffusion in a multi-component system. The straight 

coefficients (i = j) link diffusion of component ito the chemical potential gradient of i and the cross 

coefficients (i # j) link diffusion of component ito the potential gradient of component j. If it is 

assumed that the contribution of the terms in [6] involving cross coefficients is negligible (flux of 

component i is dependent only on the chemical potential gradient of component i and independent of 

the chemical potential gradients of all other components °), the one-dimensional flux of component i is 

given by 

r Yz = Lij d(Yz) / dx 
	

[A7] 

Fluxes in the above equations are defined relative to a reference frame fixed on the X-YZ layer 

boundary. 

'° If the solution is dilute it may be a valid assumption. If the solution is concentrated this assuption 
may have to be reavaluated, but it is made here to simplify the calculations. 
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This system of equations, 

N 

Gibbs-Duhem equations: 	E nio • d = 0, 

mass balance equations: 

V ix-Yz = 	vox-yz  , 

steady diffusion equations: 	v'z i 	= j.Yz:ouT - j.XIN 

and one-dimensional flux equations: J 	= L, d(z) / dx, 

may be solved for chosen values of L-ratios, [L,1  /L], by arbitrary specification of the value of one of 

the stoichiometric coefficients, v,. 

Fisher (1973) assumed linear chemical potential gradients within zones which means that it was 

assumed that no internal precipitation occurred in the zones and all zones grow (or are consumed) by 

reaction at the zone boundaries. This also implies that L ratios are constant across the entire reaction 

band (see Nishiyama, 1983; Joesten, 1977, pp  661-665 and discussion below). 

Joesten (1977, 1991) applied Fisher's theory to metasomatic reaction zones around chert nodules in 

dolomite. He considered the role of internal precipitation and how the amount of such precipitation is 

affected by temperature (Joesten, 1977, pp  661-665). 

He concluded that internal precipitation would occur in a zone unless the system was at the equilibrium 

temperature for the reaction initiating zone growth (for example, Calcite + Anorthite = Wollastonite + 

Gehienite for the zone sequence 

Calcite I Wollastonite + Gehlenite I Anorthite) and/or all components are diffusing in the same 

direction and have the same mobility, w 1 ' 

= DIRT 
	

{A8J 

where D, is the proper diffusion coefficient of species i, R is the gas constant, and T is the temperature. 

Since T is assumed constant during the formation of metasomatic zones, equal mobility is equivalent to 

saying equal diffusion coefficients. 

11  Di  has units of: m2  s'; R has units of: J moF' K'; T has units of :K. Therefore wj has units of: 
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If the above conditions hold and, consequently, no internal precipitation occurs, then, (c /cj)\kl' = (c, 

/c)x ', for the generalised zone sequence W] X+Y] Z, where c1  is the concentration of species i in 

the intergranular fluid (assumed to be the diffusion medium), and W, X, Y and Z are phases. For the 

example involving Calcite (C), Wollastonite (W), Gehienite (G) and Anorthite (A), 

C I W+G  I A, (c1  /c) 	= (c1 Ic j)" 

If (c1  /c)''' # (c, /cj)X',  internal precipitation will occur. For example, if the ratio [Si02(aq) / 

MgO(aq)] (which is proportional to c502  / cM5o) produced at one layer contact is greater than that 

consumed at the other layer contact, then either an Si02-rich phase must precipitate within the layer or 

an MgO-rich must be dissolved within the layer. Li  depends on concentration (ci) according to: 

Li  = ci D1  / RT 	(if ideal) 	 [A9] 

[L11  /cj]'<' = D, I RT 	[L /c]X' 	= D1  / RT 

[L1 	[c Ic11'' = [L 	[c /ci]XYZ 

[L11 /[JXYZ = [c Ic]'  [c  /c]""  [L11 	]' 	[A 101 

(this is equation [16] of Joesten, 1977) 

If mineral solubility data are available to calculate the concentrations of species and therefore [c 

and [c /c]'',  then this equation may be used to calculate variations in L ratios. Since K, the 

solubility product constant is dependent on temperature, [c /c] is also dependent on temperature. If 

the relevant solubility data are not available, ideal solution may be assumed. In the case of ideal 

solution, the following equation holds: 

= p + RTln(c1 /co) 	 [All] 

From which: 

XY 
= 1-4 

xY-z - 1W-XY = RT ln[c' / c1 '] 	 [Al2] 

(Joesten, 1977, equation [ 15]) 

mol s kg-' 

510 



Appendix I 

This may be combined with [10] to give: 

[L11  a]'z = [L1  /Lj1'' exp[( liX't' 	AXY) / RT] 	[A 131 

(Joesten, 1977, equation [171) 

Thermochemical data, (G, jt02 etc.) which are more widely available than solubility data, may then 

be used to calculate variations in L ratios. Since Go  and Jtc02 are dependent on temperature, tp4 will 

also be dependent on temperature. 

From equation [10], it can be seen that [L1 IT]X 	= [L1 	]'' implies no internal precipitation in 

the zone X+Y (a proof of this is given by Nishiyama, 1982). For this to be the case, (AJ.t X'' AXY) 

must be equal to zero. This will occur when 

= AJXY = 0, i.e. no gradient in the solute species across the zone, which is the case when T is 

the equilibrium temperature for the reaction initiating zone growth; or when species diffuse in the 

same direction with the same mobility, wj . In this case 

J XY = 	XY 	0; also, w, = w. 

When W1 = 

c=U)j /L11  

Equation [10] then becomes: 

[L1 IL]xyz = [L /L1]X 	[L1  /Ljj1W 	[L1, fLi ]' 

or 	 { [L11 fLIXYZ j2 = 
{ [L11  /L]''' 

}2 

When diffusion of species is in the same direction, [L 1  fL] must be positive; hence, 

[L11 /L]x'z = L1  IL1j]"', 

and no internal precipitation occurs. 

Joesten also concluded that internal precipitation did not affect the overall zone growth rate (Joesten, 

1977, p. 664). This is because the equation describing the precipitation at the zone boundary XY-Z 

with no internal precipitation ([L1 	]'' = [L1 	]"'), is the sum of this reaction when internal 
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precipitation is considered and the reaction describing internal zone growth. This means that zone 

thickness calculations are not affected by ignoring possible internal precipitation although any 

calculations of modal compositions of minerals within zones will be affected. 

Fisher's model has also been used by Nishiyama (1983) and Foster (1981) to model mineral 

segregations in metamorphic rocks. The principles of this process are the same as for larger scale 

metasomatic zoning although for mineral segregations, internal zone precipitation is assumed not to 

occur (Nishiyama, 1983). 

In summary, from the model used by Fisher and Joesten, for any layered structure developed by 

diffusion between masses of rock with incompatible mineral assemblages, it is possible to: 

Predict the layer sequences that are stable in a given facies 

Determine the stoichiometric coefficients for the reactions at layer contacts 

Determine the range of relative values of the phenomenological coefficients within which each 

layer sequence is the stable steady-state configuration 

Determine the direction of motion of each layer contact 

Calculate the relative width of each zone or layer 

Calculate the modal composition of each multiphase layer 

((4) - (6) as a function of the relative values of the phenomenological coefficients) 

The only information needed to make these calculations is the mineral formula of each phase involved. 

The assumptions made are: 

Local equilibrium 

Constant temperature and pressure 

One-dimensional diffusion 

Diffusing species do not interact (i.e. Lij  = 0) 

Pure diffusion (no infiltration) 

L ratios are constant (no internal precipitation - see discussion above) 

Frantz and Mao (1976, 1979) developed a model using the first four assumptions above. They used 

concentration gradients rather than chemical potential gradients so appropriate thermodynamic data 

(solubility data) must be known for a system before their model can be applied quantitatively. A 

proposed initial zone sequence must also be input because the model cannot work from zero initial 

zone thicknesses. The initial zone sequence proposed, however, does not effect the final zone 

sequence calculated to be stable. 
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The advantages of their model are that infiltration effects can be included and internal zone growth is 

'automatically' included. The final output also gives zone thickness as a function of time as well as 

solution concentration profiles across the zone sequence. NB. Zone thickness as a function of time is 

what is needed to estimate the duration of peak metamorphism. 

This model also works by solving a system of equations. In this case, mass-action relations, mass-

balance equations, general growth equations and material transport equations. These are developed as 

follows (after Frantz and Mao, 1979). 

In a small volume whose position is fixed irrespective of movements of the rock or intergranular fluid, 

changes in solids can be described by a set of general growth equations for p coexisting phases in an N 

component system which are of the form: 

Aji  = Z nio  RO 	(i=l ... N) 	 [A14] 

where 111  is the change in flux of component i, nio  is the stoichiometric coefficient of component i in 

phase 0 (the formula proportion of component i in phase 4), and RO  is the growth rate in moles per unit 

time of phase 0. 

RO  may be eliminated from this set of equations provided that the region is not invariant (which is to 

say, as long as N - p <0 is not true), and the following general set of mass balance equations results: 

N 

E b. /\J1  = 0 	(q = 1...N - p) 	 [A15] 

i=1 

where bi q  is the value of the p x p determinant with elements nj , j # i (see Frantz and Mao, 1979, for an 

example of calculating 	Note that there will be N - p equations of this form for each zone. 

Transport of material is assumed to be solely the result of intergranular diffusion, or infiltration, or 

both, within a grain boundary fluid, so, 

AJ j  = D, tVc1  - oAc1  - 13(ac1  /at)Ax 	 [A16] 

where D1  is the diffusion coefficient of species i in the intergranular fluid, c1  is the concentration of 

species i in the intergranular fluid, cy is the volume flux of the fluid, f3 is the porosity, Ax is the change 
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in space coordinate, and t is time. The term ac1  is the 'infiltration term' and equals zero in cases of 

pure diffusion (a = 0). The profiles of solution concentration resulting from transport must be 

continuous; otherwise infinite diffusion gradients would exist. Infiltration produced by the formation 

or dissolution of hydrous phases within the reaction zone sequence is neglected, because the amount of 

water lost or gained from the fluid is of the same order of magnitude as the dissolved solids, and its 

concentration in the fluid is much greater than that of the solutes, so the change in fluid volume is 

negligible. This, of course, would not apply if a dehydration reaction occurred owing to changes in T, 

F, or X 02. 

The general mass-balance equations can be expressed in terms of concentration by substituting [16] 

into [15]. Within a reaction zone, the concentration profiles are smooth (Vc1  is continuous) and [15] 

becomes: 

N 

b1  q (Di  V2c - aVc1  - 3c1  /at) = 0 	(q = 1...N - p) 	[A17] 

For steady state concentration profiles, P << 1; c1  << 1; D1 << I (see also Thompson and Korzhinskii's 

assumption (2) above), so [17] becomes: 

N 

b q (D1 Vc1  - aVc1) = 0 	 (q = 1...N - p) 	[A18] 

At zone boundaries, the concentration profiles often have kinks (Vci  is discontinuous; V2c1  is 

undefined). The profiles of the solution concentration must, however, be continuous; otherwise 

infinite diffusion gradients would exist. The mass-balance equations are therefore of the form (again 

combining [15] with [16]): 

N 

= 0 	 (q= 1 ... N—p) 	[A19] 

i=1 

Assuming ideal solution and local equilibrium at each point in the reaction column, p mass-action 

equations between solids and the fluid exist: 
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n1' in c, = In K 	 (4) = l ... p) 	 [A20] 

where KO  is the equilibrium constant for phase 4). 

Concentration profiles within zones having p solid phases can thus be calculated using N - p mass-

balance equations [18] in conjunction with p mass-action equations [20].  At zone boundaries, mass-

balance equations of the form of [19] are utilized in lieu of [18].  once the concentration profiles are 

known, growth or loss of solid phases can be computed using the general growth equation [14] in 

conjunction with [16].  Subsequently, both the solid and solution profiles can be obtained as functions 

of time. 

In summary, input: 

Phase equilibrium data: Mineral formulae of each phase involved 

Concentrations of solution species at invariant boundaries 

(from solubility data) 

Initial zone sequence and thicknesses of zones (L) (very thin, thermodynamically compatible 

reaction zones 12  are chosen; these do not have to correspond to the stable zone sequence) 

Diffusion coefficients (D) for each solution species. These are chosen; comparison of calculated 

zone sequences with real examples could give estimates of their true values (similar comparison using 

the model of Fisher and Joesten can only give estimates of relative values of L 1  (i.e. estimates of L, 

/L)). 

From this can be calculated: 

Stable zone sequence 

Concentration profiles of solution species across the zone sequence 

The thicknesses of zones as a function of time (i.e. growth rate) 

The proportions of internal and boundary growth. 

12  Compatible reaction zones may be deduced from phase diagrams or chemical potential surface 
diagrams (see Grant (1977) for construction). These latter are also useful for relating zone sequences 
and gradients in chemical potentials. 
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A more recent model developed by Lichtner (1985, 1986a, 1986b) is primarily aimed 

at investigating hydrothermal systems and its main advantage over the quasi-

stationary models is that the results of simultaneous advection and diffusion may be 

calculated. The model is based on a continuum description of multiphase mass 

transport in porous media. In this description, the physical system is replaced by a 

set of interacting continua coexisting at each point in space. Zone boundaries take 

the form of discontinuities in this time-space continuum model and local equilibrium 

conditions are taken to hold. 

The model developed by Lebedeva et al. (1985, 1987) and Balashov and Lebedeva 

(1991) uses a continuum model similar to that of Lichtner but does not assume local 

equilibrium conditions. Instead it considers reaction kinetics (see discussion above) 

and is termed a 'macrokinetic model'. 

Applicability of quantitative models to the current study 

All the models considered here, with the exception of that of Fisher (1973) 

mentioned above, incorporate internal zone precipitation although to do so, the quasi-

stationary models require simplifying assumptions (Lichtner et al., 1986a). The 

model of Frantz and Mao (1976, 1979) also allows infiltration effects to be 

considered and calculates zone thickness as a function of time. 

This last may, in theory, be very useful as it would allow calculation of the time 

duration over which bimetasomatism occurred, which may give some estimate of the 

duration of peak metamorphism. Therefore an estimation of the duration of 

bimetasomatic zone growth around the serpentinite melange blocks on Syros, could 

provide a useful insight into the time-scale of peak blueschist metamorphism in 

subduction zones. 

However, as Weare et al. (1976) point out, there are a number of areas critical to the 

study of diffusion with reaction in natural rocks which are poorly understood and this 
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is still true today. For example, the nature of the grain boundary phase through which 

diffusion occurs needs to be defined for the physical and chemical environment in 

which metasomatism occurs. The magnitudes and the concentration, pressure, and 

temperature dependencies of diffusion coefficients are not established. And it is not 

really known under what conditions, and to what extent, the assumption of local 

equilibrium is valid in natural rock systems. Therefore there will always be a degree 

of uncertainty in any quantitative calculations of bimetasomatic zone sequences based 

on models such as those discussed here. 

Another limiting factor is that the quasi-stationary models, described above, only 

deal with monomineralic reactants and the other two models have, so far, only been 

tested on simple, monomineralic reactant systems. This makes them applicable to 

mineral segregation reactions and to simple macro-scale bimetasomatic contacts, for 

example between dolomite and quartz (Frantz and Mao, 1979). However, in their 

current form they are not applicable to polymineralic reactants such as the blocks in 

the serpentinite matrix on Syros 

Ruzicka (1998) has modified the Fisher and Joesten model to account for 

polymineralic reactants as well as open-system diffusive fluxes and diffusion 

geometry. However, no such modification has been made to other models and the 

Ruzicka model does not predict zone thickness as a function of time. 
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Appendix II: Mathematical calculations 

Chapter 4: Width of the talc zone formed from silica loss of 

block 9J 

XRF data (chapter 4) show that loss of silica extends no more than 30 cm into the 9J 

block and possibly closer to 20 cm. At 30 cm into the block the volume proportion of 

quartz is estimated at around 30 % while at the block edge, in the inner pyroxene 

band (IBP) the volume of quartz is 0. Silica may well be lost via reaction other than 

simple dissolution of quartz but for this current rough estimate such reactions will be 

ignored. 

If silica is lost by diffusion then the profile of silica content should form a typical 

diffusion profile as shown in figure 9. 1, and XRF data from the 9J block appears to 

be in agreement with this. For the current rough estimate, however a linear profile for 

silica loss is used from 30 volume % quartz at 30 cm into the block to 0 volume % 

quartz at the block edge. Therefore: 

volume loss of quartz = (0.3 x 30)/2 = 4.5 cm3/cm2  of the block surface 

Taking the molecular volume of quartz at 22.688 (see table A2.1 below), 

molecular loss of quartz = 4.5/22.688 = 0.2 moles/cm2  of the block surface. 

Alternatively the 10 wt% loss of silica content between the block centre and the 

block edge, as recorded by XRF analyses may be used to calculate the silica loss 

from block 9J. Taking molecular weight of Si02  as 60.08 (Deer et al., 1992) 

10 wt% 0.1/60.08 = 0.002 moles of silica per bOg of rock 

or 0.002 x 22.688 = 0.045 vol. prop. = 4 vol % loss 
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If silca loss is again estimated to be over 30 cm, this gives 

volume loss of silica = (0.4 x 30)/2 = 6 cm3/cm2  of the block surface and 

molecular loss of silica = 6/22.688 = 0.26 moles/cm2  of the block surface. 

Conversion of serpentinite to talc by addition of silica proceeds by the reaction: 

serpentinite [Mg3Si2O5(OH)4] + 2 Si02  = talc [Mg3Si4Oi o(OH)2] + H20 

Therefore, 1 mole of silica produces 0.5 moles of talc and 0.5 moles of water. Given 

a density for talc of between 2.58 and 2.83 g cm-3  and a molecular weight of 397.25g 

(data from Deer et al., 1992), 1 mole of silica added to serpentinite will produce 

between 70 and 77 cm  of talc. 

Therefore, for the 0.2 or 0.26 moles of silica lost per cm  of block 9J, between 14 (70 

x 0.2) and 20.02 (77 x 0.26) cm3  of talc will be produced. This corresponds to a talc 

zone between 14 and 20 cm thick. 

NIB. The formation of the chlorite zone (29 wt% Si02) will also involve silica loss 

whether it was formed from former block (68 wt % Si02) or serpentinite (42 wt% 

Si02). This will add to the overall width of the talc zone produced. 

Chapter 10: Volume of water produced 

As calculated above, reaction of 1 mole of silica with serpentinite will produce 0.5 

mole of water. Thus 0.2 to 0.26 moles of silica will produce between 0.1 and 0.13 

moles of water, and this is the amount produced per cm  of the 9J block surface. 

Given that the molecular volume of water is 16.08 (table A2.1), 0.1-0.13 moles of 

water per cm 2  of block is equivalent to 1.6-2.1 cm  of water per cm2  of block. This 

is roughly 0.1 times the volume of talc produced by the same reaction (see above). 
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The 9J block measures roughly 20 m by 5 m by 5 m at least (chapter 4) which gives a 

surface area of around 450 m2  (4.5 x 106  cm2). Thus the total volume of water 

produced as a result of block desilication and conversion of antigorite to talc is -1.85 

x 4.5 x 106  cm = 8.3 x 106  cm3  = 8.3 m3. 

Chapter 6: Possible balanced reaction for retrogression of 

glaucophane to riebeckite (reaction [6.6]) 

3 Na2Al2Mg3Si5O22(OH)2  + 7 Fe2 Fe3 2O4  + 4 Si02(aq) + 7 HO 

glaucophane 	magnetite 

= 2 Na2Fe3 2Fe2 3Si8O22(OH)2  + Mg9Fe2 Al2SioAl2O2o(OH)io 

riebekite 	 chlorite 

+ 2 NaA1Si308  + 10 Fe3 2O3  

albite 	hematite 
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Volume change calculations 

Component 	 Molar volume, V (cm) 

Jadeite 60.4 

Diopside 66.09 

Grossular 125.3 

Pyrope 113.3 

Glaucophane 262.2 

Clinozoisite 136.2 

Quartz 22.688 

Albite 100.08 

Calcite 36.86 

H20 (15 kb and 500°C) 16.08 

Table A2.1: After Ridley (1984a) with additional albite and 

calcite data. Data are from Helgeson et al. (1978) with addition 

of consistent revised glaucophane data from Koons (1982) 

and 15 kb water data from Delany and Helgeson (1978). 

Albite and calcite data are calculated from data in Deer et al. 

(1992). 

Chapter 4: Reverse of reaction [4.3]: Jd + Oz = Ab 

Volume of reactants: 60.4 + 22.688 = 83.088 
Volume of products: 100.08 

Volume increase: 16.992 = 20 % of reactant volume 

Chapter 6: Reactions of the form [6.8] (parenthesis values balance the 

reaction to be reaction [6.9]) 

34 gI + 24 clz/zo (+ 117 Jd3oDi7o) 

= 27 py + 9 gro + 68 j + 21 di + 58 Si02(aq) + 46 H20 (+ 117 Jd3oDi7o) 

(36 Py75Gro25) (89 Jd76Di24) 
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Volume of reactants: 34(262.2) + 24(136.2) = 12183.6 

Volume of products: 27(113.3) + 9(125.30 + 68(60.4) + 21(66.09) = 9681.89 

Volume loss: 2501.71 = 20 % of reactant volume 

Chapter 8: Reaction [8.2] 

glaucophane + 3 calcite + 2 quartz = 5 omphacite (Jd40Di60) + 3 CO2  + H20 	(26) 

Volume of reactants: 262.2 + 3(36.86) + 2(22.699) = 418.156 

Volume of products: 5[0.4(60.4) + 0.6(66.09)1 = 319.07 

Volume loss: 99.086 = 24 % of reactant volume 

Chapter 6: wt % loss of silica resulting from desilcation via 

reaction [6.9] 

34 glaucophane + 24 clinozoisite/zoisite + 117 omphacite (Jd3oDi7o) 

= 206 omphacite (Jd50Di50) + 36 garnet (Py75Gro25) + 58 Si02  + 46 H20 [6.9] 

can also be written as: 

34 Na2M93AI2Si8022(OH)2  + 24 Ca2AI3S60120H + 35 NaAISi206  + 82 CaMgSi206  

= 103 NaA1Si206  + 103 CaMgSi206  + 27 M93Al2Si30i2  + 9 Ca3A1Si3Oi  

(+ 58 Si02  + 46 H20 which are lost from the rock) 

Oxide 	Molecular weight 

A1203  101.96 

CaO 56.08 

H20 18.015 

MgO 40.30 

Na20 61.98 

Si02  60.08 

Table A2.2: Molecular weights of selected 
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oxides after Deer et al. (1992). 

Using the data in table A2.2, the wt% of Si02  in products and reactants may be 

calculated: 

Reactant mass: 34(783.495) + 24(454.3475) + 35(202.13) + 82(216.54) = 62374 

Mass Si02  in reactants: (34 x 8 + 24 x 3 + 35 x 2 + 82 x 2)60.08 = 34376.24 

Wt% S102  in reactants: (34376.24/62374)100 = 55.1 wt%* 

Product mass: 103(202.13) + 103(216.54) + 27(403.1) + 9(450.44) = 58060.67 

Mass of Si02  in products: (103 x 2 + 103 x 3 + 27 x 3 + 9 x 3)60.08 = 31241.6 

Wt% Si02  in products: (31241.6/58060.67) = 53.8 wt%* 

Therefore total loss of silica for 100% reaction 6.9 is only 1 wt%. 

For 	50 % reaction, total loss of silica form the block will be only around 0.5 wt%. 

(*Note that the actual wt% Si02  in the metagabbroic blocks is less than this due to 

additional, SI-poor components such as the oxides rutile and magnetite.) 

Chapter 6: Rough calculation for silica loss from block 8Ea 

Assuming in the region of a 30-40 cm thickness of talc is the product of desilication 

of block 8Ea: 

Density of talc is 2.58-2.83 g cm-3  and molecular weight of talc is 397.25 g (data 

from Deer et al. 1992). Reaction 

serpentinite [Mg3Si2O5(OH)4] + 2 Si02  = talc [Mg3Si40io(OH)2] + H20 

shows that 1 mole of talc results from reaction of 2 moles of silica. Therefore 30-40 

cm  of talc is equivalent to between 0.19 and 0.28 moles of talc, which will result 

from reaction of 0.39 to 0.57 moles of silica. Assuming an effectively planar 

geometry for the edge of block 8Ea, this implies that 0.39 to 0.57 moles of silica 

must have been lost per cm  of the block. 
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For 100 % reaction of the form of reaction [6.9], such as: 

34 gl + 24 ep (+ X ompahcitei ) 
= 27 py + 9 gro + 68 jd + 21 di (+ X ompahcite1 ) + 58 Si02(aq) + 46 H20 

(36 Py75Gro25) (89 Jd76Di24) 

9681.89 cm  of product (garnet + new omphacite) produces 58 moles of Si02. 

Therefore, 167 cm  of product will produce 1 mole of silica, and 65.13 to 95.19 cm 

of product are required to produce the 0.39 to 0.57 moles of silica needed to form the 

30-40 cm thickness of talc zone observed. 

Ignoring, for simplicity, the 20 % volume decrease for this reaction, calculated 

above, the number of moles of silica produced per cm  of rock surface may be 

related to the depth of desilication in the block, if it is assumed that degree of 

reaction decreases linearly into the block to zero at X cm into the block (see diagram 

below). 

Maximum degree of reaction occurs at the block edge and is around 70 %, in the 

traverse taken form block 8Ea, of which around 10 % is likely to have been present 

prior to desilication (from analysis of silica saturated samples form nearer the centre 

of block 8Ea) If a linear decrease in silica is assumed, then an average of around 30 

% reaction will have occurred over distance X. 

0 % reaction 

60 % reaction 
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From these measurements a rough estimate of X may be calculated: 

X = (65.13 to 95.19)10.3 = 2.2 m to 3.2 m 

This estimate of extent of desilication, clearly assumes insignificant amounts of free 

quartz to be present in the block prior to desilicaiton. However, the minor amounts of 

free quartz noted by Dixon (1969) and Ridley (1982) and also in the present study in 

metagabbros outside the melange suggests this assumption is reasonable. The 

estimated values of X therefore suggest that desilication will have occurred 

throughout blocks up to 6 or 7 in in diameter. It also suggests that between the two 

ends of the 1.5 m long traverse form block 8Ea, the extent of reaction to garnet and 

omphacite should have increased from by around 20 + 10 to 60 + 10 % which is in 

agreement with thin section observations (the 40-50% (total volume of garnet and 

pyroxene) increase noted in chapter 6). 
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Appendix III: X-ray fluorescence data 

All X-ray fluorescence analyses were carried out on the Philips PW 1480 automatic 

X-ray fluorescence specrtometer at the Geology and Geophysics Department, 

University of Edinburgh. Samples were initially prepared by removing all weathered 

material with a diamond tipped rotary saw. Samples were then crushed and ground to 

a fine powder in a tungsten-carbide tema. 

For trace element analysis (relatively heavy elements) the powder was bound using a 

few drops of binding agent (MOWIOL, with 2% PVA) and pressed into pellets. For 

major element analysis (relatively light elements) the powder was fused into glass 

discs by mixing with five times the sample weight of flux (spectroflux 105) to lower 

the melting temperature. 

Prior to addition of the flux, the dried sample was weighed, ignited for 20 minutes in 

a furnace at 1100 °C and then re-weighed. The weight difference was recorded as 

'loss on ignition' (LOl). LOT is a measure of volatile content, which is lost on 

ignition of the sample. However, it is also the case that any reduced iron will be 

oxidised from FeO to Fe203  on ignition, and this process involves a weight gain. If 

significant reduced iron is present, the overall LOT may become negative, in other 

words the sample gains weight on ignition. 

Errors in major and trace element analyses on data obtained from the Philips PW 

1480 automatic X-ray fluorescence spectrometer used for the analyses within this 

study are discussed by James (1995) and Fitton et al. (1998). For major elements, 

the largest source of error in the reproducibility of the fused glass discs used for 

analyses, while for trace elements (which necessarily occur in low concentrations) 

the accuracy of the machine analysis is the largest source of error. Typical 

reproducibility and accuracy data for the elements analysed are shown in figure A3.1 

after James (1995). 
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Major elements in wt% 

Instrument reproducibility 

Mean (n = 5) std 

Sample Reproducibility 

Mean (n = 5) std 

Accuracy 

rmsd 

SiO, 39.42 0.03 39.39 0.06 0.22 

A1203  11.33 0.02 11.33 0.05 0.12 

Fe03  14.3 0.02 14.27 0.05 0.05 

MgO 13.26 0.03 13.24 0.06 0.08 

CaO 12.76 0.01 12.75 0.06 0.05 

NaO 3.68 0.03 3.64 0.1 0.06 

K20 1.151 0.007 1.149 0.05 0.02 

Ti02  2.454 0.009 2.450 0.013 0.01 

MnO 0.215 0.002 0.216 0.003 0.01 

P205  0.932 0.003 0.941 0.023 0.01 

Total 99.51 0.08 99.42 0.14 

LOl 0.42 0.42 0.02 

Trace elements in ppm 

Nb 52.4 0.6 52.6 0.4 2.4 

Zr 116.7 0.9 116.9 1 14.8 

Y 29.3 0.3 29.1 0.3 3.4 

Sr 1070.1 2.1 1070.2 2.9 9.6 

Rb 30.4 0.4 30.4 0.4 3.5 

Th 6.8 0.4 6.8 0.4 2.8 

Pb 4.4 0.5 4 0.4 4 

Zn 123.4 0.7 123.3 0.8 5 

Cu 84.6 1.1 84,7 0.9 5.3 

Ni 310.3 2.6 310.6 2.6 4.3 

Cr 488.4 2.1 487.7 1.1 11 

Cc 115.2 5.2 114.3 3.5 13.5 

Nd 62.4 3.4 61.7 3.5 3.6 

La 59.5 2.4 58.0 3.3 5.6 

V 300.3 2.5 300.4 2.8 11.5 

Ba 745.8 9.3 746.4 6.7 39.0 

Sc 29.7 0.9 29.2 1.5 2.4 

Table A3.1: Typical reproducibility (standard deviation: std) and accuracy (root mean square 

deviation: rmsd) data for analysis by X-ray fluorescence. After James (1995) from data obtained on 

the PW 1450 and PW 1480 Philips instruments at the University of Edinburgh. 

The data included here are those which are referred to in the main text or included in 

diagrams. The relevant chapter numbers and, in some cases, figure numbers are 

given with each data set. 

Normative mineral percentages, included (at the end of this appendix) for a number 

of the samples analysed, were calculated using the program Chemcast (Department 

of Geology and Geophysics, University of Edinburgh. 
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Index to XRF data 

The XRF data in this appendix are divided up with respect to which melange block 

the data was obtained from, or by composition (e.g. 'serpentinite', ferrogabbro etc. 

The data are ordered in approximately the same order in which they are mentioned in 

the main text. The table below summarises the chapters and figures for which data is 

relevant and also gives the page number(s) for the data in this appendix. For block 

loactions see figure 3.1, main text, and notes in this appendix 

'Title' Details Chapter Figure(s)/text Data page... 

Block 9J Traverse A* 4 4.1 (see for locations 529 	(norm. 
Traverse A of traverses), 4.2, 4.3, 529 	data 
Traverse B 4.4, 4. 12,4.13 530 	556- 
Traverse C 531 	559) 
Traverse D 532-533 

Block Si Felsic & mafic block 5 text 533 
Block 5N1 Felsic & mafic block & rind 5 text, 5.5, 5.6 534-535 
Block GB Felsic & mafic block 5 text 535 
Serpentinite East of Kambos Road 4 4.12 536 

West of Kambos road 537 
Near block Si 537 

Mg-gabbro Samples of Mg-gabbro from 6 6.1, 6.2, 6.3, 6.5, 538 
metagabbroic block centres 6.17, 7.7 

Ferrogabbro (and Samples of ferrogabbro from 6 6.1, 6.2, 6.3, 6.5, 539-542 
'slighlty evolved metagabbroic melange blocks 6.17, 7.7 
ferrogabbro') and from outside the melange 
Dioritic gabbro Samples of dioritic gabbro 6 6.1, 6.2, 6.3, 6.5, 542-543 

from metagabbroic melange 6.17, 7.7 
block centres. 

K-rich gabbro Samples of K-rich gabbro 6 6.1, 6.2, 6.3, 6.5, 543-544 
from melange block centres 6.17, 7.7 

Published data Published data used in figs. 6 6.3, 6.5 544-546 
Block 8Ea Traverse to block edge 6 6.13 547 
Block 3K7 Traverse across block 6 6.14 548 
Block 6K7 Traverse to block edge 6 6.15 548 
Block 8Eb Traverse to block edge 6 6.16 549 
Dioritic gabbro Samples from the edges of all 6 6.17 549-550 
bock edge appropriate blocks 
Samples affected Samples from near amphibole 7 7.7 551 
by amphibole infiltration from a number of 
infiltration melange blocks 
Ca-schist/marble Data from calcareous schist 8 8.2 552 
data and marble near and within 

the melange 
9J16 Traverse  8 8.1 (for locations of 553-554 

Traverse F traverses), 8.3, 8.4 555 
Block 6N9 Calculation of garnet 10 text 555 

composition 
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Data for chaoter 4 
Block 9J 
Traverse A* Traverse A 

Sample 9J-6 	9J-5 9J-4 9J-3 	9J-2 9J-1.2 	9J-1.313 	9J-1.413 9J-1.5 	9J-1.8 9J-1.10 9J-1.11 9J-1.12 9J-1.13 

Composition OPB' 	IPB PB IPB 	Jd PB 	Jd Jd Jd 	Jd Jd Jd Jd Jd 

Distance  -10 0 1 2 20 4 11 22 31 40 62 70 80 90 

Si02  52.32 57.24 57.42 58.62 62.97 58.7 61.45 65.97 65.96 66.67 67.56 67.84 67.53 67.38 

A1203  6.76 14.77 15.94 17.58 17.5 17.79 18.65 17.1 16.83 16.31 15.85 15.64 15.63 16.14 

Fe203  6.97 5.62 5.05 3.73 2.51 3.23 3 2.51 2.65 2.37 2.53 2.52 2.73 2.49 

MgO 15.44 4.62 4.46 3.56 3.33 5.15 2.34 1.48 1.67 1.99 2.02 1.83 2.15 2.05 

CaO 10.09 6.15 4.82 3.51 1.14 2.3 1.79 0.97 0.82 0.74 0.63 0.58 0.59 0.61 

Na20 4.92 10.7 10.55 11.62 11.44 11.44 12.14 11.29 11.27 10.71 10.48 10.32 10.44 10.63 

K20 0.08 0.171 0.158 0.057 0.082 0.096 0.055 0.019 0.013 0.021 0.015 0.017 0.015 0.015 

Ti02  0.225 0.296 0.376 0.485 0.381 0.471 0.411 0.378 0.375 0.379 0.355 0.349 0.347 0.367 

MnO 0.134 0.082 0.077 0.06 0.03 0.053 0.033 0.024 0.028 0.026 0.026 0.023 0.021 0.024 

bd 0.001 bd 0 0.009 0.066 0.046 0.01 0.024 0.032 0.021 0.01 0.012 0.009 

LOl 2.83 0.67 1 0.73 0.88 1.19 0.64 0.42 0.42 0.5 0.55 0.49 0.54 0.65 

Total 99.76 100.31 99.85 99.95 100.27 100.48 100.56 100.17 100.06 99.75 100.04 99.63 100.01 100.37 

Nb 5.1 3.9 8 11.6 10.4 13.4 11.1 10.4 10.3 10.4 9.4 9.2 8.9 9.1 

Zr 188.4 401.8 557.5 789.4 625.7 877.8 892.9 705.4 681.6 759.4 650.2 586.5 618.7 654.3 

Y 54.7 53.4 54.2 73.9 51.9 94.1 80.4 76.9 83.3 79.8 70.4 67.2 69.7 73.4 

Sr 20.6 111.1 84 29.8 14.5 21.8 18.5 7.1 9.5 10 7.5 4.8 5 5.1 

Rb 1.3 6.3 5.9 1.8 2.6 2.9 1.4 0.6 0.4 0.9 0.4 0.3 0.4 0.2 

Th 0.2 bd bd bd bd bd bd bd bd bd bd bd bd bd 

Pb 4.1 5.4 3.9 1.9 1.9 5.5 4.1 0.6 bd 2.6 1.2 1.1 0.7 0.5 

Zn 71.4 41 42.8 38.5 48.2 56.7 32.6 30.5 39.6 43.4 45.1 42.3 49.9 41.6 

Cu 85.1 6.6 2.4 7.1 3.3 193.6 29.9 2.7 3.6 3.5 4 1.9 5.1 2.9 

Ni 809.8 124.2 141.1 111.3 63.5 166.9 116.8 87.4 94.7 63 59.4 58.5 64.7 51.5 

Cr 4259 4.9 2.9 2.9 1.2 2.2 2.3 2.7 2.7 2.8 1.7 2.2 2.9 0.9 

Ce 64.3 69.2 44.4 69.4 55.1 59.5 39.9 63.9 60.4 69 77.7 60.2 76 61.5 

Nd 29.6 28.5 18.5 30.9 31 29.6 22.2 36 32.2 40.2 42.3 34 39.7 35.9 

La 28.2 23.1 10.2 11.4 14.3 14.3 6.1 14.9 17.5 22.2 25.5 13.5 27 18.3 

V 69.3 39.1 27.6 25.6 12.4 18.6 17 14.2 13.3 12.6 10.9 14 12.1 12.8 

Ba 12 25.4 17.9 12.1 10.3 15.6 9.8 12.6 9.7 16 8.1 0.8 11.8 12 

Sc 13.7 1 2.7 1.9 1.3 1.9 2.2 2 3 0.6 1.3 1.9 1.2 1.6 

'OPB = outer pyroxene band lPB = inner pyroxene band JJd = jadeite-rich block 

'Distance = distance from block edge (IRP/chl) contact bbd = below detection 



Data for chaDter 4 continued 
Block 9J (continued) 
Traverse B 

Sample N4-134 	N4-133 N4-131 N4-118 N4-119 	N4-120 N4-121 	N4-122 N4-123 	N4-124 N4-125 N4-126 	N4-127 N4-128 N4-129 	N4-130 

Composition Amphb 	Amph IPB IPB Jd 	Jd Jd 	Jd Jd 	Jd Jd Jd 	Jd Jd Jd 	Jd 

Distance -8 -6 4 5 10 21 37 45 48 61 72 80 89 100 110 120 

Si02  53.23 53.52 58.6 58.32 57.22 64.42 65.55 66.83 67.12 67.48 68.32 67.88 67.09 67.83 65.98 65.26 

A1203  3.99 4.24 18.24 18.6 17.72 16.55 15.95 15.97 15.67 15.53 15.69 15.7 15.84 15.58 16.1 16.49 

Fe203  8.24 9.13 2.81 3.01 3.84 2.58 2.98 2.69 2.6 2.55 2.25 2.5 2.46 2.21 2.37 2.37 

MgO 19.87 19.03 3.17 2.99 3.63 2.8 2.53 1.84 1.72 1.51 1.35 1.48 1.72 2.03 2.54 2.57 

CaO 7.02 6.21 3.43 2.97 3.07 1.06 0.94 0.81 0.97 0.7 0.65 0.71 0.75 0.73 0.85 0.9 

Na20 2.82 3.47 12.97 12.98 11.16 11.7 10.37 10.23 11.28 11.58 11.62 11.11 11.28 10.86 11.2 11.46 

K20 0.07 0.07 0.026 0.036 0.064 0.04 0.029 0.017 0.016 0.01 0.009 0.011 0.009 0.008 0.007 0.009 

Ti02  0.344 0.239 0.408 0.52 0.538 0.35 0.374 0.356 0.393 0.356 0.357 0.328 0.335 0.357 0.368 0.375 

MnO 0.168 0.16 0.046 0.041 0.045 0.034 0.035 0.029 0.026 0.02 0.022 0.024 0.025 0.031 0.036 0.038 

0.073 0.086 0.02 -0.002 0.007 0.004 0.02 0.019 0.02 0.019 0.019 0.016 0.017 0.018 0.018 0.017 

LOl 3.62 3.4 0.51 0.83 2.93 0.77 0.66 0.62 0.43 0.54 0.39 0.37 0.58 0.52 0.54 0.51 

Total 99.45 99.55 100.23 100.29 100.23 100.32 99.45 99.42 100.23 100.3 100.69 100.13 100.11 100.18 100.01 99.99 

Nb 1.3 0.9 10.9 14.9 15.7 10.2 11.4 10.5 10.5 9.9 9.8 8.6 9.6 9.4 9.7 9.7 

Zr 46.6 32.7 735.5 913.5 957.6 681.4 694.3 654.7 660.6 650.5 629.7 567.8 629 608.2 619.3 644.4 

Y 20.1 14.5 85.4 108 120.5 78.4 82.2 74.3 71.3 72.4 68.2 64.3 69.2 70.4 72.9 75.3 

Sr 19.6 18 21.1 34.9 29.6 10.5 8.1 7.4 11 7 6.8 7.1 7 7 7.6 7.1 

Rb 0.4 0 0.5 1 1.8 1 1 0.8 0.2 0.5 bd 0.5 0.1 0.5 0.1 0.4 

Th bd bd 0.3 bd 0.4 bd bd bd bd bd bd bd bd bd bd bd 

Pb 3.3 3.5 2.2 3.4 2.5 2.3 1.2 bd 0.2 bd bd bd 0.9 0.1 0.2 0.6 

Zn 63.5 63.6 19.5 21.8 29.2 42.1 46.2 35.8 34 34.6 29.3 29.4 35.2 36.6 44.2 44.7 

Cu 28.8 70.8 46.1 68.7 57.2 12.5 11 7.9 6 7.3 4.9 6.2 4.3 4.2 4.7 3.6 

Ni 1167.8 1027 104.7 116.1 169.5 58.9 61.1 47.8 42.8 41.7 34.9 38 39.3 32.8 41.8 41.6 

Cr 2277.4 1371.9 bd bd bd bd bd bd 0.3 bd bd bd bd bd bd bd 

Ce 9.7 1.9 59.5 65.4 69.8 49.8 68.8 65 57.2 66.9 74.5 50.1 59.3 57.1 58.5 54.6 

Nd 5.5 3 35.2 38.5 43.5 33 41.9 40.2 36.1 44.4 41.6 30.8 33.8 35.2 34.4 30.1 

La 0.7 bd 14.1 12.4 16.2 6.7 21.7 19.9 18.7 27 23 14.7 17.4 19.4 16.3 13.2 

V 87.5 101.8 23.1 18.2 20.4 15 12.6 10.2 16.6 12.1 8.8 11.6 7.8 8.8 11 10.3 

Ba 2.4 0 13.1 13.3 5 7.9 5.1 5.2 5.3 1.1 4.2 7.8 10.5 16.5 14.9 10.4 

Sc 14.7 16.5 4.1 2.7 2.7 bd bd 1 1.7 0.4 2.5 2.4 0.2 1.3 1.6 0.6 

bAmph = amphibole 



Data for chaoter 4 continued 
Block 9J (continued) 
Traverse C 

Sample N4-145A N4 -145B N4-145C N4-145D N4-145E N4-135 N4-136 	N4-137 N4-138 	N4139 N4-140 	N4-141 N4-142 	N4-143 N4-144 

Composition IPB 	IPB IPB IPB IPB IPB IPB 	Jd Jd 	Jd Jd 	Jd Jd 	Jd Jd 

Distance 0 0 0 0 0 0 3 10 20 30 40 50 60 70 80 

5i02  56.39 57.67 55.94 55.16 57.71 55.88 58.5 60.16 61.85 60.51 60.97 63.33 67.2 68.64 70.18 

A1203  13.68 14.83 10.52 7.46 14.67 10.19 16.99 18.82 19.73 16.53 16.26 15.21 16.07 15.53 14.81 

Fe203  5.51 4.81 5.72 7.43 4.67 5.55 3.77 2.79 2.08 5.23 4.56 4.92 2.54 2.47 2.15 

MgO 5.25 4.83 7.67 8.91 4.9 8.02 3.08 1.96 1.39 3.17 2.99 2.58 1.57 1.29 1.325 

CaO 7.33 6.08 10.43 12.61 6.19 10.86 4.17 2.59 1.31 1.22 1.32 0.66 0.5 0.49 0.37 

Na20 10.59 10.67 8.66 7.42 10.32 8.4 11.96 12.44 13.31 12.4 12.04 11.63 11.36 11.04 10.35 

K20 0.059 0.264 0.038 0.02 0.274 0.039 0.086 0.118 0.036 0.029 0.027 0.002 0.007 0.003 0.003 

Ti02  0.446 0.313 0.234 0.278 0.343 0.343 0.314 0.414 0.35 0.353 0.483 0.526 0.34 0.349 0.3105 

MnO 0.104 0.079 0.094 0.106 0.08 0.093 0.061 0.035 0.022 0.04 0.037 0.041 0.023 0.024 0.0225 

0.009 0.009 0.009 0.228 0.01 0.008 0.009 0.008 0.005 0.008 0.01 0.019 0.018 0.017 0.013 

LOl 0.46 0.72 0.76 0.52 0.8 0.51 0.45 0.57 0.67 0.91 0.78 0.59 0.44 0.41 0.41 

Total 99.82 100.26 100.07 100.14 99.96 99.89 99.4 99.91 100.75 100.4 99.48 99.52 100.07 100.27 99.945 

Nb 13.6 5.4 4.7 5.4 6.4 8.5 8.1 10.9 9.5 9.4 13.3 15.4 9.4 9.7 8.6 

Zr 713.3 491.5 256.6 367 593 369.3 638.4 659.6 436.1 610.9 835.4 879.8 511.1 602.2 449.2 

Y 74.9 54.7 44.4 75.9 61.1 73.6 50.7 61.5 45.2 31.6 49.3 77.8 59.5 60.2 52.5 

Sr 54.9 158.7 36.9 37.8 174.4 37.4 51.8 50.5 24.9 18.6 21.3 6.2 6.3 6.1 6.3 

Rb 2.4 12.1 1.8 0.5 13 1.4 2.9 2.9 0.4 1.5 0.8 0.3 0.5 0.3 0 

Th bd bd bd bd 0.4 bd bd bd bd bd bd bd bd bd bd 

Pb 3 6.1 3 1.5 6.6 3.1 1.6 3.2 1.9 0.9 1.9 bd 0 0.2 bd 

Zn 43.4 38.5 32.2 29.9 41.1 26.9 27.5 20.3 19.4 56.5 54 57.7 34 29.2 26.9 

Cu 13.2 11.8 14.9 15.3 11.6 13.9 7.3 8.9 5.7 17.6 20.7 10.6 7.8 6.6 8.4 

Ni 146.4 107.7 78.2 107.3 115.5 68.1 89.9 45.7 34.3 81.7 102.8 83.3 46.4 35.9 40.5 

Cr bd bd 82.2 65.3 bd 59.4 bd bd bd bd bd bd bd bd bd 

Ce 109.7 50.1 20.5 23.7 75.4 151 40.3 41.2 85.9 95.2 89.5 72.3 67.8 60.1 62.8 

Nd 44.5 26.5 15.8 20.6 33.6 56.8 21.5 23.9 45.6 44.9 45.5 46.2 37 33.1 33.9 

La 23.7 13 11 6.2 20.4 57.6 6.3 8.6 30.7 31.5 28.2 20.5 23.2 18 20.1 

V 31.9 35 42.2 73.7 34.9 57 23.2 19.6 11.9 16.9 13.9 13.9 9.4 11.5 9.1 

Ba 10 38.2 11 5.3 31.1 17.6 29.8 38.7 18 0.9 6.5 5.3 15 8.7 13.4 

Sc 2.9 3.6 5.4 5.5 0.9 5.3 2.4 1.8 0.9 1.5 1.1 1.3 0.1 0.9 1.4 



Data for chapter 4 continued 
Block 9J (continued) 
Traverse D 

Sample N4-162 	N4-161 	N4-146 N4-147A N4-147B N4-148A N4-148B N4-149 N4-150 N4-151 	N4-152 N4-153 	N4-154 	N4-155 N4-156 N4 -A158 

Composition Chi' 	Chi Chi Chi 	IPB IPB IPB 	Jd Jd Jd 	Jd Jd 	Jd Jd Jd Jd 

Distance -6 -3 -2 -1 0 2 5 10 10 20 30 40 50 61 70 80 

Si02  29.2 30.42 29.98 32.61 58.87 56.11 58.19 60.48 60.5 71.76 71.87 71.62 71.5 69.64 72.45 69.56 

A1203  18.77 18.68 19.07 18.58 19.2 17.46 18.22 19.04 19.895 15.51 14.89 15.42 15.3 15.33 13.63 15.17 

Fe203  7.88 8.06 7.6 7.18 2.23 3.72 3.31 2.41 1.775 0.65 0.69 0.82 1.04 1.88 1.92 2.25 

MgO 28.95 29.51 29.69 28.19 2.66 4.94 2.82 2.57 2.09 0.53 0.75 0.83 0.94 1.31 1.48 1.43 

CaO 1.36 0.34 0.31 0.38 3.02 4.41 3.9 1.45 1.23 0.69 0.65 0.45 0.41 0.23 0.18 0.18 

Na20 0.09 0.16 0.08 0.75 12.64 11.31 12.51 12.7 13.34 10.27 9.66 10.02 9.98 10.46 9.41 10.47 

K20 bd bd bd bd 0.095 0.111 0.105 0.09 0.103 0.015 0.076 0.255 0.194 0.097 0.024 0.065 

Ti02  0.736 0.46 0.475 0.525 0.409 0.417 0.385 0.372 0.3605 0.335 0.333 0.333 0.358 0.408 0.218 0.362 

MnO 0.157 0.182 0.198 0.221 0.042 0.078 0.06 0.031 0.0255 0.007 0.008 0.009 0.011 0.016 0.015 0.015 

P205  0.673 0.03 0.011 0.004 0.016 0.007 0.008 0.14 0.044 0.085 0.139 0.034 0.029 0.034 0.023 0.03 

LO! 11.71 11.64 12.04 11.28 0.64 1.18 0.57 0.78 0.62 0.29 0.4 0.46 0.39 0.52 0.53 0.51 

Total 99.52 99.47 99.44 99.72 99.82 99.75 100.07 100.06 99.98 100.14 99.48 100.26 100.14 99.92 99.88 100.05 

Uj Nb 30.8 16.8 18.1 21.5 15.9 16.2 15.4 14.5 15.1 12.8 13.1 12.9 13.9 17.2 7.8 16.4 

Zr 1049.5 673.8 696.3 779.9 738.7 741.3 670 648.1 623.6 542.2 624.8 533.6 706 805.8 331.5 863.1 

Y 197.7 126.9 108.7 132.5 115 109.3 101.6 91.6 85.2 93.7 86.8 86.8 84.2 83.9 57.5 84.1 

Sr 29.1 13.1 9.9 19.1 26.8 36.9 42.4 35.6 24 18.1 32.7 9.8 10.9 9.2 8 8.2 

Rb 0 0.1 0.3 bd 3.1 3.9 3.4 3.3 3.7 0.2 2 5.1 4.1 2 0.6 1.4 

Th 5 2.5 1 3.1 1.7 5.5 4.2 bd bd bd bd bd bd bd bd 0.6 

Pb 1.9 0.9 2.9 4.5 5.2 11.6 12.4 4.2 5.3 bd 0.5 0.3 0.4 0.6 bd 0.9 

Zn 76.3 74.4 61.5 47.1 8.7 13 10.5 11.3 10.2 4.7 6.5 6.9 9 15.9 18.1 19.7 

Cu 8.1 8.3 13.2 13.7 5.8 9.3 5.1 4 1.5 1.7 bd 1.8 4.5 4.7 3.5 5.4 

Ni 173.2 199.8 217.3 133.8 75.6 75.2 78.9 82.6 96.9 37.1 54.6 57.3 65.3 88.7 64.6 66.5 

Cr bd bd bd 1.1 bd bd bd bd bd bd bd bd bd bd bd bd 

Ce 144 89.4 61.7 108.8 109.9 245.2 217.1 115.4 93.9 88.9 91.4 98.3 79.2 56.5 56.5 85.1 

Nd 78.9 50.1 34.9 49.3 53 90.8 84.1 52.8 45.4 55 55.2 50.1 36 29.4 29.4 44.1 

La 49.4 27.9 16.4 35.3 27.4 82.7 68.9 34.2 20.1 16.7 21 21 20.9 14.2 17.8 24.7 

V 43.3 45.6 38.6 41.2 21.7 37.7 27.8 18.1 16.1 10.4 5.7 9 9.1 11 8.8 11.9 

Ba 10 bd 12.4 3.8 20.5 12.4 20.5 18.9 18 7.9 35.9 67.4 44.7 33.5 15.4 21.4 

Sc 3.4 2.4 1.2 1.1 2.7 4.1 2 1.4 2.1 2.2 0.8 bd 0.8 0.4 bd bd 

'Chi = chlorite zone 



Data for chapter 4 continued Data for chapter 5 
Block 9J (continued) Block Si 
Traverse D continued Central samples 

Sample N4-B158 N4-159 	N4-160 N4-117A N4 -117B N4 -117C N4 -117D N4-117E N3-108 	N3-111 N3-112 N3-113A N3-115 N3-116 N3-114 

Composition Jd 	Jd Jd Jd 	Jd Jd Jd Jd Felsic 	Felsic Felsic Felsic Felsic Felsic+Cr Mafic'°  

Distance 90 100 120 150 150 150 150 150 

Si02  70.64 70.56 70.63 70.06 68.34 66.61 68.74 65.95 58.41 58.7 55.95 57.78 58.76 58.62 55.59 

A1203  14.83 14.92 14.78 15.17 15.61 16.78 15.23 16.15 17.25 17.28 17.55 14.83 17.57 17.18 13.46 

Fe203  1.98 2.1 2.1 2.02 2.37 2.19 2.17 2.33 2.91 2.85 3.56 3.91 2.94 2.78 4.77 

MgO 0.93 1.05 1.2 1.26 1.59 1.79 2.14 2.57 3.68 3.7 6.77 4.98 3.52 4.03 5.52 

CaO 0.2 0.16 0.16 0.53 0.78 0.83 0.76 0.85 6.18 6.01 4.23 7.15 6.09 5.3 7.76 

Na2O 10.13 9.89 9.98 9.36 9.86 10.31 9.38 11.35 9.71 9.68 8.48 9.48 9.53 11.04 8.8 

K20 0.108 0.239 0.168 0.085 0.011 0.012 0.011 0.013 0.152 0.152 0.271 0.153 0.166 0.262 0.143 

TiO2  0.308 0.311 0.31 0.358 0.336 0.358 0.357 0.353 0.44 0.462 0.431 0.606 0.181 0.307 2.655 

MnO 0.019 0.011 0.016 0.024 0.029 0.027 0.027 0.036 0.079 0.081 0.1 0.112 0.084 0.089 0.122 

0.029 0.032 0.028 0.023 0.022 0.018 0.016 0.009 0.013 0.012 0.012 0.012 0.014 -0.003 0.016 

LOl 0.53 0.51 0.49 0.54 0.46 0.51 0.59 0.7 0.62 0.48 2.12 0.46 0.62 0.68 0.62 

Total 99.7 99.79 99.87 99.42 99.4 99.42 99.42 100.31 99.45 99.41 99.48 99.47 99.47 100.29 99.46 

Nb 14.7 14.1 14.5 10 8.6 9.8 10 9 7.9 8.4 9.5 8.6 2.3 5.4 46.8 

Zr 498.1 492.1 523.8 683 599.5 596.5 593.9 570.9 166.7 171.7 187.5 132.6 341.1 187.3 115.1 

y 70.5 78.6 79.3 65.4 62.4 67.1 67.4 69.5 34.8 36.5 23.5 91.8 28.6 31 33.1 

Sr 8.9 10.5 9.1 8.1 20.2 7.3 7.3 7.6 754.8 623.1 275.8 100.6 1001.2 139.4 99.7 

Rb 2.5 5.7 4.5 1.9 0.5 0.3 0.2 0.1 2.6 2.9 6 3.4 3 6 4.1 

Th bd bd bd bd bd bd bd bd bd bd 1.2 bd bd bd bd 

Pb bd 0.4 bd bd 0.8 0.5 0.2 bd 5.7 3.8 1.9 0.6 9 bd bd 

Zn 14.1 16.5 21.7 31.4 31.6 37.5 41.7 43.6 11.7 12.2 24.9 17.1 12.3 13.1 18.2 

Cu 4.6 3.3 3.6 4.3 5.2 7 8.1 4.9 3.7 3.8 5.6 3 4.5 4.6 6.4 

Ni 48 54.7 58.4 40.1 37.9 51 55.7 39.1 44.9 41.1 63.3 43 40.5 74.1 53.1 

Cr bd bd bd bd bd bd bd bd 7 4.2 bd 6.1 bd 38.4 57.4 

Ce 77.8 92.5 73.1 60.1 74.2 57.9 55.6 53.6 22.5 38 82.8 39 18.2 16.3 40.6 

Nd 44.4 48.3 40.5 34.5 39.5 38.4 34.2 32.3 23.1 27.4 37.9 27.1 8.8 12.5 25.9 

La 29.3 34.3 21.3 25.5 25.4 16.8 18.1 15.7 3 7.8 31.6 9.9 7.4 2.7 11.9 

V 9.1 11.4 11.8 11.2 11.3 13.6 16 10 59.3 59.7 45.8 58.2 60.8 42.2 97.5 

Ba 25.6 53.1 36.3 28.1 14.5 8.7 10.6 4.8 54.9 50.9 79.3 32.6 63 83.4 11.5 

Sc bd bd 0.6 2 1.3 2.7 2.7 0.5 4.4 1.4 1.7 4.3 1.5 1.2 22.8 

Felsic = felsic block Cr = chromite "Mafic = mafic block 



Data for chaoter 5 continued 
Block 5N1 
Traverse 

Sample N3-63 	N3-64 N3-65 N3-66 N3-67 N3-68 N3-69 N3-70 N3-71 N3-72 N3-73 N3-74 N3-75 N3-76 N3-77 N3-78 

Composition ChI 	
PX1, pod Felsic Felsic Felsic Felsic Felsic Felsic Felsic Felsic 

Distance -5 0 3 17 30 43 47 62 110 130 165 210 230 240 255 260 

Si02  29.15 54.98 54.43 48.14 55.94 44.76 51.98 52.15 52.27 60.98 60.17 61.46 62.18 61.4 61.19 62.77 

A1203  18.55 10.81 11.13 15.63 11.83 13.47 10.46 12.32 16.37 20.35 19.42 19.47 18.95 18.43 18.34 18.32 

Fe203  12.78 7.32 7.74 7.8 6.39 9.35 8.23 9.95 8.11 2.19 2.79 2.63 2.61 2.81 3.28 2.8 

MgO 26.33 6.53 6.03 9.18 5.87 11.96 5.31 5.46 3.98 0.99 1.34 1.13 1.01 1.08 1.3 1.03 

CaO 0.54 9.18 9.29 5.88 9.06 8.07 10.66 7.06 4.97 1.55 2.15 1.76 1.78 1.9 2.31 1.74 

Na20 0.04 7.75 7.77 5.31 7.93 4.9 7.89 9.44 9.75 13.74 13.05 13.2 11.69 11.52 11.39 11.34 

K20 bd 0.068 0.163 1.223 0.247 0.054 0.073 0.533 0.022 0.04 0.073 0.044 0.033 0.04 0.031 0.042 

Ti02  1.047 2.033 2.219 2.708 1.509 1.987 2.434 1.215 1.67 0.291 0.462 0.381 0.595 0.708 0.948 0.747 

MnO 0.19 0.15 0.146 0.152 0.142 0.192 0.143 0.152 0.134 0.038 0.04 0.04 0.035 0.037 0.049 0.038 

P205  0.014 0.013 0.035 0.019 0.016 0.806 1.512 0.297 0.084 0.019 0.073 0.015 0.032 0.055 0.026 0.029 

LOI 11.05 0.76 0.64 3.39 0.51 3.91 0.72 1.35 2.14 0.74 0.69 0.63 0.64 0.55 0.6 0.6 

Total 99.68 99.59 99.59 99.44 99.45 99.44 99.42 99.93 99.49 100.92 100.26 100.76 99.56 98.52 99.46 99.46 

Nb 11.2 22.7 28.1 18.6 13.2 18.5 22.1 12.6 23.5 4.3 5.4 6 8.2 8.4 11 8.5 

Zr 653.2 127.4 120.3 65.1 1036.1 618.4 237.9 400.6 65.9 726.6 789.7 774.6 726.4 792.4 950.5 786.2 

Y 28.9 118.7 195.5 581.2 273.2 115.5 224.5 80.5 54.8 18.4 74.1 44.5 41.5 37.8 108 40.9 

Sr 11.7 46.2 57.1 64.3 58.5 50.9 107.2 48.5 386.5 20.6 61.9 34.4 28.5 27.7 32.6 27.7 

Rb 0.1 3.1 5.1 21.5 5.9 2.1 2.9 8.3 0.5 0.6 1 0.3 0.9 0.3 1 0.5 

Th 5.7 0.9 bd bd 3.2 2.1 0.6 2.7 0.5 bd bd bd bd bd bd bd 

Pb bd 5.8 3.1 1.5 5.4 3.2 4.8 1.5 7.5 0 0.2 0.1 1.2 2 0.3 1 

Zn 128.7 34.4 40.4 62.4 30.2 106.9 36.1 57.8 85.2 14.4 20.7 15.4 17.4 19 27.7 18.7 

Cu 9.2 15.2 15.1 7.9 9.3 13.1 19.7 19.1 9.4 3.9 6.7 5.7 13.3 12.7 36.2 11.5 

Ni 276.3 39.5 39.3 141.4 45.7 507.3 55.1 98.8 88.7 32 15.4 16.9 18.2 14.5 15.1 15.1 

Cr 12.3 6 0.3 bd 33.5 400.1 40.3 88.5 bd bd bd bd bd bd bd bd 

Ce 83.2 80.3 103 118.4 99.7 52.5 131.3 67.8 42 52.9 42.9 49.3 59.6 74.5 51.2 54.4 

Nd 50 64.8 81.1 97 74.3 35.4 113.1 49.8 41 22.3 26 29.5 32.5 42.3 47.7 34.4 

La 29.1 30 37.6 37.8 32.3 10.4 35.5 23.4 7.9 13 11.4 15.2 22.5 24.5 8.3 15.3 

V 84.3 146.6 118.2 115.6 121.9 88.9 111.9 110.8 65.9 29.5 35.3 35.1 34.8 40.6 42 37.4 

Ba 2.9 41 30.5 198.1 42.9 -9.8 1014.4 98 32.2 30.5 39.3 23.6 33.7 27.1 27.5 36.7 

Sc 5.4 29.6 32 20.4 19 14.3 36 20.5 25.1 2.6 3.4 3.5 1.5 1.3 2.4 2.2 

'Px = pyroxene-rich block 	 ' pod - see main text chapter 5 



Data for chaDter 5 continued 
Block 5N1 (continued) Block GB 

Sample N3-79A N3-7913 N3-79C 	N3-79D N3-79E Sample N2-20A N2-201B N2-20C 4-2FX 4-2BX 4-2CX 4-2EX 

Composition Mafic Mafic Mafic 	Mafic Mafic Composition Felsic Felsic Felsic Felsic Mafic Mafic Mafic 

Si02  54.55 58.875 50.69 52.965 52.81 Si02  63.62 57.37 54.38 59.81 52.71 54.25 52.83 

A1203  15.77 18.285 12 13.215 13.13 A1203  19.16 20.77 21.84 20.35 15.06 14.3 12.21 

Fe203  7.11 4.7 13.05 10.785 11.18 Fe203  2.06 3.73 4.08 3.87 9.58 7.52 10.17 

MgO 2.97 1.73 4.72 4.485 3.57 MgO 0.86 1.35 2.3 0.97 5.98 4.69 6.59 

CaO 4.5 2.62 4.64 3.91 4.69 CaO 1.76 2.14 2.26 1.99 6.48 6.01 8.31 

Na20 11.74 12.45 10.08 10.14 10.38 Na20 10.94 12.15 8.5 12.57 6.35 8.89 7.19 

K20 0.054 0.082 0.1 0.2945 0.004 K20 0.212 0.798 3.993 0.223 1.378 0.649 0.398 

Ti02  1.84 0.5435 2.597 2.205 2.158 h02  0.231 0.367 0.627 0.295 1.719 1.235 1.75 

MnO 0.107 0.073 0.121 0.123 0.133 MnO 0.039 0.056 0.056 0.066 0.161 0.131 0.189 

0.698 0.022 1.121 0.505 0.805 P205  0.21 0.082 0.033 0.131 0.28 0.242 0.305 

LOl 0.9 0.47 1.16 1.245 0.62 LOl 0.61 0.65 2.3 0.7 1.3 0.65 0.79 

Total 100.23 99.855 100.28 99.88 99.48 Total+ LOl 99.7 99.46 100.37 100.98 101.01 98.57 100.74 

Nb 19.4 6.9 17.5 22.3 15.3 Nb 6.2 10.2 11.6 5 4.2 5.7 6.6 

Zr 228.1 551.9 152.5 203.1 234.3 Zr 365.2 636.3 918.9 443.8 157.3 251.4 179.8 

Y 145.1 34.8 148.9 94 94.4 Y 48.3 76.7 107 63.5 40.6 43.6 43.8 

Sr 71.2 53 72.6 51.3 36.4 Sr 51.1 39.8 100.1 64.5 147.6 43.4 74.7 

Rb 0.9 1.7 1.8 4 0.6 Rb 4.3 17.1 85.9 5.1 31.9 16 10 

Th bd bd 1.6 0.5 1.8 Th bd 1.5 2.1 bd bd bd bd 

Pb 1.5 bd 2.8 1.4 bd Pb 3.2 3.4 3.3 2.1 4.8 1.8 4.3 

Zn 71.7 32.7 144.2 133.5 91.9 Zn 19.3 26.9 42.3 20.8 97.2 78.6 105.8 

Cu 13.7 10.2 67.4 30.2 48 Cu 15.4 7.4 14.4 10.2 27.8 18.1 17.3 

Ni 37.9 18.7 16.9 26.7 18 Ni 14.4 16.5 28 16.2 62.4 55.4 95.6 

Cr 4.4 bd 6.7 2.9 7.8 Cr 21.7 9.8 15.8 7.5 88.6 60.2 121.7 

Ce 104.1 48 91.7 68.6 80.8 Ce 45.6 89.5 98.1 62.9 18.7 24.1 22.8 

Nd 86.8 26.2 76.9 63.5 65.4 Nd 27.1 49.9 53.2 33.6 17.8 16.6 21.4 

La 34.3 14.6 20.7 19.3 22.2 La 20.1 32.3 29.1 17.6 2.1 8.7 7.9 

V 60.9 42.8 83.9 72.4 74.2 V 58.3 91.6 116.7 107.7 240.4 189.9 261.1 

Ba 5 29.2 55.2 24.8 bd Ba 51.2 142.8 712.2 155.3 176.2 98.1 78.4 

Sc 21.6 5.7 32 24.2 27.2 Sc 3.6 5.6 9.1 3.1 31.1 25.1 27.2 



SerDentinite data for fiqure 4.12. 

Location Main serpentinite unit, east of road the Kambos 
Sample UM 	4-1A 	4-1B NI-1A NI-1B N11-322A N11-322B N11-322C N11-322D N11-322E N11 -322F 

Si02  42.2 41.99 41.57 41.46 41.42 42.9 41.68 42.06 42.75 42.77 41.76 

A1203  2.63 3.31 3.2 2.53 2.8 2.76 2.5 3.06 2.82 3.03 2.8 

Fe203  9.05 10.42 10.65 8.35 8.8 8.83 9.03 9.79 8.88 11.45 8.92 

MgO 34.09 33.08 33.54 35.45 34.56 33.25 34.56 33.06 33.44 31.8 34.32 

CaO 0.13 0.16 0.19 0.07 0.15 0.26 0.08 0.18 0.24 0.13 0.24 

Na20 0.11 0.12 0.09 0.05 0.02 0 0.01 0.08 0.04 0.01 0.09 

K20 0.003 0.009 0.006 0.006 0.003 0.001 bd 0.009 0 0.006 0.004 

TiO2  0.037 0.102 0.068 0.078 0.298 0.045 0.039 0.024 0.041 0.043 0.035 

MnO 0.138 0.146 0.153 0.117 0.114 0.117 0.133 0.125 0.118 0.104 0.11 

bd bd bd 0.011 0.008 0.003 bd bd 0.001 bd bd 

LOl 11.01 10.76 10.7 11.4 11.3 11.26 11.36 11.08 10.6 9.55 10.69 

Total 99.398 100.09 100.17 99.522 99.473 99.426 99.392 99.468 98.93 98.893 98.969 

Nb 1.1 0.6 0.6 0.8 2.3 1.4 0.6 1.2 1.3 1.4 1 

Zr bd bd bd bd bd bd bd bd bd bd bd 

V 1 4.2 5.2 2.2 1.8 2.9 1.3 1.2 2.6 2.4 1.2 

Sr 5.7 6.9 6.9 7 7.5 10 8 8.2 9.3 8.8 8.2 

Rb 0.3 0.3 0.2 0.2 bd 0.6 0.1 bd 0.5 bd 0.1 

Th bd bd bd bd bd bd bd bd bd 1.2 bd 

Pb bd 2.2 0.9 bd bd 0.4 bd bd bd 0.8 bd 

Zn 68.3 85.7 86.2 57.5 61.6 69.7 74.1 79.5 69.8 82 70.7 

CU 18.7 29.6 23.2 26.2 39.8 27.5 16 24.5 29.8 23.8 22.3 

Ni 2154 2409.1 2368.1 2013.8 2090.5 2147.2 2126.5 2178.7 2158.5 2371.1 2131.6 

Cr 3014.2 3593.2 3501 2841.6 3293.1 3155.9 2888 3010.3 3132.3 3737.2 2884.4 

ce 1.5 -5.4 3.3 5.7 6.4 15.2 5.4 9.9 13.8 10.1 8 

Nd bd 4.7 4.7 3.9 3.3 5.7 5.6 4.5 6 5.9 3.2 

La bd 5.2 3.7 1.3 2.4 2.5 bd 4.5 0.4 4.4 1.7 

V 92.3 84.5 87.3 71.9 73.1 68.5 75.2 112.9 69.3 104.7 76.5 

Ba 9.3 10.9 8.5 3.1 11.3 9.5 8.9 18.5 10.4 9.1 18.6 

Sc 15.5 10.1 12 12.4 12 12.5 8.7 0.9 13.4 4.3 3.8 



Seroentinite data for ficiure 4.12. 

Location Main serp. unit just west of Kambos road 	Main serp. unit near block Si 
Sample N2-45A N2-45B N2-45C N2-45D N3-96 Average 1 s.d.* 

Si02  42.86 41.76 41.86 42.39 42.16 42.0994 0.48852 

A1203  2.68 2.59 2.79 2.59 2.7 2.79938 0.23009 

Fe203  7.64 8.78 7.72 8.13 9.24 9.105 1.00174 

MgO 34.41 34.62 35.52 34.48 33.85 34.0019 0.92242 

CaO 1.4 0.24 0.34 0.55 0.2 0.285 0.30828 

Na20 0.16 0.06 0.07 0.05 0.05 0.06313 0.04268 

K20 0.011 0.018 0.001 0.01 0.005 0.00613 0.00456 

TiO2  0.035 0.033 0.025 0.073 0.021 0.06231 0.06459 

MnO 0.088 0.125 0.087 0.117 0.137 0.12056 0.0179 

0.012 0.012 0.016 0.012 0.018 0.01033 0.00523 

LOl 10.64 11.17 11.27 11.04 11.08 10.9319 0.44194 

Total 99.936 99.408 99.699 99.442 99.461 

Nb 1 1 0.5 1.3 1.2 1.08125 0.42898 

Zr bd bd bd bd bd bd 

Y 2 1.8 1.5 2.2 1.5 2.1875 1.09765 

Sr 11.1 7.4 8.4 8.3 7.6 8.08125 1.26601 

Rb bd bd 0.3 0.3 0.1 0.27273 0.15428 

Th bd bd bd bd bd bd 

Pb 0.4 1.9 bd bd 0.7 1.04286 0.66517 

Zn 55.9 62.8 56.4 57.2 68 69.0875 9.93868 

Cu 6.9 13.8 6.9 19.9 16.2 21.5688 8.28996 

Ni 2197.3 1844.6 2248.6 2138.2 2101.5 2167.46 134.706 

Cr 3154.1 3408.4 2889.2 3614.4 3191.8 3206.82 280.41 

Ce 8 7.7 9.1 10.9 7.9 7.34375 4.7093 

Nd 6.2 3.7 1.4 5.2 3.2 4.48 1.31006 

La 7.6 2.7 5 4 5.2 3.61429 1.83803 

V 62.9 76.1 58.8 71 86.7 79.4813 14.1227 

Ba 3.7 4.4 17.5 5.6 19.9 10.575 5.24923 

Sc 9.7 13.5 7.9 15.1 15.4 10.45 4.22744 

* 1s.d. = one standard deviation 



Additional data for chapter 6 
Mg-gabbro 

Block 8Ea (Erm.) 	8Eb (Ermoupolis locality) 1N2 (Gneiss-serp. belt) 1 K1 2 (Kini) 31<12 (Kini) 51<7 (Kini locality) 51\11 

Sample 96-GB-6 	8E-6.2 E10-311A N2-41 	N2-43 K12-336 K12-341 K7-256D 	K7-256H 	N3-68 

Si02  50.1 51.35 48.04 52.29 50.32 45.94 47.02 47.73 47.01 44.76 

A1203  13.2 15.18 13.04 14.01 13.74 16.75 10.96 12.54 12.66 13.47 

Fe203  8.9 10.3 13.13 9.1 10.66 7.37 11.61 11.66 11.54 9.35 

MgO 7.96 7.75 7.43 9.75 10.2 10.38 8.56 11.84 11.39 11.96 

CaO 10.46 4.85 6.77 5.14 5.87 10.34 8.28 6.77 6.18 8.07 

Na20 4.14 5.22 5.61 5.33 5.18 4.12 5.74 5.65 5.46 4.9 

K20 0.025 0.979 0.139 0.667 0.193 0.855 0.063 0.046 0.076 0.054 

Ti02  2.647 1.327 3.786 0.592 0.458 0.08 5.022 0.245 1.803 1.987 

MnO 0.185 0.136 0.238 0.101 0.129 0.174 0.159 0.143 0.213 0.192 

0.058 0.02 0.055 0.033 0.021 0.031 0.088 0.016 0.478 0.806 

LOl 1.79 2.54 1.27 2.62 2.83 3.39 2.14 3.24 2.91 3.91 

Total+ LOl 99.46 99.66 99.49 99.65 99.61 99.42 99.65 99.87 99.73 99.44 

Nb 3.4 2.9 8 1.1 0.9 0.3 5.4 0.7 7.3 18.5 

Zr 65.4 49.7 46.2 45.2 35.7 21.8 90.7 4.1 223.2 618.4 

Y 00 21.9 13.8 24 18.9 18.5 16 28.9 16.7 66.7 115.5 

Sr 184.5 218.8 160.9 217.9 278.7 788.6 132.1 113.4 171.6 50.9 

Rb 0.6 29.6 3.6 23.3 10.5 10.4 1.5 1.5 1.4 2.1 

Th bd bd 1.4 bd 0.7 bd 2.1 1 0.5 2.1 

Pb 1.8 2.8 1.1 3.2 3.4 2.5 1.3 bd 0.9 3.2 

Zn 81 69.7 62 73.7 97.1 44.4 69.2 88 102 106.9 

Cu 53.1 4.7 14 9.7 8.7 17 112 14.6 14.8 13.1 

Ni 85.7 76.8 41.8 51.1 72.3 259.1 129.8 285.8 261.5 507.3 

Cr 157.7 60.1 22 17.7 17.7 49.7 56.3 1141.4 320.9 400.1 

Ce 3.2 11.3 7.5 11.9 6.3 4.3 16.9 9.8 38.5 52.5 

Nd 8.6 6.2 7.3 9.8 5.2 5 13.1 4.8 31.1 35.4 

La bd 3.2 bd 6.5 1.7 4.2 bd 5.2 4 10.4 

V 264.4 233.3 374.5 201.9 241.1 20.3 442.6 148.4 155.9 88.9 

Ba bd 142.1 5.7 49.9 16.2 145.2 bd 18.4 9.2 bd 

Sc 58.2 39.8 41.5 42.7 41.7 2.9 54.7 28.1 45 14.3 

Iron recast as FeO 
FeO 8.01 9.27 11.81 8.19 9.59 6.63 10.45 10.49 10.38 8.41 

FeO/MgO 1.00628141 	1.19612903 1.58950202 0.84 0.94019608 0.63872832 1.22079439 0.88597973 	0.91132572 	0.70317726 



Additional data for chanter 6 (continued 
Ferrogabbro 	(Note: location 1 N 13 is outside the serpentinite melange) 

Block 8Ea (Ermoupolis locality) 1N13 (see note) 

Sample E5-200 E5-201 	E5-202 E5-203 E5-204A E5-204B E5-204CA E5-2041D E5-204E E5-2041F GB-2 GB-7 N13-361A N13 -361C 

Si02  46.11 46.5 45.78 44.76 43.44 42.44 45.28 47.13 46.45 46.92 46.98 48.27 41.67 50.82 

A1203  13.35 9.6 12.51 11.33 9.93 12.19 10.03 11.74 12.07 11.83 12.37 11.76 12.8 11.84 

Fe203  13.66 16.52 13.55 15.65 19.85 19.45 18.33 14.11 14.24 14.36 14.36 14.6 19.24 14.3 

MgO 4.92 5.54 5.32 5.99 6.02 5.72 6.45 6.48 5.96 4.96 5.6 5.42 4.63 4.98 

CaO 9.45 9.28 9.67 7.82 7.97 7.67 6.72 7.44 8.39 10.39 8.09 6.94 5.9 5.45 

Na20 4.67 5.82 4.61 4.3 4.24 3.85 4.84 4.81 4.55 5.07 4.75 5.75 4.19 4.88 

K20 0.665 0.068 0.382 0.446 0.053 0.048 0.09 0.123 0.325 0.15 0.035 0.083 0.168 0.326 

Ti02  5.075 5.898 6.207 7.506 6.21 5.933 6.057 6.047 5.869 4.478 6.103 5.605 8.348 5.594 

MnO 0.168 0.246 0.247 0.229 0.217 0.218 0.214 0.168 0.159 0.166 0.216 0.129 0.228 0.174 

P205  0.065 0.098 0.073 0.044 0.055 0.021 0.035 0.072 0.038 0.068 0.07 0.028 0.107 0.089 

LOI 1.36 0.58 1.35 1.41 1.92 2.26 1.66 1.63 1.69 1.43 0.91 0.82 2.15 1.56 

Total 99.49 100.14 99.7 99.49 99.92 99.8 99.7 99.75 99.73 99.82 99.47 99.4 99.43 100.01 

N  3.1 2.7 3.1 4.7 2.4 3 3.1 4 3.3 2.4 6.8 4.2 4.6 4.7 

Zr 97.3 93.1 80.6 102.1 62.2 70 73.7 84.8 69.3 72.3 130.2 66.9 93.1 90.6 
Uj 

Y 20.7 22.1 21.5 23.6 23 21.1 24.2 28.7 27.7 22.2 37.3 21 19.8 30.1 

Sr 288.8 141.4 272.7 146.6 142.2 159.7 101.9 173.1 199.5 384.4 225.3 143.1 156.6 132.6 

Rb 24.8 1.8 15.3 19.3 0 1.5 2.1 4.7 14.5 5.7 0.5 3.4 13.2 4 

Th 1.8 5.1 1.2 3.9 5.8 5.5 6.1 2.3 3 3.8 3.3 3.7 6.3 2.6 

Pb 1.6 2.7 2.8 1.7 bd 0.7 1 0.8 0.8 3 1.8 2.6 6.3 2 

Zn 98.5 111.4 117 115.3 83.1 141.6 121 117.3 130.8 86 104.9 119.1 198.5 90.7 

Cu 23.3 45.6 42.8 50.2 44.3 45.8 47.2 36.4 30.7 36.7 20.7 22.5 477.7 51.7 

Ni 64.2 95.2 260.9 47.8 47.4 93.5 41 66.3 34.1 48.1 29.9 65.1 48.1 28.4 

Cr 25.5 15.1 16.8 23.5 9 8.4 6.7 4.2 4.8 6.9 13.4 16.2 bd bd 

Ce 6.3 10.7 5.3 6.9 10.4 6.2 0.7 6 1.3 7.7 9.8 2.6 16.2 3.8 

Nd 6.6 8.8 7.2 8.9 11.4 8.5 -0.3 7.9 9.5 3.7 8.8 6.1 9.9 7.7 

La bd bd bd bd bd bd bd bd bd bd bd bd bd bd 

V 914.4 1246.1 833.2 860.3 1584.6 1135.2 1166.6 725.4 932.4 1091.6 762.6 1028.7 792.7 701.8 

Ba 54.2 bd bd bd bd bd bd bd bd bd bd bd 105 bd 

Sc 61 66.3 63.4 76.7 69.8 57.9 80 80.9 74.1 62.6 68.8 53.4 57.6 55.5 

Iron recast as FeO 
FeO 	 12.29 	14.86 	12.19 	14.08 	17.86 	17.5 	16.49 	12.7 	12.81 	12.92 	12.92 	13.14 	17.31 	12.87 

FeO/MgO 2.497967 2.68231 2.291353 2.350584 2.966777 3.059441 2.556589 1.959877 2.149329 2.604839 2.307143 2.424354 3.738661 2.584337 



Additional data for chapter 6 (continued) 
Ferrogabbro (continued) (Note: location 1N13 is outside the serpentinite melange) 

Block 1N13 continued (see note) 6K7 (Kini locality)) 31<7 (Kini locality) 

Sample N13-361D N13 -361E N13-361F N13-3610 N13-361J K8-267 K8-268 K8-269A K8-269B 	K7-237 K7-238 K7-239 K7-240 K7-241 

Si02  53.83 48.18 49.79 44.25 48.57 45.63 45.87 44.44 45.67 40.35 42.76 41.49 39.45 40.26 

A1203  6.53 13.04 10.56 10.19 11.26 12.15 12.9 10.94 10.19 11.78 11.24 12.17 8.84 9.24 

Fe203  15.35 13.34 14.65 19.2 12.38 15.32 16.45 15.82 13.73 19.31 16.06 18.95 22.67 22.25 

MgO 9.06 6.02 6.93 5.67 5.06 6.92 6.63 8.66 9.62 6.99 6.05 6.92 7.3 7.38 

CaO 9.29 8.98 5.78 8.06 10.28 10.33 10.1 7.85 7.56 8.76 11.55 8.41 6.62 7.19 

Na20 2.94 4.51 5.55 4.58 5.52 4.45 4.21 4.26 4.82 3.74 4.11 3.78 3.79 3.62 

K20 0.146 0.19 0.202 0.298 0.038 0.051 0.056 0.086 0.096 0.025 0.014 0.011 0.034 0.071 

Ti02  0.753 3.996 4.736 5.832 5.547 4.243 3.092 5.976 6.276 6.68 6.535 6.362 9.08 7.62 

MnO 0.332 0.231 0.222 0.33 0.296 0.234 0.369 0.228 0.167 0.276 0.183 0.226 0.293 0.317 

0.036 0.011 0.024 0.057 0.03 0.02 0.013 0.033 0.018 0.025 0.014 0.011 0.016 0.029 

LOl 1.15 1.5 1.32 1.4 0.75 0.44 0.09 1.47 1.67 1.87 1.21 1.45 1.54 1.78 

Total 99.42 100.01 99.77 99.86 99.74 99.79 99.78 99.76 99.81 99.8 99.72 99.79 99.64 99.75 

N  6.9 2.4 3.1 2.9 13.5 3.2 3.2 3.7 4 3.9 3.6 3.5 4.3 3.4 

Zr 406.1 31.3 62.5 73.5 87.3 68.8 71.5 62.8 65.8 55.8 95.9 95.9 70.7 83 

Y 149.2 18.3 19.2 29.9 34.7 21.4 29.3 23.4 18.7 19.8 26.6 25.1 16.4 25.1 

Sr 37.2 201.8 96.7 140.5 154.9 248.2 199.4 89.4 48.3 52.9 389.8 67.1 52.7 52.2 

Rb 1.3 1.5 3.9 4.6 1.3 bd 1.2 0.8 0.7 1.2 0.6 0.3 1.1 2.8 

Th 4 1.4 4.8 6.9 2.9 2.3 3.1 2.9 3.4 6.2 3.3 4.3 10.1 10 

Pb 0.4 1.3 4.8 bd 2.7 0.6 0.4 1.8 2.5 0.3 2.6 1.7 2.9 0.5 

Zn 132.3 84 138.7 99.6 80.9 94.3 85.9 124 131.8 109.3 79 110.1 141.3 142.4 

Cu 45.1 30.8 32.2 57.1 41.9 39.1 31.3 60.2 46.7 78.3 42 46.2 78.8 57.5 

Ni 96.8 17 38.3 21.8 27.8 51.8 49.9 67.7 83.5 95.2 51.5 78.3 116.1 87 

Cr 87.4 bd bd bd bd 18.8 17.8 29.2 39.4 20.1 16.8 10.4 23.8 24.5 

Ce 45.3 4.1 2.7 3.5 20.8 4.5 7.1 1.6 1.7 2.2 17.6 bd 4 7.8 

Nd 42.1 1.4 5.4 11.9 12.3 9 9.1 8.1 1.9 5.2 13.8 10.3 2 3.9 

La 5.8 bd bd bd bd bd bd bd bd bd bd bd bd bd 

V 321.7 773.6 688.5 1161.1 699.3 755.4 721.5 838.2 882.9 1019.9 1242.1 956 1233.8 1427.9 

Ba bd 52.6 bd bd bd bd bd bd bd bd bd bd bd bd 

Sc 84 57.8 53 68.1 51.4 51.1 58.2 57.1 50.6 57.6 55.4 53.6 64.7 70 

Iron recast as FeO 
FeO 	13.81 	12 	13.18 	17.28 	11.14 	13.79 	14.8 	14.24 	12.35 	17.38 	14.45 	17.05 	20.4 	20.02 

FeO/MgO 1.524283 1.993355 1.901876 3.047619 2.201581 1.992775 2.232278 1.644342 1.283784 2.486409 2.38843 2.463873 2.794521 2.712737 



Additional data for chaiter 6 (continued) 
Ferrogabbro (continued) 

Block 31<7 continued 	21<8 (Kini locality) 7K1 (Kini locality) 7K2 (Kini locality) 41<7 (Kini locality) 

Sample K7-242 K7-243 	K8-280 K8-281 K8-282 7K-1.6 7K-1.7 7K-2.4 7K-2.5A 7K-2.5B K7-251 K7-252 K7-255 

Si02  43.79 45.12 44.38 43.03 43.77 45.56 41.61 42.88 40.08 43.27 48.33 44.52 42.27 

A1203  11.41 11.99 12.3 13.51 10.22 11.27 12.69 14.36 13.45 12.21 11.4 11.97 9.2 

Fe203  16.97 16.68 16.08 18.67 17.56 14.17 16.61 15.18 18.37 18.29 14.57 17.13 19.61 

MgO 6.58 6.57 7.53 7.29 8.88 10.56 7.05 5.58 5.32 6.36 8.08 5.78 7.11 

CaO 8.93 9.49 7.13 6.55 7.21 7.21 11.35 12.4 11.39 8.48 5.5 8.83 7.55 

Na20 4.47 4.98 4.43 4.22 3.32 3.67 2.25 2.98 2.56 3.8 5.44 4.25 3.58 

K20 0.026 0.019 0.06 0.031 0.068 0.061 0.06 0.03 0.024 0.043 0.024 0.077 0.06 

Ti02  6.713 4.093 5.807 4.302 6.979 3.79 5.804 4.223 6.103 6.798 4.768 6.46 8.639 

MnO 0.228 0.241 0.268 0.318 0.291 0.206 0.289 0.221 0.279 0.237 0.283 0.246 0.247 

0.01 0.01 0.061 0.01 0.068 0.361 0.11 0.015 0.015 0.011 0.018 0.023 0.066 

LOl 0.76 0.88 1.95 2.06 1.51 2.74 0.59 1.56 1.51 0.78 1.44 0.38 1.39 

Total 99.89 100.06 99.99 99.98 99.87 99.59 98.41 99.43 99.1 100.28 99.85 99.67 99.72 

Nb 4.4 1.9 4 3.5 3.6 5.3 4 2.8 3.7 4.9 4.5 2.9 5.2 

Zr 80.1 36.5 64.2 49.7 62.3 113.1 90.3 70.4 69.2 83.3 101.6 55.1 86.9 

'1 25.5 19.9 17.8 25.2 19.7 37.6 23 26.6 26.9 23.8 22.6 20.1 26.2 

Sr 75.1 131.5 90.6 62.7 27.8 205.6 614.7 739.3 655.5 47.1 93.7 50.9 36.5 

Rb 1.6 0.9 2.1 2.2 0.8 0.3 1.1 1.7 2 2.3 0.5 1 0.8 

Th 3.7 3.4 5.3 5.4 5.6 3.6 5.2 4.8 5.9 5 3.9 5.6 5 

Pb 1.5 bd bd 0.5 bd 1.5 3.7 5.5 5.8 bd 0.6 bd 0 

Zn 97.9 93.5 95.8 107.3 106.1 161.8 98.8 80.3 80.5 97.2 136.6 99.8 142.3 

Cu 32.6 28.3 57.6 30.8 55.5 27.2 89.5 32.5 69.2 45.6 32.2 30.8 64.6 

Ni 65.7 56.1 73.9 78.5 76.1 156 82.2 47 49 71.1 74.6 60.3 75.9 

Cr 8.6 32.1 56.8 58.3 93.6 37.6 26.5 9.3 20 10.7 22.1 bd 0.8 

Ce 3 bd 6.3 bd 13.9 30.5 11.8 7.8 10.6 5.9 15.2 3.2 bd 

Nd 9.8 5.6 6.1 4 7.9 17.5 7.4 7.4 3.9 6 20 3.1 3.3 

La bd bd bd bd bd 5.1 bd bd bd bd bd bd bd 

V 907 925.6 883.2 638 841.2 614.2 964.5 935.1 1011.6 1055.1 717.4 980.2 1156.1 

Ba bd bd bd bd bd bd bd bd bd bd bd bd bd 

Sc 61.7 59.8 51.5 48.7 65.9 38.3 60.4 48.4 41 60.4 45.7 59.1 76.5 

Iron recast as FeO 
FeO 15.27 15.01 14.47 16.8 15.8 12.75 14.95 13.66 16.53 16.46 13.11 15.41 17.65 

FeO/MgO 2.320669 2.284627 1.921647 2.304527 1.779279 1.207386 2.120567 2.448029 3.107143 2.58805 1.622525 2.66609 2.482419 



Additional data for chapter 6 (continued) 
Slightly evolved ferrogabbro Dioritic gabbro (Note: location 11\113 is outside the serpentinite melange) 

Block 8Ea (Ermoupolis locality) 1N13 (see note) 8Ea 8Eb (Ermoupolis locality) 3N11 

Sample E5-204CB GB-4 	GB-5/GB-8 N13 -361B GB-1 E10-307A E10-307B E10-307D E10-307E E10 -310B E10 -310C E10-314 8E-6.5 N11-329 

Si02  4398 48.89 52.87 47.16 59.97 50.19 50.9 54.33 55.72 49.42 51.52 49.11 50.39 59.29 

Al203  14.14 13.08 12.95 14.03 16.21 12.8 13.44 17.46 18.23 18.66 18.38 17.68 18.79 15.16 

Fe203  14.81 14.42 14.08 14.46 5.74 13.48 12.33 6.97 5.95 9.2 9.59 10.97 9.05 7.85 

MgO 3.51 3.94 3.65 4.15 2.58 5.49 5.24 2.7 2.27 4.09 2.16 4.13 3.9 2 

CaO 13.6 8.07 4.7 7.81 6.1 6.16 5.74 4.23 3.63 5.18 4.48 6.96 6.34 2.48 

Na20 3.71 4.89 7.24 4.11 5.62 7.46 7.67 11.44 12.16 3.99 9.56 5.5 4.78 11.8 

K20 0.062 0.12 0.127 0.326 0.167 0.206 0.345 0.204 0.378 4.877 0.956 2.434 3.446 0.394 

Ti02  4.036 5.502 3.7 5.712 1.301 3.307 2.903 1.242 0.644 1.325 1.384 1.862 0.961 0.059 

MnO 0.2 0.231 0.157 0.253 0.076 0.25 0.197 0.098 0.07 0.208 0.146 0.294 0.126 0.051 

0.093 0.106 0.151 0.027 0.205 0.067 0.069 0.199 0.017 0.283 0.291 0.002 0.008 0.007 

LOl 1.8 0.2 0.37 1.38 1.45 0.44 0.61 0.73 0.75 2.2 1.16 1.13 1.84 0.56 

Total 99.941 99.449 99.995 99.418 99.42 99.87 99.45 99.62 99.81 99.43 99.63 100.08 99.63 99.66 

Nb 1.8 5.9 13.5 5 15.1 9.6 8.4 7.2 3.4 4.8 6 6.1 2.2 2.7 

Zr 64.3 294.2 238.6 101.1 978.4 268.3 120.9 101 36.4 45.6 72.1 52.7 42.3 660.4 

V 26.3 36.9 86.1 28 139.4 39.2 34.2 34 19.6 81.5 49.9 59.1 29.7 36.6 

Sr 766 171 81.6 246.2 202.3 64.7 75.8 94.2 68.1 258.2 152.2 421.8 475.9 117.1 

Rb 0.8 5.8 4.4 10.2 3.1 6.1 9.2 5 11.3 163.4 27.7 77.9 108.4 15.9 

Tb 1.2 3.2 4.4 2.4 bd 3 2.8 bd bd 0.3 bd 1.6 0.3 5.5 

Pb 0.5 0.9 3.7 3.9 1.3 2 1.3 bd 0.4 4.7 1.2 6.5 7.4 bd 

Zn 57.1 82.9 91.2 69 36.6 114.3 105.7 35 25.3 24.3 23.4 25.5 25.2 10 

Cu 55.8 36.8 34.7 38.4 28.5 36.5 31.6 10.7 3.8 6.6 11.6 10.9 7.7 8 

Ni 32.4 57.4 33.3 20.4 30.1 58.8 55.6 40.5 14.6 31.3 27.1 39.1 33.4 17.5 

Cr 8.6 34.9 0.2 bd 22 27.8 40.8 2.7 bd 0.1 2.3 0.6 0.7 23.9 

Ce 9.6 19.8 47 3.1 80.9 14.8 9.4 26.4 22.5 33.5 39 30.4 27.8 102.7 

Nd 8.8 15.8 37.8 7.1 58.2 12.6 11.1 20.7 18.1 26.3 29.3 27.1 17.6 52.8 

La bd bd 11.9 bd 17.4 bd 0.3 7.6 3.2 5.9 6.1 6.8 2.2 41.5 

V 1252.6 566.4 631.1 779.4 199.4 317.6 282.9 42.9 53.3 59.8 52.1 81 70.6 35.7 

Ba bd bd bd 55.4 30 14.5 40.3 28.1 51.4 912.7 128.1 410.7 615.4 69.4 

Sc 54.6 52.8 37.2 47.7 24.6 42.7 37.4 10.4 14.6 16.3 10.6 24 11.7 2.3 

Iron recast as FeO 
FeO 13.33 12.98 12.67 13.01 5.16 12.13 11.09 6.27 5.35 8.28 8.63 9.87 8.14 7.06 

FeO/MgO 3.797721 3.294416 	3.4712329 3.13494 2 2.209472 2.116412 	2.322222 2.356828 2.02445 3.99537 2.38983 2.08718 3.53 



Additional data for chanter 6 (continued 
Dioritic gabbro (continued) K-rich gabbro 

Block 51\11 8Eb (Ermoupolis locality) 1N2 5K7 (Kini locality) 3K12 

Sample N3-71 N3-79A N3-79B N3-79C N3-79D N3-79E 8E-6.3 8E-6.4 E10-313 E10-315 N2-42 K7-256A K7-256B K7-256G K12-342 

Si02  52.27 54.55 58.875 50.69 52.965 52.81 53.04 51.12 50.53 52.62 52.66 51.42 51.94 49.49 49.24 

A1203  16.37 15.77 18.285 12 13.215 13.13 18.54 16.31 21.59 18.13 15.34 15.57 16.91 15.44 22.01 

Fe203  8.11 7.11 4.7 13.05 10.785 11.18 5.16 7.22 4.75 5.47 6.27 5.29 5.4 8.65 4.34 

MgO 3.98 2.97 1.73 4.72 4.485 3.57 5.5 7.17 4.87 6.16 6.83 9.9 6.6 8.09 7.05 

CaO 4.97 4.5 2.62 4.64 3.91 4.69 6.77 6.58 5.03 6.97 8.07 7.12 8.04 7.16 3.84 

Na20 9.75 11.74 12.45 10.08 10.14 10.38 7.07 4.92 3.26 7.46 5.36 6.05 5.55 6.67 2.81 

K20 0.022 0.054 0.082 0.1 0.2945 0.004 0.918 2.993 5.802 0.388 2.217 1.703 3.25 0.374 5.954 

Ti02  1.67 1.84 0.5435 2.597 2.205 2.158 0.393 0.363 0.308 0.331 0.749 0.181 0.217 1.045 0.11 

MnO 0.134 0.107 0.073 0.121 0.123 0.133 0.079 0.12 0.07 0.085 0.099 0.073 0.084 0.135 0.075 

0.084 0.698 0.022 1.121 0.505 0.805 0.017 0.011 0.009 0.018 0.072 0.007 0.01 0.083 0.002 

LOl 2.14 0.9 0.47 1.16 1.245 0.62 2.22 2.55 3.2 1.92 1.93 2.72 2.16 2.35 4.21 

Total 99.49 100.23 99.855 100.28 99.88 99.48 99.7 99.36 99.43 99.55 99.6 100.05 100.16 99.49 99.64 

Nb 23.5 19.4 6.9 17.5 22.3 15.3 1.5 1.4 0.7 1 1.5 0.2 0.9 5.9 0.8 

Uri 	 Zr 65.9 228.1 551.9 152.5 203.1 234.3 82.9 159.6 12.8 43 49 1.3 122.8 431.5 2.1 

Y 54.8 145.1 34.8 148.9 94 94.4 12.4 19.1 9.2 10.3 14 5.5 10.4 49.7 3.4 

Sr 386.5 71.2 53 72.6 51.3 36.4 249.3 101.9 342.8 294.3 104.1 63.2 200.2 276 131.7 

Rb 0.5 0.9 1.7 1.8 4 0.6 22.6 98.4 177.8 7.7 53.8 20.7 36.7 4.3 65.1 

Th 0.5 bd bd 1.6 0.5 1.8 bd bd bd bd bd bd bd 0.3 bd 

Pb 7.5 1.5 bd 2.8 1.4 bd 1.4 1.8 5.6 1.3 0.6 bd 0.2 1.4 bd 

Zn 85.2 71.7 32.7 144.2 133.5 91.9 28.7 39.8 27.2 32.4 36.6 65.7 37.2 72.1 40.3 

Cu 9.4 13.7 10.2 67.4 30.2 48 3.1 8 7.5 6 8.3 7.1 12.7 15.4 12.4 

Ni 88.7 37.9 18.7 16.9 26.7 18 37.2 73.3 53.1 50.1 35.4 348.3 116.3 82 255.6 

Cr bd 4.4 bd 6.7 2.9 7.8 17.5 14.7 24.5 23.8 10.9 1147.2 772.9 125.8 21.6 

Ce 42 104.1 48 91.7 68.6 80.8 14 9.9 bd 1.4 1.6 2 4.3 27.8 bd 

Nd 41 86.8 26.2 76.9 63.5 65.4 1.1 2.9 0.9 2.3 4.9 3.7 3.3 19.5 bd 

La 7.9 34.3 14.6 20.7 19.3 22.2 bd 2.7 1.4 bd 0.4 1.7 5.8 10 2.8 

V 65.9 60.9 42.8 83.9 72.4 74.2 137 126.9 122.8 141.8 216.7 101.2 116.8 91.2 31.5 

Ba 32.2 5 29.2 55.2 24.8 bd 102.6 670 980 56.2 214.7 132.9 355.4 37.6 738.2 

Sc 25.1 21.6 5.7 32 24.2 27.2 35.5 28.8 27.6 34.8 45.2 26.7 27.6 22.3 1.6 

Iron recast as FeO 
FeO 7.3 6.4 4.23 11.74 9.7 10.06 4.64 6.5 4.27 4.92 5.64 4.76 4.86 7.78 3.91 

FeO/MgO 1.83417 2.15488 2.44509 2.48729 2.16036 2.81793 0.84364 0.90656 0.8768 0.7987 0.82577 0.48081 0.73636 0.96168 0.55461 



Additional data for chapter 6 (continued) Additional data for chapter 6, fig. 6.3 & 6.5 

K-rich gabbro (continued) Published data 
Block 4K8 (Kini locality) 121<1 (Kini) 12K3 5N1 Pognante and Kienast (1987) 

Sample K8-285 K12-346 	1<12-347 	K12-348 K12-349 K12-350 12K-2A 	12K-213 12K-5 N3-66 Composition Fe-Ti Gabbro 

Si02  49.79 51.35 48.23 51.42 49.02 50.04 52.18 53.27 52.48 48.14 Sample Lanzo Rocciavre Queyras 

A1203  16.17 12.11 19.19 2302 15.38 18.89 14.9 15.05 14.47 15.63 Si02  44.55 44.87 43.6 

Fe203  5.99 6.68 5.44 2.64 7.57 5.28 6.94 6.44 5.03 7.8 A1203  10.49 9.53 11.33 

MgO 8.27 9.24 9.15 5.37 7.71 6.76 8.34 7.67 7.76 9.18 Fe203  19.64 21.94 18.12 

CaO 6.98 9.92 5.34 4.32 7.33 6.25 8.28 7.88 9.79 5.88 MgO 5.31 4.9 5.79 

Na20 5.52 8.15 4.66 3.96 6.68 5.93 6.27 6.51 5.73 5.31 CaO 9.53 10.25 7.41 

1<20 2.316 0.077 3.278 5.743 1.205 2.468 0.428 0.38 1.615 1.223 Na20 4.12 2.93 4.48 

T102  1.16 0.708 0.098 0.185 1.966 0.866 0.383 0.434 0.751 2.708 K20 0.07 0.02 0.08 

MnO 0.1 0.145 0.106 0.066 0.115 0.098 0.109 0.117 0.126 0.152 Ti02  5.9 4.5 5.34 

0.448 0.036 0.004 bd 0.121 0.003 0.005 0.024 0.18 0.019 MnO 0.24 0.29 0 

LOl 3.05 1.74 3.93 3.51 2.52 2.89 1.89 2.01 1.59 3.39 P205  0.05 0.6 0.14 

Total 99.78 100.15 99.44 100.23 99.6 99.46 99.71 99.79 99.53 99.44 L0I 0.24 0.1 3.72 

Total 100.14 99.93 100.01 

Nb 5.2 2.8 0.8 1.1 6.1 4.1 1.4 1.5 4.1 18.6 

Zr 264.2 22.2 4.3 15.7 50.4 121.3 82.6 36.5 91 65.1 

V 44.8 16.8 4.6 4.7 27.2 17 10.1 11 27 581.2 Iron recast as FeO 

Sr 90.5 49.8 139.5 162.2 171.5 293 114.4 125.4 190.7 64.3 FeO 17.67 19.74 16.3 

Rb 38.2 1.5 46.9 98.1 19.6 40.3 4.9 4.9 21.6 21.5 FeO/MgO 3.32768362 4.02857143 2.81519862 

Th bd bd bd bd bd bd bd bd bd bd 

Pb 1.2 bd 0.3 0.5 1.4 0.1 -0.3 -0.4 3.2 1.5 

Zn 39.4 35.4 49 14.9 45.4 42.6 50.4 44 21 62.4 

Cu 14.8 9 24.4 9.6 32.5 20 10.9 9.3 1.8 7.9 

Ni 200.2 131.7 368.4 90.1 169.8 184 78.3 67.1 105.4 141.4 

Cr 294.2 807.8 511.5 124.3 137.3 455.5 34.3 31.1 52 -1.6 

Ce 38.5 15.8 0.5 4.2 12 13.7 10.6 11.5 27.9 118.4 

Nd 31.8 9.9 0.1 bd 11 10.7 0.4 3.9 12.2 97 

La 10.7 2.3 3.4 4.3 bd 0,9 0.1 bd 3.4 37.8 

V 102.1 119 74.5 38 200.7 89.7 185.6 165 55.8 115.6 

Ba 313.7 17.1 421.3 1044.1 98.9 264.7 40.9 85 304.9 198.1 

Sc 20.3 23.4 3.8 1.6 30.2 8.3 38.2 39 9.7 20.4 

Iron recast as FeO 
FeO 	5.39 	6.01 	4.9 	2.38 	6.81 	4.75 	6.24 	5.79 	4.53 	7.02 
FeO/MgO 0.65175 0.65043 0.53552 0.4432 0.88327 0.70266 0.7482 0.75489 0.58376 0.76471 



Additional data for chapter 6, figure 6.3 and 6.5 (continued 
Published data continued 
Cortesogno etal. (1977) 

Composition Eclogitic Glaucophanic 	Barroisitic Greenschist Fe-Ti Rodinitic 

Sample Average Average 	Average Average Average Average 

5i02  46.02 47.99 45.05 48.64 44.31 43.65 

A1203  9.81 12.36 11.23 13.8 11.62 13.34 

Fe203  18.21 14.9 17.22 10.17 7.62 

MgO 6.81 6.48 7.03 8.63 10.48 10.75 

CaO 9.32 7.58 9.2 9.16 7.08 19.38 

Na20 3.85 4.6 3.77 4.13 1.72 0.79 

K20 0.05 0.16 0.14 0.52 0.38 0 

Ti02  4.61 3.18 4.15 1.73 4.15 0.7 

MnO 0.25 0.18 0.28 0.16 0 0.16 

0.43 0.61 0.38 0.37 0.19 0.59 

L0I 0.78 2.04 1.05 2.36 2.67 

Total 100.14 100.08 99.5 99.67 99.65 

Ni 	 26 	 85 	54 	132 	 92 

Cr 	 121 	 112 	119 	183 	 95 

Iron recast as FeO 
FeO 	 16.39 	13.41 	15.49 	9.15 	14.14 	6.86 

FeO/MgO 	2.40675477 	2.069444444 	2.20341394 	1.06025492 1.34923664 0.63813953 

Messiga etal. (1999) 
Meta-troctolites 

Sample MOE hA MOE 11B MV3 Mv2 

Si02  44.19 45.07 48.53 46.89 

A1203  17.15 21.12 8.78 16.21 

Fe203  3.8 4.89 3.08 5.19 

MgO 16.56 12.99 25.47 18.97 

CaO 11.86 9.93 7.28 7.54 

Na20 0.97 3.19 0.35 1.79 

K20 0.01 0 0.09 0.02 

Ti02  0.24 0.01 0.17 0.1 

MnO 0.03 0.05 0.06 0.09 
0.05 0.02 0 0 

Cr203 0.34 0.04 1.81 0.05 

LOI 0 0 4.2 3.21 

Total 95.2 97.31 99.82 100.06 

Iron recast as FeO 
FeO 	 3.42 	4.4 	2.77 	4.67 
FeO/MgO 0.2065217 0.3387221 0.1087554 0.2461782 



Additional data for charter 6, figure 6.3 and 6.5 (continued 
Published data continued 
Messiga etal. (1983) 

Composition: Mg-Al gabbros 
Sample Gi/l G2 G4 G5 G8 G9 GlO 

Si02  53.22 53.74 52.36 52.42 49.38 52.15 52.68 

A1203  14.46 15.08 15.84 14.96 17.14 17.67 16.82 

FeO, 6.91 6.68 4.41 5.64 4.04 6.2 6.17 

MgO 8.34 7.99 9.36 9.79 9.13 6.94 7.82 

CaO 11.61 11.24 10.25 10.14 12.32 10.29 9.99 

Na20 2.56 2.56 3.29 3.38 4.36 3.6 3.21 

K20 0.07 0.05 0.04 0.14 0.03 0.07 0.09 

Ti02  0.85 0.45 0.24 0.36 0.23 0.48 0.52 

MnO 0.12 0.13 0.08 0.1 0.08 0.11 0.12 

0.02 0.01 0.01 0.02 0.01 0.03 0.05 

LOl 1.25 1.39 3.07 2.44 2.86 1.84 1.84 

Total 99.41 99.32 98.95 99.39 99.58 99.38 99.31 

Gil/i G12/3 G13 G14/1 G15 G16/1 G20 G20/1 G21 G21/1 G22 

54.57 51.88 52.82 50.89 52.34 51.49 50.08 49.79 50.43 52.93 49.1 

15.55 17.56 12.92 19.66 16.54 16.58 16.2 15.42 11.61 11.63 17.36 

5.36 7.15 6.21 4.3 4.93 5.01 7.31 8.39 8.3 7.12 3.87 

7.07 6.68 9.07 8.84 8.31 7.97 8.41 8.89 6.59 6.63 10.59 

12.31 10.1 11.73 10.1 11.21 11.24 11.35 10.31 14.38 14.06 10.85 

2.41 2.56 4.33 2.51 3.48 4.42 2.42 2.42 2.89 3.06 2.34 

0.04 0.05 0.04 0.04 0.08 0.04 0.07 0.07 0.04 0.03 0.26 

0.4 0.42 0.75 0.27 0.41 0.49 0.61 0.94 3.6 3.95 0.14 

0.1 0.12 0.13 0.05 0.07 0.09 0.18 0.21 0.14 0.09 0.07 

0.05 0.01 0.04 0.04 0.05 0.01 0.02 0.07 0.43 0.01 0 

1.4 2.57 1.33 2.89 2.02 2.28 2.45 2.63 2.68 0.58 5 

99.26 99.1 99.37 99.59 99.44 99.62 99.1 99.14 101.09 100.09 99.58 

FeO/MgO 0.8285 0.836 0.4712 0.5761 0.4425 0.8934 0.789 0.7581 1.0704 0.6847 0.4864 0.5933 0.6286 0.8692 0.9438 1.2595 1.0739 0.3654 

Data from Messiga etal. (1983) 

Comp Basalt Mg-gabbro Fe-gabbro 

Sample BasaltA BasaltB BasaltC Mg A 	Mg B Mg C Fe A 	Fe B FeC 

Si02  48.4 49.8 48.7 51.81 46.11 50.1 45.46 45.95 45.09 

A1203  17.23 15.12 16 16.24 18.25 17.33 10.55 12.85 12.49 

FeO, 8.09 10.18 8.7 5.81 4.83 5.44 17.03 15.38 15.87 

MgO 6.18 7.29 7.2 8.45 12.21 9.79 6.47 5.64 6.21 

CaO 10.03 9.79 8.2 10.95 10.89 10.27 9.14 9.49 7.81 

Na20 3.8 3.91 4.5 3.12 2.22 2.87 3.72 3.92 3.64 

K20 0.74 0.15 0.39 0.07 0.03 0.35 0.07 0.05 0.34 

TiO2  1.52 1.56 1.6 0.47 0.25 0.33 4.42 4.11 4.77 

MnO 0.14 0.2 0.17 0.14 0.2 0.11 0.26 0.29 0.27 

P205  0.22 0.18 0.24 0.03 0.09 0.02 0.4 0.27 0.29 

Total 96.35 98.18 95.7 97.09 95.08 96.61 97.52 97.95 96.78 

FeO/MgO 2.8091 3.2937 3.0438 3.1903 2.5266 2.8909 4.309 3.5759 3.6101 

FeO, = all Fe as FeO 



Data for chapter 6, figure 6.13 
Block Mal 
Traverse 

Sample 97-E5-200 	97-E5-201 97-E5-202 97-E5-203 E5-204A 	E5-20413 E5-204CA E5-204CB 	E5-2041D E5-204E E5-204F 

Distance** 10 45 70 110 150 150 150 150 150 150 150 

Si02  46.11 46.5 45.78 44.76 43.44 42.44 45.28 43.98 47.13 46.45 46.92 

A1203  13.35 9.6 12.51 11.33 9.93 12.19 10.03 14.14 11.74 12.07 11.83 

Fe203  13.66 16.52 13.55 15.65 19.85 19.45 18.33 14.81 14.11 14.24 14.36 

MgO 4.92 5.54 5.32 5.99 6.02 5.72 6.45 3.51 6.48 5.96 4.96 

CaO 9.45 9.28 9.67 7.82 7.97 7.67 6.72 13.6 7.44 8.39 10.39 

Na20 4.67 5.82 4.61 4.3 4.24 3.85 4.84 3.71 4.81 4.55 5.07 

K20 0.665 0.068 0.382 0.446 0.053 0.048 0.09 0.062 0.123 0.325 0.15 

TI02  5.075 5.898 6.207 7.506 6.21 5.933 6.057 4.036 6.047 5.869 4.478 

MnO 0.168 0.246 0.247 0.229 0.217 0.218 0.214 0.2 0.168 0.159 0.166 

0.065 0.098 0.073 0.044 0.055 0.021 0.035 0.093 0.072 0.038 0.068 

LOt 1.36 0.58 1.35 1.41 1.92 2.26 1.66 1.8 1.63 1.69 1.43 

Total 99.49 100.14 99.7 99.49 99.92 99.8 99.7 99.94 99.75 99.73 99.82 

Nb 3.1 2.7 3.1 4.7 2.4 3 3.1 1.8 4 3.3 2.4 

Zr 97.3 93.1 80.6 102.1 62.2 70 73.7 64.3 84.8 69.3 72.3 

Y 20.7 22.1 21.5 23.6 23 21.1 24.2 26.3 28.7 27.7 22.2 

Sr 288.8 141.4 272.7 146.6 142.2 159.7 101.9 766 173.1 199.5 384.4 

Rb 24.8 1.8 15.3 19.3 0 1.5 2.1 0.8 4.7 14.5 5.7 

Th 1.8 5.1 1.2 3.9 5.8 5.5 6.1 1.2 2.3 3 3.8 

Pb 1.6 2.7 2.8 1.7 -0.3 0.7 1 0.5 0.8 0.8 3 

Zr, 98.5 111.4 117 115.3 83.1 141.6 121 57.1 117.3 130.8 86 

Cu 23.3 45.6 42.8 50.2 44.3 45.8 47.2 55.8 36.4 30.7 36.7 

Ni 64.2 95.2 260.9 47.8 47.4 93.5 41 32.4 66.3 34.1 48.1 

Cr 25.5 15.1 16.8 23.5 9 8.4 6.7 8.6 4.2 4.8 6.9 

Ce 6.3 10.7 5.3 6.9 10.4 6.2 0.7 9.6 6 1.3 7.7 

Nd 6.6 8.8 7.2 8.9 11.4 8.5 bd 8.8 7.9 9.5 3.7 

La bd bd bd bd bd bd bd bd bd bd bd 

V 914.4 1246.1 833.2 860.3 1584.6 1135.2 1166.6 1252.6 725.4 932.4 1091.6 

Ba 54.2 bd bd bd bd bd bd bd bd bd bd 

Sc 61 66.3 63.4 76.7 69.8 57.9 80 54.6 80.9 74.1 62.6 

** Distance 0 corresponds to the block edge 



Data for chapter 6, figure 6.14 Data for chapter 6. figure 6.15 
Block 3K7 Block 61<7 
Traverse Traverse 
K7-236 K7-237 K7-238 K7-239 K7-240 K7-241 K7-242 K7-243 Sample K7-262 K8-263 K8-264 K8-265 K8-266 K8-267 K8-268 K8-269A K8-269B 

0.6 27 37 49 73 80 90 97 Distance* 0 6 13 20.5 29 40 51.5 66 66 

33.54 40.35 42.76 41.49 39.45 40.26 43.79 45.12 Si02  26.94 41.97 43.12 48.63 41.37 45.63 45.87 44.44 45.67 

14.3 11.78 11.24 12.17 8.84 9.24 11.41 11.99 A1203  17.06 11.4 11.17 6.94 9.94 12.15 12.9 10.94 10.19 

17.67 19.31 16.06 18.95 22.67 22.25 16.97 16.68 Fe203  19.01 18.5 17.7 15.21 17.47 15.32 16.45 15.82 13.73 

9.79 6.99 6.05 6.92 7.3 7.38 6.58 6.57 MgO 18.07 10.16 11.82 13.81 12.44 6.92 6.63 8.66 9.62 

9.22 8.76 11.55 8.41 6.62 7.19 8.93 9.49 CaO 2.3 4.83 7.15 8.05 6.48 10.33 10.1 7.85 7.56 

1.49 374 4.11 3.78 3.79 3.62 4.47 4.98 Na20 0.18 3.57 2.64 3.39 2.64 4.45 4.21 4.26 4.82 

0.005 0.025 0.014 0.011 0.034 0.071 0.026 0.019 K20 bd 0.045 0.107 0.134 0.106 0.051 0.056 0.086 0.096 
8.176 6.68 6.535 6.362 9.08 7.62 6.713 4.093 T102  6.883 5.882 3.107 0.95 5.286 4.243 3.092 5.976 6.276 
0.351 0.276 0.183 0.226 0.293 0.317 0.228 0.241 MnO 0.312 0.4 0.376 0.162 0.229 0.234 0.369 0.228 0.167 
0.047 0.025 0.014 0.011 0.016 0.029 0.01 0.01 P205  0.038 0.044 0.011 0.02 0.082 0.02 0.013 0.033 0.018 

4.87 1.87 1.21 1.45 1.54 1.78 0.76 0.88 LOl 8.61 2.75 2.22 2.17 3.66 0.44 0.09 1.47 1.67 
99.47 99.8 99.72 99.79 99.64 99.75 99.89 100.06 Total 99.4 99.54 99.42 99.47 99.71 99.79 99.78 99.76 99.81 

5.4 3.9 3.6 3.5 4.3 3.4 4.4 1.9 Nb 3.6 3.5 2.2 1.6 2.6 3.2 3.2 3.7 4 

00 	 77.6 55.8 95.9 95.9 70.7 83 80.1 36.5 Zr 53.1 49.2 97.5 19.9 69.3 68.8 71.5 62.8 65.8 
34.4 19.8 26.6 25.1 16.4 25.1 25.5 19.9 V 39 21.2 36.3 11.8 25.6 21.4 29.3 23.4 18.7 

381.9 52.9 389.8 67.1 52.7 52.2 75.1 131.5 Sr 28.9 57.2 57.2 20.3 49.9 248.2 199.4 89.4 48.3 
0.4 1.2 0.6 0.3 1.1 2.8 1.6 0.9 Rb 0.1 0.3 0.8 1.1 0.9 bd 1.2 0.8 0.7 
4.2 6.2 3.3 4.3 10.1 10 3.7 3.4 Th 6.2 5.6 6.1 4.7 6.4 2.3 3.1 2.9 3.4 
2.5 0.3 2.6 1.7 2.9 0.5 1.5 bd Pb 1.8 0.7 0.6 0.8 bd 0.6 0.4 1.8 2.5 

105.2 109.3 79 110.1 141.3 142.4 97.9 93.5 Zn 103.7 98.1 116.1 123.7 131.3 94.3 85.9 124 131.8 
47.4 78.3 42 46.2 78.8 57.5 32.6 28.3 Cu 46.6 61.5 50.3 100.8 40.2 39.1 31.3 60.2 46.7 
91.7 95.2 51.5 78.3 116.1 87 65.7 56.1 Ni 116.5 93.1 115.5 1356.5 103.7 51.8 49.9 67.7 83.5 
34.2 20.1 16.8 10.4 23.8 24.5 8.6 32.1 Cr 63.7 43.5 29.3 2699 40.6 18.8 17.8 29.2 39.4 

4.8 2.2 17.6 bd 4 7.8 3 bd Ce 6.7 9.9 13 4.9 5.6 4.5 7.1 1.6 1.7 
8.7 5.2 13.8 10.3 2 3.9 9.8 5.6 Nd 4.9 1.7 9.1 2 7.2 9 9.1 8.1 1.9 
bd bd bd bd bd bd bd bd La bd bd bd 3.2 bd bd bd bd bd 

1343.7 1019.9 1242.1 956 1233.8 1427.9 907 925.6 V 819.3 990.6 755.5 561.4 809.1 755.4 721.5 838.2 882.9 
bd bd bd bd bd bd bd bd Ba bd bd bd 3.6 bd bd bd bd bd 

74.1 57.6 55.4 53.6 64.7 70 61.7 59.8 Sc 95.7 60.2 51.3 25.3 64.4 51.1 58.2 57.1 50.6 



Data for chapter 6, figure 6.16 
Block 8Eb 
Traverse 

Sample E10-308 	E10-310A E10-310B E10-310C 

Distance' 2 11 18 23 

Si02  51.45 50.95 49.42 51.52 

A1203  10.72 12.5 18.66 18.38 

Fe203  9.43 9.12 9.2 9.59 

MgO 7.42 6.77 4.09 2.16 

CaO 9.73 9.18 5.18 4.48 

Na20 7.88 6.77 3.99 9.56 

K20 0.233 1.154 4.877 0.956 

Ti02  1.118 1.168 1.325 1.384 

MnO 0.137 0.135 0.208 0.146 
0.255 0.334 0.283 0.291 

LOl 1.09 1.41 2.2 1.16 

Total 99.47 99.5 99.43 99.63 

Nb 5.3 4.2 4.8 6 

Zr 33.7 47.6 45.6 72.1 

Y 71.7 165.5 81.5 49.9 

Sr 104.6 242.5 258.2 152.2 

Rb 7.6 38 163.4 27.7 

Th bd bd 0.3 bd 

Pb 2.3 1.5 4.7 1.2 

Zn 31 29.4 24.3 23.4 

Cu 10.6 8.2 6.6 11.6 

Ni 72.4 55.5 31.3 27.1 

Cr 11.1 1.7 0.1 2.3 

Ce 41.2 85.8 33.5 39 

Nd 36 76.7 26.3 29.3 

La 10.5 27.7 5.9 6.1 

V 169.7 159.5 59.8 52.1 
Ba 28.4 205.6 912.7 128.1 

Sc 19.9 21.4 16.3 10.6 

Additional data for chapter 6, figure 6.17 
Dioritic gabbro block edge 

Block 8Eb 
Sample E10-308 E10-309 E10-310A E10-310B E10-310C 8E-6.6 

S102  51.45 46.87 50.95 49.42 51.52 51.57 

A1203  10.72 12.88 12.5 18.66 18.38 11.83 

Fe203  9.43 11.41 9.12 9.2 9.59 10.19 

MgO 7.42 8.41 6.77 4.09 2.16 7.09 

CaO 9.73 7.62 9.18 5.18 4.48 9.25 

Na20 7.88 6.59 6.77 3.99 9.56 6.82 

K20 0.233 0.228 1.154 4.877 0.956 0.183 

Ti02  1.118 2.911 1.168 1.325 1.384 1.195 

MnO 0.137 0.194 0.135 0.208 0.146 0.27 

P205  0.255 0.066 0.334 0.283 0.291 0.005 

LOl 1.09 2.39 1.41 2.2 1.16 1.19 

Total 99.47 99.57 99.5 99.43 99.63 99.59 

Nb 5.3 7.9 4.2 4.8 6 5.9 

Zr 33.7 192.3 47.6 45.6 72.1 43.8 

Y 71.7 89.7 165.5 81.5 49.9 88.5 

Sr 104.6 356.4 242.5 258.2 152.2 173.8 

Rb 7.6 8.1 38 163.4 27.7 5.6 

Th bd 1.8 bd 0.3 bd 2.4 

Pb 2.3 6.6 1.5 4.7 1.2 3.9 

Zn 31 50.3 29.4 24.3 23.4 29.8 

Cu 10.6 11.6 8.2 6.6 11.6 10.4 

Ni 72.4 71.5 55.5 31.3 27.1 48.2 

Cr 11.1 7.9 1.7 0.1 2.3 5.6 

Ce 41.2 39.6 85.8 33.5 39 109.3 

Nd 36 41 76.7 26.3 29.3 82.3 

La 10.5 9.9 27.7 5.9 6.1 34.4 

V 169.7 174.7 159.5 59.8 52.1 198.3 

Ba 28.4 5.5 205.6 912.7 128.1 12.7 

Sc 19.9 27.4 21.4 16.3 10.6 32.5 

Iron recast as FeO 
FeO 	 8.49 	10.27 	8.21 	8.28 	8.63 	9.17 
FeO/MgO 1.1442049 1.2211653 1.2127031 2.0244499 3.9953704 1.2933709 



Additional data for chapter 6, figure 6.17 continued 
Dioritic gabbro block edge (continued) 

Block 8Eb continued 5N1 GB Si 

Sample 8E-6.9 	8E-6.i0 97-N3-64 97-N3-65 	97-N3-67 97-N3-69 97-N3-70 97-N2-26 96-4-2BX 96-4-2CX 96-4-2EX 	97-N3-114 

Si02  48.25 46.66 54.98 54.43 55.94 51.98 52.15 53.78 52.71 54.25 52.83 55.59 

A1203  13.65 17.53 10.81 11.13 11.83 10.46 12.32 10.73 15.06 14.3 12.21 13.46 

Fe203  11.59 8.68 7.32 7.74 6.39 8.23 9.95 9.68 9.58 7.52 10.17 4.77 

MgO 7.52 5.03 6.53 6.03 5.87 5.31 5.46 7.46 5.98 4.69 6.59 5.52 

CaO 9.04 14.57 9.18 9.29 9.06 10.66 7.06 7.42 6.48 6.01 8.31 7.76 

Na20 5.6 4.16 7.75 7.77 7.93 7.89 9.44 7.22 6.35 8.89 7.19 8.8 

K20 0.148 0.106 0.068 0.163 0.247 0.073 0.533 0.351 1.378 0.649 0.398 0.143 

Ti02  1.342 0.406 2.033 2.219 1.509 2.434 1.215 1.259 1.719 1.235 1.75 2.655 

MnO 0.269 0.164 0.15 0.146 0.142 0.143 0.152 0.132 0.161 0.131 0.189 0.122 

0.083 0.045 0.013 0.035 0.016 1.512 0.297 0.514 0.28 0.242 0.305 0.016 

LOl 1.77 1.74 0.76 0.64 0.51 0.72 1.35 1.12 1.3 0.65 0.79 0.62 

Total 99.26 99.09 99.59 99.59 99.45 99.42 99.93 99.66 101.01 98.57 100.74 99.46 

Nb 5 1.4 22.7 28.1 13.2 22.1 12.6 6 4.2 5.7 6.6 46.8 

(J 	 Zr 299.2 525.7 127.4 120.3 1036.1 237.9 400.6 310.7 157.3 251.4 179.8 115.1 

Y 92.7 59.3 118.7 195.5 273.2 224.5 80.5 51.5 40.6 43.6 43.8 33.1 

Sr 775.7 2523.5 46.2 57.1 58.5 107.2 48.5 40.5 147.6 43.4 74.7 99.7 

Rb 4.4 2.3 3.1 5.1 5.9 2.9 8.3 9.4 31.9 16 10 4.1 

Th 1 bd 0.9 bd 3.2 0.6 2.7 1 bd bd bd bd 

Pb 12.4 34.9 5.8 3.1 5.4 4.8 1.5 1.7 4.8 1.8 4.3 bd 

Zn 45 28.9 34.4 40.4 30.2 36.1 57.8 90.3 97.2 78.6 105.8 18.2 

Cu 16.4 10.2 15.2 15.1 9.3 19.7 19.1 24.8 27.8 18.1 17.3 6.4 

Ni 85.8 53.7 39.5 39.3 45.7 55.1 98.8 122.6 62.4 55.4 95.6 53.1 

Cr 22.7 20.2 6 0.3 33.5 40.3 88.5 65.8 88.6 60.2 121.7 57.4 

Ce 49.7 31.9 80.3 103 99.7 131.3 67.8 35.9 18.7 24.1 22.8 40.6 

Nd 41.3 13.5 64.8 81.1 74.3 113.1 49.8 22.3 17.8 16.6 21.4 25.9 

La 5.5 0 30 37.6 32.3 35.5 23.4 7.8 2.1 8.7 7.9 11.9 

V 185.2 219.9 146.6 118.2 121.9 111.9 110.8 247.1 240.4 189.9 261.1 97.5 

Ba 11.2 5.7 41 30.5 42.9 1014.4 98 35.7 176.2 98.1 78.4 11.5 

Sc 49 52.1 29.6 32 19 36 20.5 32.5 31.1 25.1 27.2 22.8 

Iron recast as FeO 
FeO 	 10.43 	7.81 	6.59 	6.96 	5.75 	7.41 	8.95 	8.71 	8.62 	6.77 	9.15 	4.29 

FeO/MgO 1.3869681 1.5526839 1.0091884 1.1542289 0.9795571 1.3954802 1.6391941 1.1675603 1.4414716 1.4434968 1.3884674 0.7771739 



Additional data for charter 7. fioure 7.7 
Samples affected by amphibole infiltration 

Block 8Eb 6K7 (amph) 4K7 (amph) 
Sample 8E-6.1 ,8E-7 ,8E-8 K8-264 K8-265 K8-266 K8-267 K8-270A K8-271 K8-272 K7-247A K7 -247B K7-248A K7-248B K7-250 K7-253 K7-254A K7-254B 

5i02  47.94 53.09 42.79 43.12 48.63 41.37 45.63 44.62 43.23 44.15 54.62 48.07 53.24 48.89 45.63 50.77 55.43 45.98 

A1203  13.5 6.44 13.81 11.17 6.94 9.94 12.15 11.42 10.76 12.67 3.67 7.87 5.53 9.68 11.89 8.67 2.22 12.43 

Fe203  14.64 10.47 15.34 17.7 15.21 17.47 15.32 16.55 19.04 18.55 9.75 11.83 11.16 13.55 17.17 12.25 7.67 16.8 

MgO 6.49 14.5 9.75 11.82 13.81 12.44 6.92 10.07 7.31 7.08 17.38 12.18 15.42 11.3 7.6 12.48 19.19 7.49 

CaO 6.65 7.9 6.84 7.15 8.05 6.48 10.33 6.06 8.55 8.97 9.5 6.27 8.02 4.7 5.82 5.77 10.97 5.92 

Na20 4.78 3.92 3.92 2.64 3.39 2.64 4.45 3.87 3.52 3.77 2.18 4.02 3.11 4.67 4.64 4.62 1.34 4.63 

K20 0.163 0.156 0.302 0.107 0.134 0.106 0.051 0.171 0.09 0.062 0.12 0.086 0.241 0.076 0.031 0.205 0.151 0.028 

Ti02  4.218 0.115 3.034 3.107 0.95 5.286 4.243 5.589 6.498 3.738 0.072 6.777 0.12 4.261 5.465 2.731 0.042 4.588 

MnO 0.253 0.174 0.302 0.376 0.162 0.229 0.234 0.248 0.19 0.268 0.117 0.103 0.122 0.171 0.294 0.061 0.123 0.272 

P205  0.058 0.005 0.26 0.011 0.02 0.082 0.02 0.042 0.045 0.018 0.007 0.022 0.007 0.012 0.013 0.019 0.007 0.011 

LOl 0.85 2.09 3.27 2.22 2.17 3.66 0.44 1.27 0.71 0.41 2.02 2.26 2.49 2.17 1.14 2.19 2.39 1.39 

Total 99.54 98.85 99.62 99.42 99.47 99.71 99.79 99.91 99.95 99.68 99.43 99.49 99.46 99.49 99.69 99.76 99.53 99.53 

Nb 8 0.4 9.9 2.2 1.6 2.6 3.2 3.3 3.4 2.8 0 6.6 0.8 4.1 3.1 2.9 0.7 4.4 

Zr 57.9 238.9 392.6 97.5 19.9 69.3 68.8 66.4 65.3 51.9 bd 103.6 0.2 101.2 65.9 58.1 bd 93.3 
Y 24.2 19.3 56.2 36.3 11.8 25.6 21.4 32.3 20.1 30.2 4.1 23.3 4.2 30.6 25.5 16.8 3 26.6 

Sr 139.5 19.1 159.6 57.2 20.3 49.9 248.2 32.2 51 64.2 13.3 25.6 11.4 30.3 50.3 23.4 12 58.3 

Rb 4.1 2.3 9.8 0.8 1.1 0.9 bd 2.3 1.6 1.1 2.3 1.4 6.1 1.9 0.3 4.2 3 1 

Th 3.8 0.8 4.3 6.1 4.7 6.4 2.3 4.8 5.9 5.3 bd 1.7 0.9 2.5 4.1 0.7 0 5.7 

Pb 2.7 bd 4.6 0.6 0.8 bd 0.6 bd 0.6 4 bd 2.4 bd 0.1 1.8 1.1 bd bd 

Zn 58.4 85.7 95.9 116.1 123.7 131.3 94.3 189.6 128.1 103 166.9 194.8 322.4 192 131.4 203.4 158.2 128.6 

Cu 21.5 7.8 18.6 50.3 100.8 40.2 39.1 31.2 78.4 51.2 17.5 20.7 24.6 25.2 55.2 16.1 23.1 131.3 

Ni 41.1 1279.3 111.8 115.5 1356.5 103.7 51.8 95.1 63.3 51.6 1965.2 590.1 2144.1 506.4 116.3 282.5 1499.2 81.7 

Cr 17.4 2669.1 109.2 29.3 2699 40.6 18.8 23.3 19 14 485.8 129.8 4106.9 110.6 48.6 335 2396.8 27.8 

Ce 14.4 12.5 45 13 4.9 5.6 4.5 5.4 3.3 3 bd bd 8.6 3.2 12.5 1 9 12.1 

Nd 5.6 4.6 29.6 9.1 2 7.2 9 3.8 2.7 7.8 5.2 5.1 2.8 3.4 13 1 5.4 12.7 
La bd bd 5.7 bd 3.2 bd bd bd bd 4.3 bd bd bd bd bd bd 7.7 -0.4 
V 427.7 85.8 279.2 755.5 561.4 809.1 755.4 735.9 1105.9 869.8 262.9 697.7 415.2 666.2 906.3 676.1 150.7 769.3 
Ba bd 11.3 8.1 bd 3.6 bd bd bd 27.7 bd 2 bd 24.3 bd bd bd 10 bd 
Sc 44.7 21.6 41.6 51.3 25.3 64.4 51.1 42.4 59.7 51.9 5.5 57.2 12.7 35.7 44.6 51.4 10.9 42 

Iron recast as FeO 
FeO 13.17 9.42 13.8 15.93 13.69 15.72 13.79 14.89 17.13 16.69 8.77 10.64 10.04 12.19 15.45 11.02 6.9 15.12 
FeO/MgO 2.0293 0.6497 1.4154 1.3477 0.9913 1.2637 1.9928 1.47865 2.3434 2.3573 0.5046 	0.87356 0.6511 1.07876 2.0329 0.883 0.35956 2.01869 



Data for chapter 8, figure 8.2 
Ca-schist/marble data 
Impure marble Calcareous schist 

Sample N13-360A 	N13 -360B N4-187A 	97-N4-189 97-N4-190 97-N4-191 N4-18713 	9J-16.7 	9J-16.6 N13-358B 	N4-193 

Si02  5.27 7.06 13.45 26.23 28.07 34.15 29.4 36.94 38.33 37.73 40.9 

A1203  1.49 0.54 4.96 9.02 9.43 10.92 8.6 9.06 7.49 7.35 14.07 

Fe203  1.14 1.79 2.73 5.11 5.04 5.41 7.73 6.12 5.09 4.96 7.4 

MgO 0.78 3.58 2.08 0.59 0.65 0.69 3.78 0.84 1.27 1.31 0.43 

CaO 50.49 47.81 40.81 33.01 30.35 28.08 27.1 25.47 24.54 24.29 23.74 

Na20 0.7 0.41 0.8 0.15 0.13 0.54 3.02 0.13 0.23 0.17 0.1 

K20 0.123 bd 1.149 1.09 1.986 0.06 0.159 0.763 0.344 0.338 0.017 

Ti02  0.082 0.065 0.235 0.38 0.387 0.448 0.489 0.514 0.276 0.281 0.517 

MnO 0.593 0.601 0.288 0.738 0.712 1.044 1.2 1.283 3.052 4.678 1.231 

0.06 0.074 0.023 0.081 0.088 0.14 0.342 0.43 0.926 1.367 0.238 

LOl 39.15 37.87 32.89 23.16 22.59 18.06 17.9 17.49 17.65 16.4 10.81 

Total 99.88 99.79 99.41 99.57 99.43 99.55 99.72 99.04 99.2 98.87 99.44 

Nb 1.8 1.9 4.1 6.9 7.1 7.8 12 10.5 7.6 5.4 8.9 

Zr 23.3 23.7 39.2 76.8 76.6 91.8 60.2 103.7 61.3 70.7 111.3 

tQ 	 Y 8.9 14 13.7 19.2 18.1 28.3 46.1 41.5 51.6 66.6 27.8 

Sr 595.4 984.4 181.9 586.1 549.7 672.1 552.3 349.9 388.4 692.3 953.2 

Rb 4.6 0.3 45.9 45.4 85.6 1.3 9.8 31.7 11.4 13.7 0.8 

Th bd bd 1.8 5.1 4.7 6.1 4.6 1.5 3.7 3.7 8.9 

Pb 23.5 25.7 18.7 45.2 36.9 70.2 97.8 101.4 120.8 113 137.5 

Zn 16.9 18.9 46.3 78.3 87.6 72 78.9 35.6 54.3 52.9 83 

Cu 118.4 121.2 140.5 98.7 63.7 120.3 554.9 479.8 497.7 610.2 151.6 

Ni 40.5 73.8 122.3 156 164.4 191.6 204.2 111.9 119.1 110.2 160 

Cr 32.5 49.6 163.5 132.5 138.2 142.5 165 183.6 71.3 59.2 167.5 

Ce 29 13.7 16.5 53.5 55.1 51.7 55.8 76.4 109.3 126.6 81.6 

Nd 22.6 12.5 21.4 24.2 23.2 31.1 33 44.1 54.7 69.3 33.5 

La 3 12.5 20.1 28.3 33.3 35.7 30.8 33.7 71.2 73.9 34.9 

V 66.6 33 86.2 112.6 114.5 191.5 161.1 156 116 101.5 152.4 

Ba 47.1 bd 224.4 161.9 296.4 bd 145.8 236.4 406.1 288.3 7.6 

Sc 35 33 26.9 29 24.2 23.6 26.8 20.4 18.5 18.4 26.8 



Data for chanter 8, fiqure8.3 
9J16 
Traverse E 

Sample N4-170 N4-171 	N4-172 N4-173 N4-174 	N4-175 N4-176 N4-177 	N4-178 	N4-179 N4-180 	N4-181 N4-182 

Distance*** -40 -30 -20 -10 -1 1 10 20 30 32 40 45 55 

Si02  39.58 40.38 23.22 38.73 48.69 49.23 53.29 52.55 50.53 49.97 49.5 47.9 51.59 

A1203  4.6 2.28 1.16 2.86 5.87 11.06 9.64 10.18 11.53 11.95 12.14 14.41 14.99 

Fe203  7.5 5.68 6.46 6.14 8.23 9.47 7 7.72 9.17 8.6 9.15 8.6 9.1 

MgO 27.75 27.16 23 22.88 21.15 7.54 8.44 7.46 6.1 6.5 6.09 5.27 5.78 

CaO 5.2 7.45 16.69 12.32 8.1 13.77 12.05 14.56 15.18 15.15 15.16 16.82 6.61 

Na20 0.14 0.05 0.02 0.72 1.77 5.87 6.35 6.16 6.04 5.36 5.37 4.29 4.7 

K20 0.009 bd bd 0.029 0.077 0.023 1.05 0.038 0.017 0.077 0.332 0.299 3.812 

Ti02  0.441 0.08 0.055 0.11 0.409 0.54 0.856 0.207 0.616 0.577 0.709 0.601 0.555 

MnO 0.109 0.124 0.307 0.323 0.386 0.351 0.286 0.358 0.443 0.418 0.388 0.406 0.361 

0.137 0.01 0.017 0.005 0.201 0.604 0.012 0.028 0.042 0.056 0.067 0.194 0.122 

LOl 13.99 16.2 28.49 15.36 4.51 1.48 0.99 0.42 0.58 0.87 1.14 1.08 1.99 

Total 99.46 99.42 99.51 99.48 99.4 99.93 99.96 99.68 100.25 99.54 100.04 99.86 99.6 

Nb 2 0.5 0.8 2.3 2.9 6.5 14.2 3.7 11.2 9.9 11.9 7.7 9 

Zr 143.4 21.4 2.8 21.5 111.2 93.2 115.7 38.4 132.4 110.6 158.4 202.2 109.8 

Y 14.6 10.1 15.8 11.2 23.8 28.1 8.7 17.3 37.8 51.1 59.7 58.9 35.8 

Sr 66.3 83.2 174.3 69 12.9 445 14.7 196 349.7 364.7 440.3 491.2 120.1 

Rb 0.3 0.2 0 0 0.3 0.6 40.4 1.3 1 3.1 13.2 12.5 152.4 

Th bd bd bd bd 0.1 3.8 0 2.6 13.4 11.9 13.6 3.4 12.3 

Pb 2.6 3 5 2.1 1 49.2 4 26.8 53.9 56.9 70.8 74.8 22.6 

Zn 49.1 41.3 28.4 55 173 124.2 138.1 149.9 127.4 127.7 111.9 114 116.1 

Cu 10.8 21.3 18.2 20.5 15.6 133 132.2 141.7 117.6 154.5 178.1 156.3 45.6 

Ni 1593.4 1901.2 1424.9 1609.6 1408.9 182.4 472.5 319.1 232.2 278.9 283 288.9 348.8 

Cr 1556.3 2433.1 1852.5 2161.3 2189.6 243.6 729.7 184.3 152.5 157.9 335.9 695.7 185.5 

Ce 12.6 3.4 16.3 18.7 26.9 45 8.1 37.5 84.9 87.7 116.3 70.3 59.5 

Nd 6.9 3 7.3 6 18.5 29.1 4.8 20.2 43.5 51.8 66.4 45.2 37.2 

La bd 4.1 6.5 1.2 13.3 21.4 2.2 24 42.4 53.7 65.8 42.7 31.4 

V 83.1 47.6 34.9 56.7 87.6 155.2 154.5 170.5 191 171.7 206.4 172.6 187.2 

Ba 3.8 20.2 14.5 17.7 8.3 2.2 127.1 13.6 bd 7.9 43.6 46.4 503 

Sc 12 8.5 13.7 10.1 19.1 23.8 19.9 17.4 22.5 24 21.9 21.9 17.1 

Distance 0 corresponds to edge of pseudo-eclogite 



Data for chapter 8, figure 8.3 (continued) 
9J16 continued 
Traverse E continued 

Sample N4-183 N4-184 N4-185 	N4-186 N4-187A N4-187B N4-188 N4-189 N4-190 N4-191 N4-192 N4-193 N4-194 

Distance 67 74 82 89 98 98 104 1000 1030 1060 1075 1110 1140 

Si02  51.49 50.96 51.39 51.32 13.45 29.4 50.51 26.23 28.07 34.15 56.16 40.9 53.3 

A1203  14.94 10.64 15.32 12.66 4.96 8.6 17.5 9.02 9.43 10.92 18.32 14.07 18.44 

Fe203  11.7 10.57 11.86 10.11 2.73 7.73 10.91 5.11 5.04 5.41 9.2 7.4 11.15 

MgO 7 5.8 6.59 5.67 2.08 3.78 5.47 0.59 0.65 0.69 4.22 0.43 4.26 

CaO 3.34 12.78 3.03 9.31 40.81 27.1 2.91 33.01 30.35 28.08 1.09 23.74 1.43 

Na20 4.44 6.61 4.2 5.83 0.8 3.02 3.48 0.15 0.13 0.54 2.4 0.1 2.3 

K20 3.1 0.208 3.704 2.283 1.149 0.159 4.627 1.09 1.986 0.06 4.128 0.017 4.109 

Ti02  0.618 0.436 0.66 0.505 0.235 0.489 0.697 0.38 0.387 0.448 0.739 0.517 0.726 

MnO 0.494 0.508 0.377 0.754 0.288 1.2 0.627 0.738 0.712 1.044 0.203 1.231 0.417 

P205  0.205 0.243 0.096 0.133 0.023 0.342 0.126 0.081 0.088 0.14 0.158 0.238 0.362 

LOl 2.27 0.88 2.54 1.4 32.89 17.9 2.67 23.16 22.59 18.06 3.03 10.81 2.97 

Total 99.61 99.63 99.76 99.98 99.41 99.72 99.53 99.57 99.43 99.55 99.66 99.44 99.47 

Nb 8 7.1 9.9 7.7 4.1 12 12.5 6.9 7.1 7.8 14.6 8.9 4.7 

Zr 120.2 79 126.7 79.8 39.2 60.2 135.5 76.8 76.6 91.8 130.7 111.3 134.1 

Y 44.1 33.6 31.8 25.7 13.7 46.1 46.2 19.2 18.1 28.3 31.8 27.8 40.9 

Sr 167.3 212.1 181.7 121.4 181.9 552.3 185.6 586.1 549.7 672.1 74.7 953.2 77.1 

Rb 119.1 8.4 145.3 92.8 45.9 9.8 182.7 45.4 85.6 1.3 177.6 0.8 176.5 

Th 15.7 9.5 13.2 8.8 1.8 4.6 15 5.1 4.7 6.1 13.8 8.9 15.1 

Pb 32.3 46.4 42.8 35.6 18.7 97.8 49 45.2 36.9 70.2 12.5 137.5 17.1 

Zn 169.2 84.6 222.9 111.8 46.3 78.9 192.1 78.3 87.6 72 170.2 83 202.9 

Cu 24.6 98.8 31.2 225.5 140.5 554.9 46.5 98.7 63.7 120.3 24.5 151.6 72 

Ni 314 199.5 298.1 227.3 122.3 204.2 257.6 156 164.4 191.6 239.3 160 250.7 

Cr 258.9 188 195.9 141.2 163.5 165 177.2 132.5 138.2 142.5 232.6 167.5 216.5 

Ce 70.1 54.6 54.1 45.7 16.5 55.8 74.1 53.5 55.1 51.7 78.8 81.6 93.2 

Nd 37.8 33.9 32.4 33.3 21.4 33 38.8 24.2 23.2 31.1 32.1 33.5 45.9 

La 33 35.8 26.4 22.3 20.1 30.8 41.8 28.3 33.3 35.7 31.7 34.9 42.6 

V 197.1 187.4 211.3 216 86.2 161.1 240.4 112.6 114.5 191.5 191.3 152.4 256.2 

Ba 373.6 35 428.7 266.9 224.4 145.8 531 161.9 296.4 bd 416.3 7.6 453.6 

Sc 17.8 18.8 20.1 22.6 26.9 26.8 20.6 29 24.2 23.6 20.9 26.8 19.8 



Data for chapter 8, figure 8.4 Data for chapter 10 

9J16 continued Block 6N9 

Traverse F Polychrome Point 

Sample N13-352 	N13-353 N13-354A N13-355A N13-354B N13-355B N13-356 	N13-357 N13 -358A N13-358B N13-359 Sample 	N9-300 

Distance 30 38 49 49 51 51 70 81 85 90 100 (with all Fe as FeO) 

Si02  48.59 52.07 50.84 51.83 51.13 50.35 61.87 72.75 74.17 37.73 51.74 Si02 	37.46 

A1203  9.45 9.51 13.01 13.82 16.14 16.12 16.72 7.86 6.31 7.35 15.4 Ti02 	 1.65 

Fe203  9.36 8.57 9.82 9.21 11.87 12.17 3.84 6.43 5.11 4.96 12.25 A1203 	19.29 

MgO 11.33 7.91 6.76 5.41 5.07 4.99 5.35 3.35 2.36 1.31 5.23 FeO 	24.69 

CaO 10.76 12.58 7.88 7.28 3.53 2.91 0.41 2.4 4.21 24.29 2.85 MnO 	 1.71 

Na20 6.1 6.44 5.94 5.66 4.62 4.14 2.14 1.94 1.26 0.17 3.67 MgO 	 2.86 

K20 0.015 0.197 1.876 3.558 4.162 4.408 5.624 1.287 1.085 0.338 3.531 CaO 	 9.89 

TiO2  0.304 0.679 0.695 0.554 0.629 0.666 0.301 0.35 0.292 0.281 0.643 Na20 	 0.59 

MnO 0.38 0.525 0.354 0.265 0.431 0.502 0.229 1.264 1.465 4.678 0.887 K20 	 0.04 

0.795 0.07 0.07 0.154 0.189 0.214 0.055 0.13 0.076 1.367 1.296 P205 	 0.65 

LOl 2.65 0.99 2.16 1.88 2.24 2.17 3.13 1.82 3.3 16.4 2.08 LOl 	 -2.17 

Total 99.74 99.53 99.42 99.62 100.01 98.63 99.66 99.59 99.64 98.87 99.59 Total 	96.66 

Nb 5.2 11.6 11.4 9.9 10.5 12.3 24.4 6.6 4.7 5.4 11.2 ChemcastA results for 

Zr 42.5 139.3 148.9 109.5 135.9 138.2 389.6 74.1 55.5 70.7 120.7 garnet-compatible 

V 15.6 39.3 46.4 32.2 45.1 48 32.6 30.6 27 66.6 60.1 components, run with 

Sr 43.1 156.4 209.1 110.6 177.6 124.4 16.4 70.3 100.1 692.3 44.8 C = 8 and 0 = 12 

Rb 1.3 7.7 81.4 139.9 167.7 175.3 193.1 44.9 37.2 13.7 124.2 
Si- 3.028 

Th 5.6 11.1 15.1 9.9 15.1 17.6 49.1 6.8 3.8 3.7 14.1 Ti4 	 0.1 

Pb 7.7 21.7 28.1 14.9 24.9 20.8 5.2 27.1 29.4 113 17.3 Al 	 1.838 

Zn 112.1 138.6 112.2 130.3 151.7 176.4 111.3 92.8 67.1 52.9 188.3 Fe 	 1.669 

Cu 60.1 161.3 339.9 274.4 93.9 64.8 45 96.7 109.9 610.2 30.6 Mn 	 0.117 

Ni 170.9 286.4 237.2 164.2 219.8 243.4 107.6 130.7 93 110.2 154.9 Mg' 	 0.345 

Cr 132.7 301.9 175.4 123.7 145.8 169.4 10.5 140.3 95.8 59.2 153.5 Ca 	 0.857 

Ce 57.7 94.7 89 61.3 86.8 77.7 111 56.4 48.7 126.6 101.3 Catsum 	7.954 

Nd 31.5 51.4 48.9 41.2 47.7 48.8 42.3 33.9 30 69.3 63.9 Catcharge 	24.002 

La 32.4 51.4 45.2 41 41.6 43.6 56.3 34.3 26.3 73.9 58.6 

V 232.2 170.5 199.4 190.3 193.2 198.8 67.3 88.2 81.5 101.5 232.2 A see Appendix IV 

Ba bd 16.7 271.6 541.2 665.9 670.2 513.7 187.4 191.8 288.3 454.2 

Sc 17.5 24.7 22.1 19.5 19.2 18.9 6.3 10.3 10.2 18.4 16 



Normative mineral percentages for samples from 9J 30 cm or more from the block edge (chapter 4) 

Sample 9J-1.5 	9J-1.8 9J-1.10 	9J-1.11 9J-1.12 	9J-1.13 	N4-121 N4-122 N4-123 N4-124 N4-125 N4-126 N4-127 N4-128 N4-129 N4-130 N4 -117A N4 -117B 

Si02  65.96 66.67 67.56 67.84 67.53 67.38 65.55 66.83 67.12 67.48 68.32 67.88 67.09 67.83 65.98 65.26 70.06 68.34 

T102  0.38 0.38 0.36 0.35 0.35 0.37 0.37 0.36 0.39 0.36 0.36 0.33 0.34 0.36 0.37 0.38 0.36 0.34 

A1203  16.83 16.31 15.85 15.64 15.63 16.14 15.95 15.97 15.67 15.53 15.69 15.7 15.84 15.58 16.1 16.49 15.17 15.61 

Fe203  2.65 2.37 2.53 2.52 2.73 2.49 2.98 2.69 2.6 2.55 2.25 2.5 2.46 2.21 2.37 2.37 2.02 2.37 

MnO 0.03 0.03 0.03 0.02 0.02 0.02 0.04 0.03 0.03 0.02 0.02 0.02 0.03 0.03 0.04 0.04 0.02 0.03 

MgO 1.67 1.99 2.02 1.83 2.15 2.05 2.53 1.84 1.72 1.51 1.35 1.48 1.72 2.03 2.54 2.57 1.26 1.59 

CaO 0.82 0.74 0.63 0.58 0.59 0.61 0.94 0.81 0.97 0.7 0.65 0.71 0.75 0.73 0.85 0.9 0.53 0.78 

Na20 11.27 10.71 10.48 10.32 10.44 10.63 10.37 10.23 11.28 11.58 11.62 11.11 11.28 10.86 11.2 11.46 9.36 9.86 

K20 0.01 0.02 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.09 0.01 

0.02 0.03 0.02 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 

Normative minerals 
Quartz 0 2.2 4.65 6.16 4.88 3.47 1.76 4.82 3.57 4.74 5.68 5.19 3.44 5.22 0.34 0 13.46 8.66 

Corundum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Orthoclase 0.08 0.13 0.09 0.1 0.09 0.09 0.18 0.1 0.1 0.06 0.05 0.07 0.05 0.05 0.04 0.05 0.51 0.07 

Albite 88.58 85.77 83.25 82.38 82.26 84.53 84.04 83.93 82.27 81.59 81.8 82.44 83.36 81.73 84.73 86.6 78.73 81.69 

Anorthite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Leucite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Nephelite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.08 0 0 

Kaliophyllite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Acmite 5.81 4.57 4.82 4.66 5.36 4.66 3.93 3.01 5.69 5.58 4.89 5.47 5.39 4.83 5.19 5.19 1.09 2.13 

Sod Metasil 0.04 0 0 0 0 0 0 0 1.52 2.33 2.43 1.21 1.42 1.08 1 1.05 0 0 

Pot Metasil 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Diopside 2.16 1.79 1.48 1.35 1.37 1.42 2.69 2.2 2.72 1.74 1.53 1.88 2.03 1.89 2.36 2.55 1.05 2.12 

Wollastonite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Hypersthene 0.22 4.25 4.46 4.05 4.85 4.55 5.22 3.67 3.12 3.04 2.7 2.89 3.45 4.28 5.38 0 2.7 3.05 

Olivine 2.13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3.76 0 0 

Cal Orthosil 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Magnetite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Chromite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Hematite 0 0.29 0.33 0.41 0.29 0.36 1.22 1.35 0 0 0 0 0 0 0 0 1.54 1.42 

llmenite 0.06 0.06 0.06 0.05 0.05 0.05 0.08 0.06 0.06 0.04 0.05 0.05 0.05 0.07 0.08 0.08 0.05 0.06 

Titanite 0.86 0.88 0.82 0.81 0.81 0.85 0.84 0.81 0.91 0.84 0.83 0.75 0.77 0.81 0.82 0 0.82 0.76 

Perovskite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.58 0 0 

Rutile 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Apatite 0.06 0.08 0.05 0.02 0.03 0.02 0.05 0.05 0.05 0.05 0.04 0.04 0.04 0.04 0.04 0.04 0.05 0.05 

a 



Normative mineral percentages for samples from 9J 30 cm or more from the block edge continued (chapter 4) 

Sample N4-117C N4-117D N4 -117E N4-139 N4-140 N4-141 N4-142 N4-143 N4-144 N4-152 N4-153 N4-154 N4-155 N4-156 N4-A158 N4-6158 N4-159 N4-160 

Si02  66.61 68.74 65.95 60.51 60.97 63.33 67.2 68.64 70.18 71.87 71.62 71.5 69.64 72.45 69.56 70.64 70.56 70.63 

Tb 2  0.36 0.36 0.35 0.35 0.48 0.53 0.34 0.35 0.31 0.33 0.33 0.36 0.41 0.22 0.36 0.31 0.31 0.31 

A1203  16.78 15.23 16.15 16.53 16.26 15.21 16.07 15.53 14.81 14.89 15.42 15.3 15.33 13.63 15.17 14.83 14.92 14.78 

Fe203  2.19 2.17 2.33 5.23 4.56 4.92 2.54 2.47 2.15 0.69 0.82 1.04 1.88 1.92 2.25 1.98 2.1 2.1 

MnO 0.03 0.03 0.04 0.04 0.04 0.04 0.02 0.02 0.02 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.01 0.02 

MgO 1.79 2.14 2.57 3.17 2.99 2.58 1.57 1.29 1.33 0.75 0.83 0.94 1.31 1.48 1.43 0.93 1.05 1.2 

CaO 0.83 0.76 0.85 1.22 1.32 0.66 0.5 0.49 0.37 0.65 0.45 0.41 0.23 0.18 0.18 0.2 0.16 0.16 

Na20 10.31 9.38 11.35 12.4 12.04 11.63 11.36 11.04 10.35 9.66 10.02 9.98 10.46 9.41 10.47 10.13 9.89 9.98 

K20 0.01 0.01 0.01 0.03 0.03 0 0.01 0 0 0.08 0.26 0.19 0.1 0.02 0.07 0.11 0.24 0.17 

0.02 0.02 0.01 0.01 0.01 0.02 0.02 0.02 0.01 0.14 0.03 0.03 0.03 0.02 0.03 0.03 0.03 0.03 

Normative minerals 
Quartz 	3.33 10.56 0 0 0 0 3.19 7.11 11.98 16.43 13.83 13.79 10.2 19.02 10.07 13.57 13.1 13.3 

Corundum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Orthoclase 0.07 0.07 0.08 0.18 0.17 0.01 0.04 0.02 0.02 0.46 1.52 1.16 0.59 0.14 0.39 0.65 1.45 1.02 

Albite 87.38 79.4 84.81 65.75 70.21 80.51 84.55 81.5 77.78 77.29 78.54 78.42 79.92 71.47 79.38 77.47 77.19 76.78 

Anorthite 0 0 0 0 0 0 0 0
Ur, 

0 0 0 0 0 0 0 0 0 0 

Leucite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Nephelite 0 0 0 12.49 9.44 0.89 0 0 0 0 0 0 0 0 0 0 0 0 

Kaliophyllite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Acmite 0.66 0.72 5.1 11.72 10.25 11.06 5.56 5.4 4.7 1.5 1.77 2.25 4.11 4.2 4.92 4.34 4.6 4.6 

Sod Metasil 0 0 1.28 0.7 0.84 0.98 1.23 1.29 1.04 0.78 0.99 0.8 0.96 0.8 0.84 0.84 0.33 0.59 

Pot Metasil 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Dbopside 2.26 2 2.44 4.01 4.04 1.21 1.01 0.95 0.6 0.94 0.7 0.5 0 0.03 0 0 0 0 

Wollastonite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Hypersthene 3.47 4.48 5.39 0 0 0 3.53 2.84 3.09 1.46 1.76 2.13 3.33 3.75 3.64 2.37 2.68 3.06 

Olivine 0 0 0.01 4.49 4.17 4.34 0 0 0 0 0 0 0 0 0 0 0 0 

Cal Orthosil 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Magnetite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Chromite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Hematite 1.91 1.86 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Ilmenite 0.06 0.06 0.08 0.09 0.08 0.09 0.05 0.05 0.05 0.02 0.02 0.02 0.03 0.03 0.03 0.04 0.02 0.04 

Titanite 0.81 0.81 0.78 0 0 0 0.79 0.81 0.71 0.81 0.8 0.86 0.66 0.5 0.5 0.58 0.42 0.44 

Perovskite 0 0 0 0.55 0.79 0.86 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0.13 0 0.15 0.06 0.13 0.12 
Rutile 
Apatite 0.04 0.04 0.02 0.02 0.02 0.05 0.04 0.04 0.03 0.33 0.08 0.07 0.08 0.05 0.07 0.07 0.08 0.07 



Normative mineral percentages for samples from 9J 30 cm or more from the block edge (chapter 4) 
with Fe recalculated to a constant ratio of FeO./(FeO + FeO) = 0.15 

Sample 9J-1.5 9J-1.8 9J-1.10 	9J-1.11 9J-1.12 9J-1.13 	N4-121 N4-122 N4-123 N4-124 N4-125 N4-126 N4-127 N4-128 N4-129 N4-130 N4-117A N4 -117B 

Fe203  0.36 0.32 0.35 0.35 0.37 0.34 0.41 0.37 0.36 0.35 0.31 0.34 0.34 0.3 0.32 0.32 0.28 0.32 

FeO 2.06 1.84 1.96 1.96 2.12 1.93 2.31 2.09 2.02 1.98 1.75 1.94 1.91 1.72 1.84 1.84 1.57 1.84 

Normative minerals 
Quartz 0.23 2.9 5.3 6.71 5.63 4.1 1.62 4.42 4.64 5.76 6.59 6.16 4.43 6.12 1.36 0 12.63 8.05 

Corundum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Orthoclase 0.08 0.13 0.09 0.1 0.09 0.09 0.17 0.1 0.1 0.06 0.05 0.07 0.05 0.05 0.04 0.05 0.51 0.07 

Albite 87.25 84.79 82.26 81.45 81.16 83.57 	83.37 83.48 81.06 80.41 80.77 81.27 82.2 80.71 83.59 85.59 78.73 81.45 

Anorthite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Leucite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Nephelite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Kaliophyllite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Acmite 0.78 0.7 0.75 0.75 0.81 0.74 0.89 0.8 0.77 0.75 0.66 0.74 0.73 0.65 0.7 0.7 0.6 0.71 

Sod Metasil 1.8 1.36 1.43 1.38 1.6 1.38 1.07 0.78 3.23 3.99 3.88 2.86 3.03 2.53 2.57 2.62 0.17 0.5 

Pot Metasil 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Diopside 3.24 2.85 2.46 2.33 2.35 2.43 3.75 3.24 3.86 2.77 2.55 2.83 2.98 2.86 3.34 3.55 2.06 3.1 

Wollastonite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
00 	

Hypersthene 5.85 6.47 6.98 6.58 7.66 6.97 8.35 6.43 5.55 5.53 4.78 5.41 5.9 6.35 7.64 4.44 4.54 5.43 

Olivine 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2.29 0 0 

Cal Orthosil 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Magnetite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Chromite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Hematite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Ilmenite 0.72 0.73 0.68 0.67 0.67 0.7 0.72 0.69 0.75 0.68 0.68 0.63 0.64 0.68 0.71 0.72 0.69 0.65 

Titanite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Perovskite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Rutile 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Apatite 0.06 0.08 0.05 0.02 0.03 0.02 0.05 0.04 0.05 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.05 0.05 



Normative mineral percentages for samples from 9J 30 cm or more from the block edge (chapter 4) 

with Fe recalculated to a constant ratio of Fe2O/(Fe,O + FeO) = 0.15 continued 

Sample N4-117C N4-1171D N4-117E N4-139 N4-140 N4-141 N4-142 N4-143 N4-144 N4-152 N4-153 N4-154 N4-155 N4-156 N4 -A158 N4-B158 N4-159 N4-160 

Fe203  0.3 0.3 0.32 0.72 0.62 0.67 0.35 0.34 0.29 0.09 0.11 0.14 0.26 0.26 0.31 0.27 0.29 0.29 

FeO 1.7 1.69 1.81 4.06 3.54 3.82 1.97 1.92 1.67 0.54 0.64 0.81 1.46 1.49 1.75 1.54 1.63 1.63 

Normative minerals 
Quartz 2.15 9.43 0.99 0 0 0 4.21 8.06 12.75 16.83 14.27 14.31 11 19.59 10.94 14.29 13.86 14.05 

Corundum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Orthoclase 0.07 0.07 0.08 0.17 0.16 0.01 0.04 0.02 0.02 0.45 1.51 1.15 0.58 0.14 0.39 0.65 1.43 1 

Albite 87.55 79.53 83.69 70.8 74.23 79.83 83.33 80.36 76.83 76.98 78.18 77.96 79.06 70.69 78.37 76.6 76.27 75.87 

Anorthite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Leucite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Nephelite 0 0 0 8.32 6.01 0 0 0 0 0 0 0 0 0 0 0 0 0 

Kaliophyllite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Acmite 0.65 0.65 0.69 1.56 1.37 1.47 0.75 0.73 0.64 0.2 0.24 0.31 0.56 0.57 0.67 0.59 0.62 0.62 

Sod Metasil 0 0.03 2.82 4.18 3.89 4.27 2.9 2.91 2.45 1.24 1.52 1.49 2.2 2.07 2.33 2.16 1.73 1.98 

PotMetasit 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Diopside 3.3 3.01 3.38 5.02 5.44 2.66 1.96 1.93 1.45 1.86 1.61 1.49 0.76 0.61 0.58 0.67 0.49 0.51 

Wollastonite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Hypersthene 5.54 6.55 7.65 0 0 8.18 6.11 5.29 5.23 1.46 1.94 2.55 4.98 5.86 5.97 4.39 4.93 5.31 

Olivine 0 0 0 9.25 7.94 2.51 0 0 0 0 0 0 0 0 0 0 0 0 

CatOrthosil 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Magnetite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Chromite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Hematite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

llmenite 0.69 0.69 0.68 0.68 0.94 1.02 0.65 0.67 0.59 0.64 0.63 0.68 0.78 0.42 0.69 0.59 0.6 0.59 

Titan ite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Perovskite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

IRutile 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Apatite 0.04 0.04 0.02 0.02 0.02 0.04 0.04 0.04 0.03 0.33 0.08 0.07 0.08 0.05 0.07 0.07 0.08 0.07 



Appendix IV 

Appendix IV: Electron microprobe data 

Electron microprobe analyses were carried out on the Cameca, Camebax electron 

microprobe in the Department of Geology and Geophysics, University of Edinburgh. 

A 10 kV accelerating voltage was used and beam current was set at 25 nA. For most 

minerals a spot beam was used, but raster mode was applied for carbonates and 

chlorite due to the instability of these minerals under the electron beam. Si, Ti, Al, 

Cr, Fe, Mn, Mg, Ca, Na and K were analysed by wave dispersive spectroscopy 

(WDS). Energy dispersive spectroscopy (EDS) as also used to identify minerals such 

as zircon, apatite and allanite, and the latter was noted to contain significant 

quantities of the REEs, Ce, La and Nd. 

Analyses used (for graphs and tables) in the present study are presented here 

arranged by mineral type, and then by block and analysis number. Ferrous/ferric iron 

recalculation was done on the basis of an ideal oxygen to cation ratio, using the 

program 'Chemcast' (Department of Geology and Geophysics, University of 

Edinburgh), except for amphibole data. Ferrous/ferric iron recalculaiton for 

amphiboles was done using the method of Holland and Blundy (1994), using the 

program Ax (kindly supplied by T.J.B. Holland). This method involves calculating a 

variety of maximum and minimum limits for Fe3 /Fe2  and then taking an average 

within these limits. 

Each analysis in this appendix has a 'description'. Some of the more common 

descriptions are listed in the table below. The remainder are listed in the data tables. 

Description 	Explanation 

'rim' or 'r' Analysis from the rim of a crystal 

'core' or 'c' Analysis from the core of a crystal 

'mid' or 'm' Analysis from the between core and rim of a crystal. 

If 'r', 'c' or 'm' has an attached number this refers to the rim, core or some midpoint respectively of 

the corresponding numbered analysis in the same thin section. Thus if an 'r' and a 'c' have the same 

attached number, then they are analyses or the rim and core of the same crystal (usually the number 

for the crystal is taken from the analysis number of the core). 
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Appendix IV 

Reference list of thin sections 

The following table lists the thin sections analysed in this study. Thin sections are grouped with 

reference to the block they coem from. The location of each block is listed, with reference to any 

relevant maps, and the page numbers for XRF data each sample are also given. The final two columns 

of the table give the page numbers for data in appendix VI (following) which relate to the thin seciton 

in question, and a description of where, within the block, the sample was taken from (e.g. centre, 

edge). 

Block 	Location Thin section XRF analysis Thin section Description 
page... data pages... 

91 	The gneiss- X1382 N/A Px: 562-564 Block centre 
serpentinite Am: 582-583 
belt at 
Trakhilaki. N4-117A 533 Px: 565-567 Block centre 
(See figure Am: 583-584 
3.1) Win: 611 

N4-147 532 (N4-147B) Px: 567-569 Block edge - the 'inner 
Am: 585-586 pyroxene band' (IPB) - at 
Chi: 604 D (see figure 4.1 for 
Wm: 611 location of D) 

N4-132A N/A Px: 569-574 The 'outer pyroxene band' 
Am: 586-588 (OPB) at B (see figure 4.1 
Chi: 604-605 for loaction of B) 

8Ea 	'Ermoupolis GB-8 542 Px: 575 Silica-saturated block 
locality' Am: 588-589 centre 
(see figure 2.2) Gt: 603 

E6-217B N/A Px: 576-577 Silica-undersaturated block 
Am: 590-591 
Chi: 606 
Carb: 612 

E5-207B N/A Am: 592-594 Barroisite-rich block at 
Chi: 606 edge of infiltrated 

amphibole incursion 
E5-198B 	N/A 	Am: 594-595 Talc + chlorite zone with 

Chi: 607 amphibole 
Mgt: 615 

E5-195 	N/A 	Chi: 608 Talc + carbonate zone 
Carb: 612-614 
Mgt: 615-616 

4K7 	'Kini locality' 	K7-247 	N/A 	Px: 577 Cr-rich inclusions in 
(see figure 2.2) 	 Am: 596 amphibole incursion near 

Chi: 608 contact with block 
6K7 	'Kini locality' 	K8-267 	548 Px: 578-581 Silica-undersaturated block 

(see figure 2.2) Am: 597-600 centre 
Gt: 602-603 
Chi: 609 

Matrix 	The gneiss- 	N3-103 	N/A Am: 600 Near block Si 
serpentinite Chi: 610 (see figure 3.1) 
belt 	 Ni-lB 	536 Am: 601 Near blocks GB and BB 

(see figure 3.1) 
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Pyroxene data (run with C = 4, 0 = 6) 
Block 9J 

Sample X1382 (block centre) - figures 4.7, 4.9, 4.16 

Analysis No. 4 6 7 8 9 10 11 12 13 14 17 19 20 22 

Description Jd' Jd Jd rim core core Jd Jd Jd rim Jd core rim Jd 

Si02  58.24 59 59.16 59.11 59.09 59.01 58.78 58.75 58.71 58.97 59.19 58.95 58.48 58.67 

TiO2  0.1 0.02 0.01 0.1 0.07 0.06 0.13 0.08 0.07 0.08 0.28 0.22 0.11 0.34 

A1203  23.24 24.76 24.93 23.86 23.14 22.82 22.55 22.43 22.52 22.52 23.74 23.52 22.1 22.31 

Cr2O3  0.04 0 0.01 0 0.02 0.03 0.03 0.03 0.03 0.04 0.03 0 0.01 0.01 

Fe203  0 0 0 0 0 0 0 0 0 0 0 0 0 0 

FeO 1.78 0.03 0.03 1.49 2.01 2.57 2.44 2.57 2.46 2.55 1.7 1.6 2.87 2.8 

MnO 0.05 0.01 0 0.04 0.02 0.02 0.03 0.03 0.03 0.03 0.07 0.07 0.09 0.07 

MgO 0.23 0.02 0 0.18 0.27 0.39 0.42 0.38 0.36 0.43 0.28 0.2 0.47 0.44 

CaO 0.34 0.06 0.04 0.24 0.34 0.48 0.62 0.5 0.45 0.56 0.23 0.25 0.67 0.63 

Na20 13.85 14.98 15.13 14.57 14.51 13.6 13.71 14.09 14.03 13.99 13.63 13.99 13.65 13.83 

K20 0.01 0.01 0.01 0.01 0 0.01 0.01 0.01 0.01 0.01 0.01 0 0.01 0 

Total 97.88 98.89 99.32 99.6 99.47 98.99 98.72 98.87 98.67 99.18 99.16 98.8 98.46 99.1 

Si4  2.015 2.006 2.004 2.01 2.017 2.024 2.023 2.023 2.024 2.023 2.016 2.017 2.024 2.018 

Ti4  0.003 0.001 0 0.003 0.002 0.002 0.003 0.002 0.002 0.002 0.007 0.006 0.003 0.009 

AI 0.948 0.992 0.995 0.956 0.931 0.922 0.915 0.91 0.915 0.911 0.953 0.949 0.902 0.904 

CrJ* 0.001 0 0 0 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0 0 0 

Fe 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Fe 0.052 0.001 0.001 0.042 0.057 0.074 0.07 0.074 0.071 0.073 0.048 0.046 0.083 0.081 

Mn 0.002 0 0 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.002 0.003 0.002 

Mg 0.012 0.001 0 0.009 0.014 0.02 0.022 0.02 0.019 0.022 0.014 0.01 0.024 0.023 

Ca 0.013 0.002 0.002 0.009 0.012 0.018 0.023 0.018 0.017 0.021 0.008 0.009 0.025 0.023 

Na 0.929 0.988 0.994 0.96 0.96 0.904 0.915 0.941 0.938 0.931 0.9 0.928 0.916 0.922 

K 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Catsum 3.975 3.991 3.996 3.99 3.995 3.966 3.973 3.99 3.988 3.985 3.949 3.967 3.98 3.982 

Catcharge 12.006 12 12.001 12.002 12 12.003 11.999 12 12.006 12.001 11.998 12.001 12 12 

Acmite* 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Jadeite** 98.5138 99.79798 99.7992 99.07121 98.66255 97.93926 97.44136 98.01877 98.11518 97.68908 99.00881 99.03949 97.34325 97.56614 

Augite*** 1.4862 0.20202 0.200803 0.928793 1.337449 2.060738 2.558635 1.98123 1.884817 2.310924 0.991189 0.960512 2.656748 2.433862 

*Ac: 100(Fe3  + Cr) / (Mg + Mn + Fe2  + Fe3+ + Cr + Al 161) **Jd: 100(Na - Fe3 - Cr) / (Ca + Na) ***Aug : 100- (Jd + Ac) 

'Jd = jadeitic pyroxene 



Pyroxene data (run with C = 4, 0 = 6) 
Block 9J continued 

Sample 	X1382 (block centre) continued 
Analysis No. 	28 	29 	30 	36 	37 	38 	207 	208 	211 	212 	213 	214 	215 	216 

Description 	rim 	rim 	rim 	Jd 	core 	rim 	core 	rim 	rim 	core 	core 	rim 	core 	rim 

Si02 	 57.89 	57.68 	58.1 	58.44 	58.14 	58.35 	58.71 	59.14 	58.46 	68.52 	58.62 	58.83 	58.64 	58.43 

h02 	 0.14 	0.09 	0.09 	0.15 	0.12 	0.11 	0.23 	0.22 	0.06 	0 	0.19 	0.21 	0.18 	0.32 

A1203 	 21.45 	21.33 	22.09 	21.85 	21.18 	21.77 	23.23 	23.25 	23.36 	20.03 	22.57 	23.46 	23.25 	23.08 

Cr203 	 0.02 	0.02 	0.02 	0.02 	0 	0.01 	0.01 	0.02 	0.01 	0.05 	0.01 	0.01 	0 	0.01 

Fe203 	 0 	0 	0 	0 	0 	0 	0 	0 	0 	0 	1.13 	1.36 	0.56 	1.75 

FeO 	 3.62 	3.7 	2.94 	3.43 	3.63 	3.4 	1.92 	1.9 	2.53 	0.09 	1.51 	0.36 	1.28 	0.33 

MnO 	 0.07 	0.08 	0.05 	0.07 	0.08 	0.06 	0.04 	0.04 	0.02 	0 	0.06 	0.02 	0.06 	0.05 

MgO 	 0.55 	0.54 	0.37 	0.48 	0.6 	0.37 	0.25 	0.26 	0.27 	0 	0.63 	0.22 	0.28 	0.26 

CaO 	 0.79 	0.78 	0.52 	0.66 	0.89 	0.6 	0.35 	0.3 	0.34 	0.04 	0.66 	0.24 	0.36 	0.25 

Na2O 	 13.69 	13.64 	13.88 	13.64 	13.6 	13.49 	14.56 	14.62 	13.42 	10.71 	14.39 	14.98 	14.66 	14.88 

K20 	 0 	0 	0 	0.04 	0 	0.01 	0.01 	0 	0 	0.02 	0 	0 	0 	0 

Total 	 98.22 	97.86 	98.06 	98.78 	98.24 	98.17 	99.31 	99.75 	98.47 	99.46 	99.77 	99.69 	99.27 	99.36 

Si4 	 2.02 	2.021 	2.021 	2.023 	2.028 	2.029 	2.009 	2.013 	2.013 	2.246 	2.003 	2.001 	2.006 	1.997 

Ti4 	 0.004 	0.002 	0.002 	0.004 	0.003 	0.003 	0.006 	0.006 	0.002 	0 	0.005 	0.005 	0.005 	0.008 

AI 	 0.882 	0.881 	0.906 	0.891 	0.871 	0.892 	0.937 	0.933 	0.948 	0.774 	0.909 	0.94 	0.937 	0.93 

Cr 	 0.001 	0.001 	0.001 	0.001 	0 	0 	0 	0.001 	0 	0.001 	0 	0 	0 	0 

Fe 	 0 	0 	0 	0 	0 	0 	0 	0 	0 	0 	0.029 	0.035 	0.015 	0.045 

Fe2 	 0.106 	0.108 	0.086 	0.099 	0.106 	0.099 	0.055 	0.054 	0.073 	0.003 	0.043 	0.01 	0.037 	0.009 

Mn' 	 0.002 	0.002 	0.002 	0.002 	0.002 	0.002 	0.001 	0.001 	0.001 	0 	0.002 	0.001 	0.002 	0.001 

Mg 	 0.029 	0.028 	0.019 	0.025 	0.031 	0.019 	0.013 	0.013 	0.014 	0 	0.032 	0.011 	0.014 	0.013 

Ca 	 0.03 	0.029 	0.019 	0.025 	0.033 	0.022 	0.013 	0.011 	0.013 	0.001 	0.024 	0.009 	0.013 	0.009 

Na 	 0.926 	0.927 	0.936 	0.915 	0.92 	0.91 	0.966 	0.965 	0.896 	0.681 	0.953 	0.988 	0.972 	0.986 

	

0 	0 	0 	0.002 	0 	0 	0 	0 	0 	0.001 	0 	0 	0 	0 

Catsum 	 4 	3.999 	3.992 	3.987 	3.994 	3.976 	4 	3.997 	3.96 	3.707 	4 	4 	4.001 	3.998 

Catcharge 	12.005 	11.999 	12.001 	12.003 	12.001 	11.998 	12.001 	12.001 	12.002 	11.999 	12.001 	11.999 	12.004 	11.995 

Acmite 	 0 	0 	0 	0 	0 	0 	0 	0 	0 	0 	2.783109 	3.47567 	1.464844 	4.482072 

Jadeite 	96.75732 	96.86192 	97.90576 	97.23404 	96.53725 	97.63948 	98.67211 	98.77049 	98.56986 	99.70674 	94.57523 	95.58676 	97.15736 	94.57286 

Augite 	3.242678 	3.138075 	2.094241 	2.765957 	3.462749 	2.360515 	1.327886 	1.229508 	1.430143 	0.293255 	2.64166 	0.937569 	1.377796 	0.945064 



Pyroxene data (run with C = 4, 0 = 6) 
Block 9J continued 

Sample X1382 (block centre) continued 
Analysis No. 217 218 219 220 221 222 224 229 231 232 . 	234 236 237 

Description core rim core rim core rim Acmite Acmite Acmite rim Acmite rim core 

Si02  58.39 58.62 58.37 58.39 60.05 58.8 52.4 52.78 52.92 68.62 54.06 58.62 58.66 

TiO2  0.09 0.07 0.02 0.03 0.09 0.21 0.43 0.21 0.53 0.01 0.02 0.01 0.03 

A1203  22.38 23 21.95 21.7 23.98 23.22 2.99 2.83 2.09 19.89 3.71 22.44 22.9 

Cr2O,3  0.01 0.04 0.01 0.04 0.02 0.01 0 0.04 0 0.03 0 0.02 0.01 

Fe203  2.88 2.36 3.23 3.82 0 0.93 24.93 27.84 26.51 0 19.29 2.98 1.95 

FeO 0 0 0 0 1.61 0.86 0 0 0 0.07 4.07 0 0.34 

MnO 0.02 0.02 0.03 0.04 0.04 0.04 0.15 0.11 0.12 0.02 0.08 0.05 0.04 

MgO 0.42 0.28 0.34 0.31 0.22 0.22 2.41 1.36 2.38 0.01 1.03 0.4 0.28 

CaO 0.53 0.35 0.47 0.37 0.27 0.27 3.44 2 3.14 0.02 1.35 0.48 0.34 

Na20 14.89 14.93 15.05 14.84 12.59 14.85 12.08 13.08 12.43 10.8 12.28 14.84 14.85 

K20 0.01 0.01 0 0 0.05 0 0.01 0 0.01 0.03 0 0 0 

Total 99.62 99.68 99.47 99.54 98.92 99.41 98.84 100.25 100.13 99.5 95.89 99.84 99.4 

Si4  1.998 1.998 2.003 2.004 2.037 2.007 1.99 1.988 1.993 2.249 2.095 2 2.005 

Ti4  0.002 0.002 0.001 0.001 0.002 0.005 0.012 0.006 0.015 0 0.001 0 0.001 

Al 0.902 0.924 0.888 0.878 0.959 0.934 0.134 0.126 0.093 0.768 0.169 0.902 0.922 

Cr 0 0.001 0 0.001 0.001 0 0 0.001 0 0.001 0 0.001 0 

Fe 0.074 0.06 0.084 0.099 0 0.024 0.712 0.789 0.751 0 0.562 0.077 0.05 

Fe 0 0 0 0 0.046 0.025 0 0 0 0.002 0.132 0 0.01 

Mn 0.001 0.001 0.001 0.001 0.001 0.001 0.005 0.004 0.004 0.001 0.003 0.001 0.001 

Mg 0.021 0.014 0.017 0.016 0.011 0.011 0.136 0.076 0.134 0.001 0.06 0.02 0.014 

Ca 0.019 0.013 0.017 0.014 0.01 0.01 0.14 0.081 0.127 0.001 0.056 0.018 0.013 

Na 0.988 0.987 1.001 0.988 0.828 0.983 0.89 0.955 0.908 0.686 0.923 0.982 0.984 

0 0 0 0 0.002 0 0.001 0 0.001 0.001 0 0 0 

Catsum 4.005 4 4.012 4.002 3.897 4 4.02 4.026 4.026 3.71 4.001 4.001 4 

Catcharge 11.998 11.998 12.003 12.004 12.002 11.999 11.999 12.001 12.003 12 12.002 12 12 

Acmite 7.29064 5.934718 8.316832 9.772952 0 2.371542 63.74217 74.08451 68.14882 0 52.18199 7.556428 4.926108 

Jadeite 90.76465 92.6 90.07859 88.62275 98.68735 96.57603 17.28155 15.92664 15.16908 99.70888 36.87436 90.4 93.68104 

Augite 1 .944712 1 .465282 1.604583 1.604294 1.312649 1.052426 18.97628 9.988852 16.6821 0.291121 10.94365 2.043572 1.392848 

Acmite = acmitic pyroxene 



Pyroxene data (run with C = 4, 0 = 6) 
Block 9J continued 

Sample N4-117A (block centre) - figures 4.7, 4.9, 4.16 

Analysis No. 18 19 20 21 22 24 25 26 27 28 29 30 31 32 

Description core rim core mid rim Jd core rim rim mid core rim core core 

Si02  58.65 58.39 58.13 58.66 58.87 58.57 57.12 57.49 58.09 58.01 58.28 58.92 58.39 58.16 

Ti02  0.19 0.06 0.04 0.21 0.03 0.03 0.05 0.15 0.02 0.05 0.01 0.2 0.09 0.1 

A1203  23.11 21.87 21.61 22.36 23.99 21.94 20.75 22.61 21.71 21.95 22.57 23.11 21.87 21.25 

Cr203  0.01 0 0.02 0.02 0.01 0.02 0.03 0.01 0.01 0.02 0.01 0.01 0.01 0 

Fe203  1.34 2.88 3.72 2.04 1.29 2.57 3.65 2.39 3.54 3.04 2.56 0.99 2.47 2.85 

FeO 0.79 0.41 0.06 0.41 0.14 0.88 0 0 0.02 0 0 0.96 0.61 0.74 

MnO 0.04 0.07 0.02 0.01 0 0.03 0.07 0.06 0.05 0.05 0.02 0.03 0.05 0.07 

MgO 0.63 0.71 0.72 0.75 0.34 0.56 1.08 0.53 0.62 0.68 0.45 0.42 0.9 1.04 

CaO 0.66 0.96 1.01 0.91 0.47 0.81 1.49 0.64 0.87 1.05 0.76 0.56 1.32 1.49 

Na20 14.55 14.42 14.42 14.53 14.9 14.48 14.06 14.65 14.49 14.5 14.68 14.7 14.22 14.03 

K20 0 0.01 0 0.01 0 0 0 0.01 0.01 0 0 0 0.01 0.01 

Total 99.97 99.78 99.75 99.91 100.04 99.89 98.3 98.54 99.43 99.35 99.34 99.9 99.94 99.74 

Si4  1.995 1.999 1.994 1.999 1.993 2.004 1.992 1.987 1.997 1.994 1.997 2.004 1.996 1.998 

Uh 	 Ti4  0.005 0.002 0.001 0.005 0.001 0.001 0.001 0.004 0.001 0.001 0 0.005 0.002 0.003 

Al 0.926 0.882 0.874 0.898 0.957 0.885 0.853 0.921 0.88 0.889 0.912 0.926 0.881 0.86 

CrJ* 0 0 0.001 0.001 0 0.001 0.001 0 0 0.001 0 0 0 0 

Fe 0.034 0.074 0.096 0.052 0.033 0.066 0.096 0.062 0.092 0.079 0.066 0.025 0.064 0.074 

Fe 0.023 0.012 0.002 0.012 0.004 0.025 0 0 0.001 0 0 0.027 0.018 0.021 

Mn 0.001 0.002 0.001 0 0 0.001 0.002 0.002 0.001 0.001 0.001 0.001 0.001 0.002 

Mg 0.032 0.036 0.037 0.038 0.017 0.028 0.056 0.027 0.032 0.035 0.023 0.021 0.046 0.054 

Ca4* 0.024 0.035 0.037 0.033 0.017 0.03 0.056 0.024 0.032 0.039 0.028 0.021 0.049 0.055 

Na 0.96 0.957 0.959 0.961 0.978 0.96 0.95 0.982 0.965 0.966 0.975 0.969 0.942 0.934 

K 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Catsum 4 3.999 4.002 3.999 4 4.001 4.007 4.009 4.001 4.005 4.002 3.999 3.999 4.001 

Catcharge 12 11.999 12.006 11.996 12 12.004 12 12.001 12.005 12.003 12.001 11.998 11.997 12.004 

Acmite 3.285024 7.115385 9.213052 5.033882 3.232125 6.346154 9.090909 6.060606 8.888889 7.61079 6.426485 2.439024 6.066351 6.954887 

Jadeite 94.10569 89.0121 86.54618 91.34809 94.97487 90.20202 84.79125 91.45129 87.56269 88.1592 90.62812 95.35354 88.59738 86.95652 

Augite 2.609285 3.872519 4.240763 3.61803 1.793 3.451826 6.117838 2.488102 3.548423 4.230006 2.945399 2.20744 5.336273 6.088591 



Pyroxene data (run with C = 4, 0 = 6) 
Block 9J continued 

Sample N4-117A (block centre) continued 
Analysis No. 33 34 35 36 37 42 43 44 45 357 358 359 360 361 

Description mid mid-rim rim core rim Acmite Acmite Acmite? Acmite rim core core rim rim 

Si02  58.54 58.53 58.58 58.06 58.65 53.41 52.8 65.69 52.91 58.4 58.18 57.9 58.44 58.53 

TiO2  0.12 0.08 0.12 0.16 0.18 1.33 0.39 0.18 0.27 0.1 0.03 0.2 0.09 0.18 

A1203  22.94 23.28 23.1 22.62 23.35 2.54 2.27 5.24 1.25 22.32 21.54 21.06 23.09 23.22 

Cr203  0 0.02 0.03 0.04 0.03 0.02 0.03 0.04 0.03 0 0.01 0.01 0.01 0 

Fe203  1.79 1.49 1.94 2.32 0 19.47 20.97 0 26.62 1.46 2.55 2.87 1.59 0.66 

FeO 0.25 0.44 0.2 0 1.52 2.62 0 13.18 0 1.15 1.14 0.57 0.55 1.02 

MnO 0.03 0.02 0.02 0.05 0.02 0.2 0.26 0.12 0.22 0.04 0.03 0.05 0.02 0.03 

MgO 0.55 0.39 0.44 0.53 0.43 4.44 5.39 3.2 2.97 0.67 0.78 1.05 0.46 0.38 

CaO 0.83 0.54 0.58 0.65 0.55 5.82 7.47 3.76 4.43 1.07 1.15 1.57 0.61 0.53 

Na20 14.62 14.71 14.75 14.62 14.13 10.1 9.75 9.05 11.34 14.27 14.14 14 14.62 14.61 

K20 0.01 0 0.01 0 0.05 0.01 0.01 0.01 0.01 0 0 0 0 0 

Total 99.68 99.5 99.77 99.05 98.91 99.96 99.34 100.47 100.05 99.48 99.55 99.28 99.48 99.16 

Si4  1.996 1.997 1.995 1.994 2.01 1.999 1.985 2.323 1.998 2.002 2.001 1.998 1.997 2.003 

Ti 0.003 0.002 0.003 0.004 0.005 0.037 0.011 0.005 0.008 0.003 0.001 0.005 0.002 0.005 

Al 0.922 0.936 0.927 0.915 0.943 0.112 0.101 0.218 0.056 0.902 0.873 0.856 0.93 0.937 

CrI,  0 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0 0 0 0 0 

Fe3  0.046 0.038 0.05 0.06 0 0.548 0.593 0 0.757 0.038 0.066 0.075 0.041 0.017 

Fe 0.007 0.013 0.006 0 0.044 0.082 0 0.39 0 0.033 0.033 0.016 0.016 0.029 

Mn 0.001 0.001 0.001 0.001 0 0.006 0.008 0.004 0.007 0.001 0.001 0.002 0.001 0.001 

Mg 0.028 0.02 0.022 0.027 0.022 0.248 0.302 0.169 0.167 0.034 0.04 0.054 0.023 0.019 

Ca 0.03 0.02 0.021 0.024 0.02 0.233 0.301 0.143 0.179 0.039 0.042 0.058 0.022 0.019 

Na 0.967 0.973 0.974 0.974 0.939 0.733 0.711 0.621 0.83 0.949 0.943 0.936 0.968 0.97 

0 0 0 0 0.002 0 0.001 0.001 0.001 0 0 0 0 0 

Catsum 4 4.001 4 4 3.986 3.999 4.014 3.875 4.004 4.001 4 4 4 4 

Catcharge 11.999 12.002 12 11.998 12.005 11.998 12.003 12.003 12.003 12.003 12 12.001 12.001 12 

Acmite 4.466019 3.703704 4.887586 5.870841 0 44.5891 45.93338 0 64.97854 3.622498 6.25 7.082153 3.980583 1.658537 

Jadeite 92.37713 94.05841 92.76382 91.48297 97.81022 19.04762 11.56126 81.15183 7.135778 92.20648 89.03553 86.61972 93.63636 96.35996 

Augite 3.156849 2.237887 2.348595 2.646193 2.189781 36.36328 42.50535 18.84817 27.88568 4.171025 4.714467 6.298129 2.383054 1.981504 



Pyroxene data (run with C = 4, 0 = 6) 
Block 9J continued 

Sample N4-117A (block centre) continued N4-147 (block edge inner pyroxene band) -figures 4.9, 4.16 

Analysis No. 362 363 364 368 369 370 48 52 53 54 55 61 62 63 

Description rim-mid rim-mid core-mid Acmite rim rim-mid old new4  new old old old new new 

Si02  58.27 58.27 59.52 53.9 63.77 58.49 56.24 56.85 56.35 58.61 64.17 58.37 56.91 56.63 

Ti02  0.08 0.1 0.03 0.23 0.32 0.11 0.18 0.19 0.15 0.18 0.11 0.16 0.21 0.21 

Al2O3  21.69 20.84 12.57 4.02 9.85 22.18 20.59 12.62 12.58 22.74 21.64 21.52 12.96 12.07 

Cr203  0.01 0.02 0 0 0 0 0.01 0.03 0.04 0 0.03 0.01 0.02 0 

Fe203  2.44 3.53 0 18.71 0 1.77 2.27 2.62 2.02 0.49 0 1.42 3.15 3.12 

FeO 0.7 0.54 3.33 1.62 14.07 1.07 0 0.75 1.61 1.22 0.55 0.77 0.46 0.29 

MnO 0.03 0.07 0.03 0.18 0.17 0.08 0.06 0.15 0.15 0.05 0.01 0.05 0.16 0.18 

MgO 0.82 1.04 13.68 3.99 2.74 0.77 1.63 7.19 7.58 0.88 2.4 1.74 7.39 7.47 

CaO 1.23 1.57 0.09 5.88 3.83 1.09 2.1 10.43 9.31 1.16 1.05 2.29 9.57 10.98 

Na20 14.23 14.08 7.7 10.39 9.52 14.26 13.67 8.86 8.59 14.22 8.95 13.6 8.96 8.63 

K20 0 0 0.01 0.01 0.05 0 0.01 0 0.17 0 0.1 0.01 0.22 0.01 

Total 99.5 100.06 96.96 98.93 104.32 99.82 96.76 99.69 98.55 99.55 99.01 99.94 100.01 99.59 

Si 2.001 1.999 2.075 2.019 2.189 2 1.988 2 2.005 2.002 2.131 1.995 1.994 1.998 
Ti4l 0.002 0.003 0.001 0.007 0.008 0.003 0.005 0.005 0.004 0.005 0.003 0.004 0.006 0.006 

Al 0.878 0.842 0.517 0.177 0.399 0.894 0.858 0.523 0.527 0.916 0.847 0.867 0.535 0.502 

Cr 0 0.001 0 0 0 0 0 0.001 0.001 0 0.001 0 0.001 0 

Fe 0.063 0.091 0 0.527 0 0.046 0.061 0.069 0.054 0.013 0 0.037 0.083 0.083 

Fe 0.02 0.016 0.097 0.051 0.404 0.031 0 0.022 0.048 0.035 0.015 0.022 0.013 0.009 

Mn 0.001 0.002 0.001 0.006 0.005 0.002 0.002 0.004 0.005 0.001 0 0.001 0.005 0.005 

Mg 0.042 0.053 0.711 0.223 0.14 0.039 0.086 0.377 0.402 0.045 0.119 0.089 0.386 0.393 

Ca 0.045 0.058 0.003 0.236 0.141 0.04 0.08 0.393 0.355 0.043 0.037 0.084 0.359 0.415 

Na 0.948 0.936 0.521 0.754 0.634 0.946 0.937 0.604 0.592 0.942 0.576 0.901 0.608 0.591 

K 0 0 0 0.001 0.002 0 0 0 0.008 0 0.004 0.001 0.01 0 

Catsum 4 4.001 3.926 4.001 3.922 4.001 4.017 3.998 4.001 4.002 3.733 4.001 4 4.002 

Catcharge 11.999 12.004 12 12.003 12.001 12.002 12.002 11.995 12.002 12.005 12.002 12.002 12.001 12.006 

Acmite 6 8.568738 0 42.5343 0 4.372624 5.674419 4.967603 3.865426 1.232227 0 3.378995 6.031977 5.907473 

Jadeite 89.12387 84.90946 99.42748 22.92929 81.80645 91.27789 86.13569 53.56068 56.70539 94.31472 93.80098 87.71574 54.18821 50.49702 

Augite 4.876133 6.521805 0.572519 34.53641 18.19355 4.349486 8.189888 41.47172 39.42919 4.453052 6.199021 8.905269 39.77981 43.59551 

sold ='old' 	pyroxene (see mian text ch 4) 	4new = 'new' pyroxene (see main text ch 4) 



Pyroxene data (run with C = 4, 0 = 6) 
Block 9J continued 

Sample N4-147 (block edge inner pyroxene band) continued 
Analysis No. 64 65 66 83 84 89 90 91 92 93 96 97 98 100 

Description new old old new new new old old old new old new new old 

Si02  57.08 58.36 58.35 56.34 56.45 56.84 58.89 58.35 58.08 56.96 57.41 56.99 56.27 58.17 

T102  0.19 0.16 0.18 0.06 0.17 0.09 0.06 0.14 0.17 0.06 0.12 0.17 0.04 0.07 

A1203  12.93 21.65 21.86 11.94 11.54 11.9 22.84 20.59 19.65 13.07 20.84 13.66 11.34 21.28 

Cr203  0 0 0 0 0.01 0.04 0.02 0 0.03 0.03 0.04 0.01 0.01 0.02 

Fe203  2.24 0 0.67 2.53 3.17 1.9 0.81 0 1.89 0.74 2.94 1.97 2.46 1.41 

FeO 1.15 2.02 1.36 0.82 0.49 1.88 1.12 3.04 1.68 2.52 0.18 1.32 0.9 1.56 

MnO 0.18 0.06 0.04 0.18 0.17 0.14 0.01 0.05 0.05 0.14 0.06 0.15 0.16 0.03 

MgO 7.15 1.34 1.3 7.68 7.84 7.41 0.7 1.78 1.98 6.91 1.31 6.38 8.03 1.1 

CaO 9.97 1.94 1.88 11.33 11.47 10.76 0.94 2.61 2.92 9.7 1.75 9.11 11.9 1.54 

Na20 8.96 13.55 13.76 8.23 8.26 8.4 14.42 12.68 13.07 8.79 13.79 9.44 7.91 13.82 

K20 0.01 0 0 0.02 0.01 0.03 0.01 0.05 0.01 0.01 0.01 0 0 0 

Total 99.86 99.08 99.4 99.13 99.58 99.39 99.82 99.29 99.53 98.93 98.45 99.2 99.02 99 

Si4  2.003 2.01 2.003 1.998 1.996 2.012 2.006 2.016 2.009 2.017 1.996 2.008 2.001 2.009 

00 	 Ti4  0.005 0.004 0.005 0.002 0.004 0.002 0.001 0.004 0.004 0.002 0.003 0.005 0.001 0.002 

Al 0.535 0.879 0.884 0.499 0.481 0.497 0.917 0.839 0.801 0.545 0.854 0.567 0.475 0.866 

Cr 0 0 0 0 0 0.001 0.001 0 0.001 0.001 0.001 0 0 0.001 

Fe 0.059 0 0.017 0.068 0.084 0.051 0.021 0 0.049 0.02 0.077 0.052 0.066 0.037 

Fe 0.034 0.058 0.039 0.024 0.015 0.056 0.032 0.088 0.049 0.075 0.005 0.039 0.027 0.045 

Mn 0.005 0.002 0.001 0.005 0.005 0.004 0 0.002 0.001 0.004 0.002 0.004 0.005 0.001 
Mg2* 0.374 0.069 0.067 0.406 0.413 0.391 0.036 0.092 0.102 0.365 0.068 0.335 0.426 0.057 
Ca* 0.375 0.072 0.069 0.431 0.435 0.408 0.034 0.097 0.108 0.368 0.065 0.344 0.454 0.057 

Na 0.61 0.905 0.916 0.566 0.566 0.576 0.952 0.849 0.876 0.603 0.929 0.645 0.545 0.926 

K 0 0 0 0.001 0.001 0.001 0 0.002 0 0 0 0 0 0 

Catsum 4 3.999 4.001 4 4 3.999 4 3.989 4 4 4 3.999 4 4.001 

Catcharge 12 12 12.003 12 11.998 11.998 12.001 12.006 12.001 12.001 12.001 11.998 12 12.002 

Acmite 4.259928 0 1.574074 4.751922 5.878237 3.591549 2.005731 0 4.375 1.433692 7.209738 3.854707 4.539202 3.448276 

Jadeite 55.93909 92.6305 91.26904 49.94985 48.15185 53.25203 94.32049 89.7463 83.94309 59.93821 85.61368 59.95956 47.94795 90.33571 

Augite 39.80099 7.369498 7.15689 45.29823 45.96992 43.15642 3.673783 10.2537 11.68191 38.6281 7.17658 36.18574 47.51285 6.216017 



Pyroxene data (run with C = 4, 0 = 6) 
Block 9J continued 

Sample N4-147 (block edge inner pyroxene band) continued N4-132A(OPB)-figs 4.16, 4.17 

Analysis No. 101 112 113 114 115 116 117 118 119 121 122 272 273 274 

Description old new new old old new new new old new old Chi zone5  Chi zone Chi zone 

Si02  58 57.01 56.7 57.96 58.04 56.32 56.08 56.53 58.51 56.99 59.16 57.68 56.85 56.93 

Ti02  0.13 0.05 0.06 0.07 0.09 0.05 0.1 0.06 0.03 0.07 0.08 0.14 0.07 0.52 

A1203  21.29 11.91 11.4 20.12 20.58 10.65 10.76 11.76 23.27 11.71 23.29 14.17 11.8 11.62 

Cr203  0 0.01 0.01 0.02 0.01 0.03 0.03 0.02 0.01 0 0 0.01 0 0.03 

Fe203  1.44 0.95 1.95 3.04 1.78 2.14 2.41 2.49 0.83 0.96 0 0.13 2.46 1.9 

FeO 1.25 1.7 0.94 0.06 1.04 1.37 0.95 0.49 0.62 1.99 1.35 1.06 0.69 1.16 

MnO 0.07 0.17 0.15 0.07 0.03 0.2 0.18 0.18 0.03 0.15 0.02 0.14 0.15 0.12 

MgO 1.24 7.98 8.21 1.76 1.75 8.4 8.45 8.03 0.48 8.15 0.7 7.37 8.39 7.99 

CaO 1.67 11.6 12.06 3.29 2.4 12.32 12.2 11.59 0.72 11.83 0.93 10.52 12.24 11.81 

Na20 13.75 8.03 7.91 13.35 13.41 7.56 7.61 8.15 14.57 7.84 14.28 8.9 7.88 8.17 

K20 0 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0 0 0 0 

Total 98.84 99.42 99.4 99.75 99.14 99.05 98.78 99.31 99.08 99.7 99.81 100.12 100.53 100.25 

si4l 2.005 2.013 2.006 1.996 2.005 2.007 2.002 2 2.003 2.01 2.009 2.004 1.99 1.998 

Ti4  0.003 0.001 0.002 0.002 0.002 0.001 0.003 0.002 0.001 0.002 0.002 0.004 0.002 0.014 

Al 0.868 0.496 0.475 0.817 0.838 0.447 0.453 0.49 0.939 0.487 0.933 0.58 0.487 0.481 

Cr 0 0 0 0.001 0 0.001 0.001 0.001 0 0 0 0 0 0.001 

Fe 0.037 0.025 0.052 0.079 0.046 0.057 0.065 0.066 0.021 0.026 0 0.004 0.065 0.05 

Fe 0.036 0.05 0.028 0.002 0.03 0.041 0.029 0.014 0.018 0.059 0.038 0.031 0.02 0.034 

Mn 0.002 0.005 0.005 0.002 0.001 0.006 0.005 0.005 0.001 0.005 0.001 0.004 0.005 0.004 

Mg 0.064 0.42 0.433 0.09 0.09 0.447 0.45 0.423 0.024 0.428 0.035 0.382 0.438 0.418 

Ca 0.062 0.439 0.457 0.121 0.089 0.471 0.467 0.439 0.026 0.447 0.034 0.392 0.459 0.444 

Na 0.922 0.55 0.542 0.891 0.898 0.522 0.527 0.559 0.967 0.536 0.941 0.6 0.535 0.556 

0 0.001 0 0 0 0 0 0 0 0 0 0 0 0 

Catsum 3.999 4 4 4.001 3.999 4 4.002 3.999 4 4 3.993 4.001 4.001 4 

Catcharge 11.997 11.998 12.001 12.004 11.998 11.999 12.006 12 12.001 12.001 12 12.002 12.003 12 

Acmite 3.445065 1.726519 3.571429 7.129964 4.185623 3.859174 4.415761 4.589708 2.034884 1.778386 0 0.286328 4.439891 3.496503 

Jadeite 89.93902 53.08392 49.04905 80.13834 86.32219 46.72709 46.37827 49.2986 95.26687 51.88199 96.51282 60.08065 47.2837 50.5 

Augite 6.61591 45.18956 47.37952 12.7317 9.492188 49.41374 49.20597 46.11169 2.698248 46.33962 3.487179 39.63303 48.27641 46.0035 

5Chl zone = pyroxnee form within the chlorite zone 



Pyroxene data (run with C = 4, 0 = 6) 
Block 9J continued 

Sample N4-132A (outer pyroxene band) continued 

Analysis No. 276 277 281 282 284 285 288 289 290 291 292 293 294 295 

Description ChI zone Chi zone OPBb OPB OPB OPB OPB OPB OPB OPB OPB OPB OPB OPB 

Si02  57.03 57.44 55.81 55.04 55.32 54.83 55.65 56.07 55.97 56 55.6 55.75 55.95 55.77 

Ti02  0.22 0.16 0.1 0.23 0.11 0.16 0.05 0.1 0.05 0.12 0.1 0.08 0.08 0.07 

A1203  12.52 14.3 9.52 8.39 8.47 7.02 10.08 10.98 9.64 9.42 9.37 9.64 10.3 8.77 

Cr203  0.03 0 0.03 0.01 0.01 0.01 0 0 0.02 0.03 0 0.01 0.02 0.05 

Fe203  1.94 1.43 8.51 12.35 10.07 13.82 5.86 6.96 5.75 7.87 6.9 6.35 6.5 6.71 

FeO 0.03 0.61 0 0.23 0.25 0 0.56 0.02 0.94 0.46 0.17 0.63 0.59 0.61 

MnO 0.15 0.14 0.13 0.13 0.13 0.14 0.13 0.13 0.11 0.12 0.15 0.15 0.15 0.14 

MgO 8.26 7 7.19 5.84 6.86 6.42 7.76 7.03 7.86 7.4 8.02 7.88 7.22 8.26 

CaO 12.23 9.88 10.59 8.86 10.52 9.82 11.63 10.46 11.86 10.74 12.07 11.84 10.83 12.33 

Na20 8.16 9.26 8.7 9.47 8.66 9.04 8.01 8.84 7.91 8.52 7.87 7.93 8.52 7.65 

K20 0 0.01 0 0 0 0.01 0.01 0.02 0.02 0.01 0 0 0 0 

Total 100.57 100.23 100.58 100.55 100.4 101.27 99.74 100.61 100.13 100.69 100.25 100.26 100.16 100.36 

Si 1.987 1.996 1.983 1.979 1.983 1.971 1.985 1.979 1.992 1.988 1.98 1.984 1.988 1.988 

Ti4  0.006 0.004 0.003 0.006 0.003 0.004 0.001 0.003 0.001 0.003 0.003 0.002 0.002 0.002 

Ali* 0.514 0.586 0.399 0.356 0.358 0.298 0.424 0.457 0.405 0.394 0.393 0.404 0.431 0.368 

CrI,  0.001 0 0.001 0 0 0 0 0 0.001 0.001 0 0 0.001 0.001 

0.051 0.037 0.228 0.334 0.272 0.374 0.157 0.185 0.154 0.21 0.185 0.17 0.174 0.18 

Fe 0.001 0.018 0 0.007 0.007 0 0.017 0.001 0.028 0.014 0.005 0.019 0.018 0.018 

Mn 0.005 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.003 0.004 0.005 0.005 0.005 0.004 

Mg 0.429 0.363 0.381 0.313 0.367 0.344 0.413 0.37 0.417 0.391 0.426 0.418 0.382 0.439 

Ca 0.456 0.368 0.403 0.341 0.404 0.378 0.445 0.396 0.452 0.409 0.46 0.451 0.412 0.471 

Na 0.551 0.624 0.599 0.66 0.602 0.63 0.554 0.605 0.546 0.587 0.543 0.547 0.587 0.528 

0 0 0 0 0 0 0 0.001 0.001 0 0 0 0 0 

Catsum 4.001 4 4.001 4 4 4.003 4 4.001 4 4.001 4 4 4 3.999 

Catcharge 12.003 11.999 12.003 12 12 11.998 11.999 12.002 11.999 12.002 12.001 11.999 11.999 11.999 

Acmite 3.531856 2.696793 16.29736 25.03748 19.49821 27.31921 10.86505 13.29023 10.60606 14.88306 12.72352 11.71606 12.33168 12.25323 

Jadeite 49.55313 59.17339 36.92615 32.56743 32.80318 25.39683 39.73974 41.95804 39.17836 37.751 35.69292 37.77555 41.24124 34.73473 

Augite 46.91502 38.12982 46.7765 42.39509 47.69861 47.28396 49.39521 44.75173 50.21558 47.36593 51.58356 50.50839 46.42708 53.01203 

bOPB = pyroxene from outer pyroxene band 



Pyroxene data (run with C = 4, 0 = 6) 
Block 9J continued 

Sample N4-132A (outer pyroxene band) continued 

Analysis No. 296 297 311 312 315 316 319 320 321 322 323 324 326 327 

Description OPB OPB Cr-rich' Cr-rich Cr-rich Cr-rich Cr-rich Cr-rich Cr-rich Cr-rich Cr-rich Cr-rich Cr-rich Cr-rich 

Si02  55.78 55.92 54.28 55.17 54.96 55.1 55.01 55.57 54.8 54.96 54.48 54.99 54.09 54.65 

Ti02  0.12 0.07 0.29 0.06 0.06 0.07 0.06 0.12 0.11 0.08 0.15 0.06 0.1 0.09 

A1203  9.87 10.87 5.47 8.61 5.32 6.2 6.14 6.71 6.29 5.35 5.43 5.42 5.72 5.48 

Cr203  0.01 0 2.72 1.49 2.98 0.49 2.85 0.57 4.34 0.58 4.81 2.05 3.1 2.55 

Fe203  8.21 4.71 7.59 7.66 6.51 7 7.58 7.81 7.02 7.21 6.93 6.17 7.83 6.76 

FeO 0.2 0 0.42 0.67 1.11 1.53 0.13 1.11 0.44 1.39 0.53 1.69 0 0.9 

MnO 0.13 0.15 0.14 0.12 0.15 0.14 0.15 0.15 0.13 0.12 0.15 0.15 0.18 0.16 

MgO 6.92 7.89 8.72 6.92 9.5 9.33 8.51 8.73 7.57 9.77 8.04 9.41 8.75 8.96 

CaO 10.24 11.89 12.88 10.28 12.62 13.06 12.84 12.73 11.5 14.19 11.97 13.97 12.54 13.44 

Na20 8.85 8.15 7.02 8.57 6.77 6.66 7.31 7.2 7.94 6.18 7.53 6.31 7.12 6.72 

K20 0 0 0 0 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.03 0.01 

Total 100.33 99.65 99.53 99.55 99.99 99.59 100.59 100.71 100.15 99.84 100.03 100.23 99.46 99.72 

Si4  1.985 1.985 1.979 1.99 1.991 1.998 1.98 1.992 1.984 1.995 1.981 1.991 1.973 1.988 

-' 	Ti4  0.003 0.002 0.008 0.002 0.002 0.002 0.002 0.003 0.003 0.002 0.004 0.002 0.003 0.003 

Al 0.414 0.455 0.235 0.366 0.227 0.265 0.261 0.283 0.268 0.229 0.233 0.232 0.246 0.235 

Cr 0 0 0.079 0.043 0.085 0.014 0.081 0.016 0.124 0.017 0.138 0.059 0.089 0.073 

Fe 0.22 0.126 0.208 0.208 0.177 0.191 0.205 0.211 0.191 0.197 0.19 0.168 0.215 0.185 

Fe 0.006 0 0.013 0.02 0.034 0.047 0.004 0.033 0.013 0.042 0.016 0.051 0 0.027 

Mn 0.004 0.005 0.004 0.004 0.005 0.004 0.005 0.005 0.004 0.004 0.005 0.005 0.006 0.005 

Mg 0.367 0.418 0.474 0.372 0.513 0.504 0.457 0.466 0.408 0.529 0.436 0.508 0.476 0.486 

Ca 0.391 0.452 0.503 0.397 0.49 0.507 0.495 0.489 0.446 0.552 0.466 0.542 0.49 0.524 

Na 0.61 0.561 0.497 0.599 0.476 0.468 0.51 0.501 0.557 0.435 0.531 0.443 0.504 0.474 

0 0 0 0 0.001 0.001 0 0.001 0.001 0 0 0 0.001 0 

Catsum 4 4.004 4 4.001 4.001 4.001 4 4 3.999 4.002 4 4.001 4.003 4 

Catcharge 12 12.002 11.999 12.004 12 12.003 12.001 11.998 11.997 12.006 12 12.004 12.003 12.001 

Acmite 15.86157 8.743928 13.91304 14.85714 11.62943 12.48366 13.77688 14.11371 13.28234 12.58786 12.96928 10.79692 14.38127 12.14708 

Jadeite 38.96104 42.94176 21 34.93976 22.15321 26.97436 22.28856 27.67677 24.12762 22.39108 20.36108 21.92893 20.12072 21.64329 

Augite 45.17739 48.31432 65.08696 50.2031 66.21736 60.54198 63.93456 58.20952 62.59005 65.02106 66.66963 67.27415 65.498 66.20964 

'Cr-rich = chromium-rich pyroxene 



Pyroxene data (run with C = 4, 0 = 6) 
Block 9J continued 

Sample N4-132A (outer pyroxene band) continued 

Analysis No. 333 334 335 336 337 341 342 343 344 348 350 352 603 604 

Description Cr-rich Cr-rich Cr-rich Cr-rich OPB OPB OPB Cr-rich Cr-rich Cr-rich Cr-rich Cr-rich Chi zone Chi zone 

Si02  54.45 55.32 54.68 55.16 55.95 56.19 55.62 54.44 54.14 54.74 54.99 54.92 56.97 56.9 

Ti02  0.06 0.08 0.06 0.09 0.07 0.05 0.11 0.12 0.06 0.06 0.07 0.06 0.29 0.33 

Al2O3  4.17 8.13 5.43 5.59 9.63 10.47 8.25 5.21 4.13 6.28 5.04 6.13 14.68 14.28 

Cr203  0.76 1.4 3.51 2.45 0 0.02 0.01 4.52 1.13 3.68 2.76 3.46 0 0.03 

Fe203  8.24 8.34 7.29 6.49 7.61 6.03 6.34 6.94 8.19 7.64 7.27 7.2 2.6 3 

FeO 0.62 0 0.71 1.5 0 0.15 1.86 0.65 0.25 0.29 0.76 0.62 0.12 0 

MnO 0.15 0.1 0.15 0.14 0.12 0.15 0.16 0.12 0.17 0.13 0.14 0.11 0.13 0.12 

MgO 10.17 7.32 8.35 9.2 7.64 7.78 8.27 8.93 10.51 7.72 9.27 8.13 6.16 6.47 

CaO 15.54 10.96 12.55 12.27 11.33 11.51 11.57 11.62 15.4 11.64 13.27 12.28 8.94 9.24 

Na20 5.68 8.42 7.25 6.96 8.39 8.25 7.55 7.25 5.58 7.85 6.76 7.5 9.86 9.67 

K20 0 0 0 0.01 0.01 0.02 0.02 0.01 0.01 0 0 0 0 0.01 

Total 99.84 100.07 99.98 99.86 100.75 100.62 99.76 99.81 99.57 100.03 100.33 100.41 99.75 100.05 

Si4  1.986 1.986 1.987 1.999 1.982 1.983 2 1.981 1.978 1.983 1.99 1.983 1.99 1.985 

Ti4  0.002 0.002 0.002 0.003 0.002 0.001 0.003 0.003 0.002 0.002 0.002 0.002 0.008 0.009 

AI 0.179 0.344 0.233 0.239 0.402 0.436 0.35 0.223 0.178 0.268 0.215 0.261 0.604 0.587 

Cr 0.022 0.04 0.101 0.07 0 0.001 0 0.13 0.033 0.106 0.079 0.099 0 0.001 

FeJ* 0.226 0.225 0.199 0.177 0.203 0.16 0.172 0.19 0.225 0.208 0.198 0.196 0.068 0.079 

Fe 0.019 0 0.022 0.045 0 0.004 0.056 0.02 0.008 0.009 0.023 0.019 0.004 0 

Mn* 0.005 0.003 0.005 0.004 0.004 0.005 0.005 0.004 0.005 0.004 0.004 0.003 0.004 0.003 

Mf 0.553 0.392 0.453 0.497 0.404 0.409 0.443 0.485 0.572 0.417 0.5 0.438 0.321 0.336 

Ca 0.607 0.422 0.489 0.476 0.43 0.435 0.446 0.453 0.603 0.452 0.515 0.475 0.334 0.345 

Na 0.402 0.587 0.511 0.489 0.577 0.565 0.526 0.511 0.396 0.552 0.475 0.525 0.667 0.654 

0 0 0 0 0.001 0.001 0.001 0.001 0 0 0 0 0 0 

Catsum 4.001 4.001 4.002 3.999 4.005 4 4.002 4.001 4 4.001 4.001 4.001 4 3.999 

Catcharge 12.003 12 12.004 11.999 12.005 11.999 12.005 12.001 12 12.002 12.003 12.003 12.001 11.999 

Acmite 14.15153 15.93484 13.36467 11.74519 14.24561 11.16539 11.68478 12.786 14.04494 14.37457 12.99213 13.29715 5.132075 5.913174 

Jadeite 15.26264 31.91278 21.1 25.07772 37.14002 40.4 36.41975 19.81328 13.81381 23.70518 20 23 59.84016 57.45746 

Augite 70.58583 52.15237 65.53533 63.17709 48.61437 48.43461 51.89546 67.40072 72.14124 61.92025 67.00787 63.70285 35.02776 36.62937 



Pyroxene data (run with C = 4, 0 = 6) 
Block 9J continued 

Sample N4-132A (outer pyroxene band) continued 
Analysis No. 605 606 607 608 609 610 611 612 613 614 615 616 618 619 

Description ChI zone in chi zone OPB OPB rim OPB core OPB rim OPB core OPB core OPB rim Cr-rich Cr-rich rim Cr-rich rim 

Si02  56.85 55 55.32 55.4 56.03 55.67 55.81 55.98 55.2 55.16 55.7 54.59 54.67 54.24 

T102  0.27 0.19 0.22 0.16 0.12 0.1 0.13 0.2 0.18 0.1 0.17 0.11 0.14 0.3 

A1203  14.37 9.35 9.66 9.94 11.38 8.69 10.21 12.8 9.02 8.41 11.82 6.49 6.07 5.52 

Cr203  0.03 0 0.03 0.03 0.03 0.02 0 0 0.04 0.03 0.02 3.35 0.63 3.2 

Fe203  2.77 12.37 12.47 10.7 7.43 6.01 6.53 7.44 9.03 6.96 5.95 7.52 8.84 7.73 

FeO 0 0 0 0 0 0.62 0 0 0.23 0 1.26 0 0 0.13 

MnO 0.15 0.1 0.13 0.1 0.15 0.16 0.15 0.13 0.16 0.13 0.14 0.16 0.18 0.14 

MgO 6.41 4.95 4.76 5.39 6.14 8.65 7.62 5.04 6.77 8.61 6.25 7.92 8.97 8.45 

CaO 9.23 7.78 7.25 8.5 9.05 12.33 11.27 7.61 10.25 12.99 8.72 11.87 13.17 12.66 

Na20 9.7 10.24 10.65 9.88 9.6 7.47 8.41 10.42 8.75 7.37 9.28 7.86 7.02 7.24 

K20 0 0.01 0 0 0.02 0 0 0.01 0 0.01 0.01 0 0.02 0.01 

Total 99.78 99.99 100.49 100.1 99.95 99.72 100.13 99.63 99.63 99.77 99.32 99.87 99.71 99.62 

Si4  1.987 1.982 1.982 1.984 1.989 1.992 1.982 1.985 1.986 1.979 1.988 1.978 1.982 1.977 

Uj 	 Ti4  0.007 0.005 0.006 0.004 0.003 0.003 0.003 0.005 0.005 0.003 0.005 0.003 0.004 0.008 

Al 0.592 0.397 0.408 0.42 0.476 0.367 0.427 0.535 0.383 0.355 0.497 0.277 0.259 0.237 

Cr 0.001 0 0.001 0.001 0.001 0 0 0 0.001 0.001 0.001 0.096 0.018 0.092 

Fe 0.073 0.336 0.336 0.288 0.198 0.162 0.174 0.199 0.245 0.188 0.16 0.205 0.241 0.212 

Fe 0 0 0 0 0 0.019 0 0 0.007 0 0.038 0 0 0.004 

Mn 0.004 0.003 0.004 0.003 0.005 0.005 0.004 0.004 0.005 0.004 0.004 0.005 0.006 0.004 

Mg 0.334 0.266 0.254 0.288 0.325 0.461 0.404 0.266 0.363 0.46 0.333 0.428 0.485 0.459 

Ca 0.346 0.3 0.278 0.326 0.344 0.473 0.429 0.289 0.395 0.5 0.333 0.461 0.512 0.494 

Na 0.658 0.716 0.74 0.686 0.661 0.519 0.579 0.717 0.611 0.512 0.642 0.553 0.494 0.511 

0 0.001 0 0 0.001 0 0 0.001 0 0 0 0 0.001 0 

Catsum 4.002 4.006 4.009 4 4.003 4.001 4.002 4.001 4.001 4.002 4.001 4.006 4.002 3.998 

Catcharge 12 12.002 11.999 11.999 12.003 12.002 11.996 11.998 12.002 12 12.004 11.999 11.999 11.996 

Acmite 5.459985 26.16822 26.60333 21.98473 14.79821 10.95335 12.25352 15.57121 17.68953 12.64291 11.81684 14.13793 16.034597 14.334009 

Jadeite 58.16733 37.40157 39.58743 39.22925 45.97015 35.9879 40.17857 51.49105 36.28231 31.917 49.33333 24.85207 23.359841 20.597015 

Augite 36.37268 36.4302 33.80925 38.78602 39.23164 53.05875 47.56791 32.93774 46.02816 55.4401 38.84983 61.01 60.605562 65.068976 



Pyroxene data (run with C = 4, 0 = 6) 
Block 9J continued 

Sample N4-132A (outer pyroxene band) continued 

Analysis No. 621 641 642 643 644 645 646 647 648 

Description Cr-rich Cr-rich core Cr-rich Cr-rich rim Cr-rich rim Cr-rich core Cr-rich rim Cr-rich core Cr-rich rim 

Si02  5384 54.42 53.91 54.37 54.58 53.83 54.53 54.72 54.78 

Ti02  0.12 0.19 0.08 0.09 0.1 0.14 0.09 0.14 0.09 

A1203  5.55 5.99 5.36 6.81 8.16 5.26 8.26 6.13 6.04 

Cr203  4.1 4.8 5.9 1.38 0.51 3.92 0.78 1.92 0.93 

Fe203  7.22 7.39 6.8 7.87 8.5 7.13 8.24 8.13 8.65 

FeO 0.13 0 0 0 0 0.27 0 0.1 0.09 

MnO 0.15 0.17 0.13 0.13 0.14 0.16 0.12 0.14 0.12 

MgO 8.58 8.17 7.73 8.37 7.62 8.95 7.49 8.48 8.9 

CaO 11.86 10.75 11.35 12.61 11.44 12.03 11.22 12.37 13.18 

Na20 7.26 7.95 7.96 7.31 8.27 7.03 8.22 7.4 7.03 

K20 0.03 0.02 0 0.01 0 0.04 0 0.01 0.01 

Total 98.84 99.85 99.22 98.95 99.32 98.76 98.95 99.54 99.82 

si4l 1.976 1.975 1.977 1.982 1.977 1.978 1.98 1.987 1.985 

Ti4  0.003 0.005 0.002 0.003 0.003 0.004 0.003 0.004 0.002 

Al 0.24 0.256 0.232 0.292 0.348 0.228 0.353 0.262 0.258 

Cr 0.119 0.138 0.171 0.04 0.015 0.114 0.022 0.055 0.027 

Fe 0.2 0.202 0.188 0.216 0.232 0.197 0.225 0.222 0.236 

Fe 0.004 0 0 0 0 0.008 0 0.003 0.003 

Mn 0.005 0.005 0.004 0.004 0.004 0.005 0.004 0.004 0.004 

Mg 0.469 0.442 0.423 0.455 0.411 0.49 0.405 0.459 0.481 

Ca 0.466 0.418 0.446 0.492 0.444 0.474 0.436 0.481 0.512 

Na 0.516 0.559 0.566 0.516 0.581 0.501 0.578 0.521 0.494 

0.001 0.001 0 0.001 0 0.002 0 0 0 

Catsum 3.999 4.001 4.009 4.001 4.015 4.001 4.006 3.998 4.002 

Catcharge 11.998 11.998 12.001 12.003 12.004 12.002 12 11.996 12.005 

Acmite 13.5226504 14.0668524 13.0464955 14.58474 16.2124389 13.1860776 15.7894737 15.0712831 15.6706507 

Jadeite 20.0610998 22.4155578 20.4545455 25.7936508 32.5853659 19.4871795 32.642998 24.3512974 22.9622266 

Augite 66.4162498 63.5175898 66.4989591 59.6216092 51.2021953 67.3267429 51.5675283 60.5774195 61.3671226 



Pyroxene data (run with C = 4, 0 = 6) 
Block 8Ea 

Sample GB-8 (silica saturated block centre) - figure 6.9a 

Analysis No. 367 368 376 377 382 383 385 386 389 390 396 400 415 419 420 

Description core rim core rim core rim core rim rim core core core core? core rim 

Si02  54.11 53.98 53.78 54.95 54.72 55.47 54.64 54.63 55.08 54.33 54.57 55.01 52.18 54.54 54.8 

Ti02  0.06 0.04 0.05 0.08 0.04 0.01 0.05 0.09 0.05 0.05 0.07 0.06 0.05 0.05 0.05 

A1203  8.98 9.35 9.1 9.47 9.84 10.38 9.36 10.07 9.95 8.98 9.23 9.16 9.09 9.11 10.01 

Cr203  0.02 0.03 0 0.01 0 0.01 0.01 0.01 0.01 0.02 0.02 0.03 0.01 0 0 

Fe203  10.51 8.21 9.23 8.92 9.79 10.32 11.33 7.81 8.9 9.54 8.49 7.83 11.63 9.65 7.68 

FeO 3.04 4.32 4.18 3.61 3.3 2.89 2.61 3.91 3.19 4.51 3.59 4.19 1.27 2.84 3.95 

MnO 0.09 0.09 0.14 0.02 0.08 0.02 0.07 0.01 0.03 0.11 0.03 0.02 0.07 0.05 0.06 

MgO 4.69 4.86 4.74 5.15 4.28 3.87 4.42 4.96 5.04 4.58 5.46 5.45 4.89 5.24 5.07 

CaO 8.92 8.98 8.7 8.97 7.96 6.61 8.24 8.34 8.52 8.71 9.39 9.24 9.09 9.42 9.04 

Na20 9.02 8.62 8.71 8.95 9.54 10.36 9.55 9.03 9.22 8.85 8.61 8.64 8.78 8.83 8.83 

K20 0 0.01 0.01 0 0.01 0.01 0 0.03 0.01 0.01 0 0 0 0.01 0.01 

Total 99.44 98.49 98.64 100.13 99.56 99.95 100.28 98.89 100 99.69 99.46 99.63 97.06 99.74 99.5 

Si4  1.98 1.99 1.984 1.988 1.991 2.001 1.98 1.994 1.989 1.988 1.988 1.999 1.953 1.983 1.99 

Ti4  0.002 0.001 0.002 0.002 0.001 0 0.001 0.002 0.001 0.002 0.002 0.002 0.001 0.001 0.001 

Al 0.387 0.406 0.396 0.404 0.422 0.441 0.4 0.433 0.423 0.387 0.396 0.392 0.401 0.39 0.429 

Cr 0.001 0.001 0 0 0 0 0 0 0 0.001 0.001 0.001 0 0 0 

Fe 0.289 0.228 0.256 0.243 0.268 0.28 0.309 0.215 0.242 0.263 0.233 0.214 0.328 0.264 0.21 

Fe2  0.093 0.133 0.129 0.109 0.101 0.087 0.079 0.119 0.096 0.138 0.11 0.127 0.04 0.087 0.12 

Mn2  0.003 0.003 0.004 0.001 0.003 0.001 0.002 0 0.001 0.003 0.001 0.001 0.002 0.002 0.002 

Mg 0.256 0.267 0.261 0.278 0.232 0.208 0.239 0.27 0.271 0.25 0.296 0.295 0.273 0.284 0.275 

Ca 0.35 0.355 0.344 0.348 0.31 0.256 0.32 0.326 0.33 0.341 0.367 0.36 0.365 0.367 0.352 

Na 0.64 0.616 0.623 0.628 0.673 0.725 0.671 0.639 0.645 0.628 0.608 0.609 0.637 0.623 0.622 

0 0 0 0 0 0 0 0.001 0.001 0 0 0 0 0 0 

Catsum 4.001 4 3.999 4.001 4.001 3.999 4.001 3.999 3.999 4.001 4.002 4 4 4.001 4.001 

Catcharge 12.003 12.001 11.999 12.001 12.003 11.996 12.002 11.998 11.997 12.005 12.006 12 12 12.001 12.001 

Acmite 21.26564 16.4859 18.63173 17.72429 20.19593 21.97802 23.25056 15.84377 17.89941 19.18308 16.73851 15.40677 24.08223 19.17211 15.23948 

Jadeite 35.35354 39.85582 37.95243 39.44672 41.20041 45.36188 36.52876 43.93782 41.33333 37.5645 38.35897 40.66047 30.83832 36.26263 42.29979 

Augite 43.38083 43.65828 43.41584 42.82899 38.60366 32.6601 40.22068 40.2184 40.76726 43.25242 44.90252 43.93276 45.07944 44.56526 42.46073 



Pyroxene data (run with C = 4, 0 = 6) 
Block 8Ea continued 

Sample E6-21713 (silica undersaturated block) - figure 6.9a 

Analysis No. 43 44 45 46 47 55 56 57 58 60 61 64 73 74 

Description core core rim? PX1,  Px Px core rim Px Px Px Px Px Px 

Si02  54.46 54.06 54.59 54.11 54.4 53.77 54.82 54.41 54.43 54.26 54.07 54.43 51.09 53.62 

TiO2  0.07 0.05 0.03 0.04 0.06 0.06 0.08 0.09 0.07 0.22 0.15 0.02 0.12 0.07 

A1203  6.8 6.06 7.09 5.25 5.94 5.37 6.98 6.97 7.34 6.91 6.42 6.15 5.93 4.66 

Cr203  0.03 0.04 0 0.01 0 0.01 0.02 0.01 0.01 0.04 0.12 0.03 0 0 

Fe203  8.9 13.39 8.75 10.25 9.29 15.02 7.63 8.86 7.67 6.92 6.55 8.51 5.39 11.02 

FeO 1.75 1.78 1.57 1.37 1.8 1.54 2.73 1.36 2.61 3.29 3.59 2.48 10.77 4.01 

MnO 0.04 0.19 0.06 0.09 0.07 0.15 0.19 0.18 0.2 0.2 0.15 0.04 0.23 0.13 

MgO 7.68 5.7 7.65 8.4 8.1 5.63 7.85 8.03 7.53 7.81 8.3 8.09 12.25 6.83 

CaO 12.64 9.86 12.5 13.71 13.2 9.66 13.37 13.75 13.11 13.58 14.4 13.45 7.16 11.93 

Na20 7.22 8.61 7.33 6.63 6.87 8.68 6.81 6.83 6.92 6.52 5.99 6.67 3.98 7.02 

K20 0.01 0 0.01 0 0.01 0 0 0 0.01 0.01 0.01 0 0.24 0.01 

Total 99.6 99.74 99.58 99.86 99.74 99.89 100.48 100.49 99.9 99.76 99.75 99.87 97.16 99.3 

Un 	 Si4  1.985 1.988 1.986 1.98 1.986 1.983 1.984 1.968 1.98 1.981 1.978 1.986 1.939 1.995 

Ti 0.002 0.001 0.001 0.001 0.002 0.002 0.002 0.002 0.002 0.006 0.004 0.001 0.003 0.002 

Al 0.292 0.263 0.304 0.226 0.256 0.234 0.298 0.297 0.315 0.297 0.277 0.265 0.265 0.204 

Cr 0.001 0.001 0 0 0 0 0.001 0 0 0.001 0.004 0.001 0 0 

Fe 0.244 0.371 0.24 0.282 0.255 0.417 0.208 0.241 0.21 0.19 0.18 0.234 0.154 0.308 

Fe 0.053 0.055 0.048 0.042 0.055 0.048 0.083 0.041 0.079 0.101 0.11 0.076 0.342 0.125 

Mn 0.001 0.006 0.002 0.003 0.002 0.005 0.006 0.006 0.006 0.006 0.005 0.001 0.007 0.004 

Mg 0.417 0.313 0.415 0.458 0.441 0.31 0.424 0.433 0.408 0.425 0.453 0.44 0.693 0.379 

Ca 0.494 0.389 0.487 0.537 0.516 0.382 0.518 0.533 0.511 0.531 0.565 0.526 0.291 0.476 

Na 0.51 0.614 0.517 0.47 0.486 0.621 0.478 0.479 0.488 0.462 0.425 0.472 0.293 0.506 

0.001 0 0.001 0 0.001 0 0 0 0.001 0.001 0.001 0 0.012 0.001 

Catsum 4 4.001 4.001 3.999 4 4.002 4.002 4 4 4.001 4.002 4.002 3.999 4 

Catcharge 12 12.001 12.002 11.998 12 12.004 12.005 11.999 12 12.001 12.003 12.006 11.996 11.999 

Acmite 16.40888 26.76768 16.19433 18.4555 16.87624 30.2393 13.66623 15.8657 13.9165 12.40209 11.45038 15.30412 9.107037 20.65728 

Jadeite 26.39442 24.12762 27.58964 18.66931 23.05389 20.33898 27.00803 23.51779 27.82783 27.29104 24.34343 23.74749 23.80137 20.16293 

Augite 57.1967 49.10471 56.21603 62.87519 60.06987 49.42171 59.32574 60.61651 58.25567 60.30687 64.20618 60.94838 67.09159 59.17979 

Px = pyroxnee of unspecified composition 



Pyroxene data (run with C = 4, 0 = 6) 
Block 8Ea continued Block 4K7 

Sample E6-21713 (Si undersat. block) continued K7-247 (Cr-rich around chromite in amphibole) - chapter 7 

Analysis No. 75 78 84 85 139 140 141 142 143 

Description Px In rt+sph rim? rim? Px Px Px Px Px 

Si02  53.78 53.71 54.7 54.86 53.59 54.12 53.98 54.21 53.98 

Ti02  0.07 0.07 0.03 0.04 0.01 0.01 0.02 0.02 0.04 

A1203  5.21 5.07 6.88 7.05 5.19 6.22 7.03 6.04 6.12 

Cr203  0.02 0.03 0.04 0.06 3 3.09 1.97 2.34 2.05 

Fe203  12.51 3.11 9.76 9.59 6.47 5.43 6.44 6.75 7.15 

FeO 3.88 13.25 1.34 1.04 1.76 2.04 1.48 1.36 1.32 

MnO 0.15 0.19 0.06 0.05 0.09 0.05 0.06 0.06 0.09 

MgO 5.83 12 7.61 7.92 8.39 7.94 7.61 8.15 8.04 

CaO 10.68 4.87 12.54 12.9 14.08 13.24 12.81 13.6 13.49 

Na20 7.82 4.96 7.42 7.31 6.3 6.79 7.12 6.78 6.8 

K20 0 0.07 0 0 0.01 0.01 0.01 0.01 0.01 

Total 99.95 97.33 100.38 100.82 98.89 98.94 98.53 99.32 99.09 

Si4  1.991 2.024 1.979 1.974 1.979 1.987 1.983 1.983 1.98 

Ti4  0.002 0.002 0.001 0.001 0 0 0.001 0.001 0.001 

Al 0.227 0.225 0.293 0.299 0.226 0.269 0.304 0.26 0.265 

CrJ* 0.001 0.001 0.001 0.002 0.088 0.09 0.057 0.068 0.06 

Fe 0.348 0.088 0.266 0.26 0.18 0.15 0.178 0.186 0.197 

Fe 0.12 0.418 0.041 0.031 0.054 0.063 0.046 0.042 0.04 

Mn* 0.005 0.006 0.002 0.002 0.003 0.002 0.002 0.002 0.003 

Mg 0.322 0.674 0.411 0.425 0.462 0.435 0.417 0.445 0.44 

Ca 0.424 0.197 0.486 0.497 0.557 0.521 0.504 0.533 0.53 

Na 0.561 0.362 0.521 0.51 0.451 0.483 0.507 0.481 0.484 

0 0.003 0 0 0.001 0.001 0.001 0.001 0.001 

Catsum 4.001 4 4.001 4.001 4.001 4.001 4 4.002 4.001 

Catcharge 12.003 12.001 12.001 12.003 12.002 12.001 11.999 12.004 12.001 

Acmite 24.200278 5.3888549 17.985125 17.449664 11.6204 9.8879367 11.938296 12.244898 13.0033 

Jadeite 21.522843 48.837209 25.223436 24.627607 18.154762 24.203187 26.904055 22.386588 22.386588 

Augite 54.276879 45.773936 56.791439 57.922729 70.224838 65.908876 61.157648 65.368514 64.610112 

In rt+sph = pyroxene surrounded by rutile and sphene 



Pyroxene data (run with C = 4, 0 = 6) 
Block 6K7 

Sample K8-267 (silica undersaturated block centre) -figure 6.9b 

Analysis No. 127 128 129 134 135 146 147 153 154 157 159 160 162 163 

Description rim-mid core Px rim? core rim core rim core core mid rim core-mid rim 

5i02  54.29 54.8 54.55 54.43 54.58 54.28 54.17 54.24 55.01 54.91 54.87 54 54.07 54.73 

TiO2  0.03 0.02 0.06 0.01 0.04 0.05 0.07 0.07 0.04 0.06 0.07 0.08 0.04 0.08 

A1203  5.49 6.57 7.12 5.99 6.27 6.13 6.84 6.06 7.65 8.73 8.27 6.73 5.92 8.46 

Cr203  0.03 0.03 0.01 0.04 0.02 0.04 0 0.02 0 0.01 0 0.01 0 0.01 

Fe203  9.61 7.25 6.61 10.06 7.66 10.89 6.46 11.48 7.6 7.95 7.54 8.99 13.22 7.74 

FeO 3.82 2.85 2.99 2.89 2.74 3.32 2.83 3.05 2.29 2.59 3.32 2.61 2.73 2.98 

MnO 0.11 0.01 0.02 0.06 0.02 0.08 0.01 0.08 0 0.17 0.16 0.04 0.11 0.19 

MgO 6.93 8.26 8.16 7.11 8.34 6.24 8.6 6.22 7.7 6.5 6.82 7.3 5.54 6.65 

CaO 12.75 13.81 13.67 12.4 13.95 11.53 14.5 11.61 12.63 11.54 11.95 13.28 10.23 11.92 

Na20 6.97 6.52 6.52 7.24 6.43 7.68 6.06 7.72 7.24 7.89 7.49 6.89 8.38 7.6 

K20 0 0.01 0 0.01 0 0.01 0 0.01 0.01 0.01 0.01 0.01 0 0 

Total 100.03 100.13 99.71 100.24 100.05 100.25 99.54 100.56 100.17 100.36 100.5 99.94 100.24 100.36 

Si4  1.996 1.989 1.985 1.989 1.986 1.989 1.977 1.983 1.987 1.981 1.982 1.974 1.987 1.979 

00 	 Ti 0.001 0.001 0.002 0 0.001 0.001 0.002 0.002 0.001 0.002 0.002 0.002 0.001 0.002 

Al 0.238 0.281 0.305 0.258 0.269 0.265 0.294 0.261 0.326 0.371 0.352 0.29 0.256 0.36 

Cr 0.001 0.001 0 0.001 0.001 0.001 0 0.001 0 0 0 0 0 0 

Fe 0.266 0.198 0.181 0.277 0.21 0.3 0.178 0.316 0.207 0.216 0.205 0.247 0.366 0.211 

Fe 0.117 0.087 0.091 0.088 0.083 0.102 0.086 0.093 0.069 0.078 0.1 0.08 0.084 0.09 

Mn 0.003 0 0.001 0.002 0.001 0.003 0 0.002 0 0.005 0.005 0.001 0.003 0.006 

Mg 0.38 0.447 0.443 0.387 0.452 0.341 0.468 0.339 0.415 0.35 0.367 0.398 0.304 0.358 

Ca 0.502 0.537 0.533 0.485 0.544 0.453 0.567 0.455 0.489 0.446 0.462 0.52 0.403 0.462 

Na 0.497 0.459 0.46 0.513 0.453 0.546 0.429 0.547 0.507 0.551 0.524 0.488 0.597 0.532 

0 0 0 0 0 0 0 0 0.001 0 0 0 0 0 

Catsum 4.001 4 4.001 4 4 4.001 4.001 3.999 4.002 4 3.999 4 4.001 4 

Catcharge 12.004 12.001 12.002 12.001 12.001 12.002 12.003 11.999 12.005 12.002 11.999 12.001 12.003 12.001 

Acmite 17.69794 12.85714 11.76088 18.62811 13.58344 20.63274 11.33758 21.7931 13.8647 14.92744 13.91718 16.35762 26.08696 14.39291 

Jadeite 23.02302 26.10442 28.09668 23.54709 24.27282 24.52452 25.2008 22.95409 30.12048 33.6008 32.35294 23.90873 23.1 32.29376 

Augite 59.27904 61.03844 60.14244 57.8248 62.14374 54.84274 63.46162 55.2528 56.01482 51.47176 53.72988 59.73365 50.81304 53.31333 



Pyroxene data (run with C = 4, 0 = 6) 
Block 6K7 continued 

Sample K8-267 (silica undersaturated block centre) continued 

Analysis No. 164 165 167 168 170 171 172 173 174 175 176 177 185 186 

Description Px Px Px Px rim core rim core rim core rim core Px core 

Si02  53.98 54.27 54.92 54 54.44 54.61 54.52 54.24 54.52 54.69 54.22 54.36 55.22 55.16 

Ti02  0.06 0.06 0.06 0.15 0.05 0.02 0.02 0.04 0.02 0.04 0.06 0.06 0.06 0.06 

A1203  5.85 7.64 7.32 5.12 7.04 7.51 7.55 6.28 7.45 8.89 8.3 9.13 10.19 10.35 

Cr203  0.03 0 0 0 0 0 0.03 0.04 0 0 0.01 0.03 0.03 0.03 

Fe203  8.5 7.94 5.65 10.03 6.45 6.4 8.43 8.26 7.38 5.48 6.15 7.25 6.19 6.69 

FeO 3.53 3.03 3.5 3.38 2.75 2.84 2.35 1.89 2.56 3.3 2.73 2.79 2.91 2.63 

MnO 0.09 0.03 0.02 0.05 0.02 0.02 0.03 0.03 0 0.01 0.02 0.23 0.05 0.07 

MgO 7.71 7.15 8.21 7.47 8.64 8.17 7.16 8.51 7.71 7.37 7.82 6.48 6.49 6.11 

CaO 13.7 12.83 13.98 13.28 14.46 13.56 12.34 14.26 12.83 12.77 13.23 11.42 11.18 10.77 

Na20 6.4 7.05 6.4 6.67 6.14 6.58 7.39 6.37 7 7.04 6.74 7.74 8.02 8.32 

K20 0 0 0.01 0 0 0 0 0 0 0 0 0 0.01 0.01 

Total 99.85 100 100.07 100.15 99.99 99.71 99.82 99.92 99.47 99.59 99.28 99.49 100.35 100.2 

Si 1.982 1.975 1.99 1.984 1.976 1.983 1.982 1.975 1.986 1.982 1.974 1.976 1.978 1.979 

Ti4  0.002 0.002 0.002 0.004 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.002 0.002 0.002 

Al 0.253 0.328 0.312 0.222 0.301 0.321 0.324 0.27 0.32 0.38 0.356 0.391 0.43 0.438 

CrJ* 0.001 0 0 0 0 0 0.001 0.001 0 0 0 0.001 0.001 0.001 

Fe 0.235 0.217 0.154 0.277 0.176 0.175 0.231 0.226 0.202 0.149 0.169 0.198 0.167 0.181 

Fe 0.108 0.092 0.106 0.104 0.083 0.086 0.072 0.058 0.078 0.1 0.083 0.085 0.087 0.079 

Mn 0.003 0.001 0.001 0.002 0.001 0.001 0.001 0.001 0 0 0.001 0.007 0.001 0.002 

Mg 0.422 0.388 0.443 0.409 0.467 0.442 0.388 0.462 0.419 0.398 0.424 0.351 0.347 0.327 

Ca 0.539 0.5 0.543 0.523 0.562 0.528 0.481 0.556 0.501 0.496 0.516 0.445 0.429 0.414 

Na 0.456 0.497 0.449 0.475 0.432 0.463 0.521 0.45 0.495 0.495 0.476 0.545 0.557 0.579 

K* 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Catsum 4.001 4 4 4 3.999 4 4.002 4 4.002 4.001 4.001 4.001 3.999 4.002 

Catcharge 12.003 12.002 12.001 12 11.997 12.001 12.005 11.999 12.005 12.002 12.003 12.003 11.999 12.007 

Acmite 15.23007 14.45703 9.941898 18.2117 11.23883 11.39323 15.60811 14.59006 13.41301 9.900332 11.09652 13.61761 11.59722 12.73751 

Jadeite 22.11055 28.08425 29.7379 19.83968 25.75453 29.06155 28.84232 22.167 29.41767 34.91423 30.94758 34.94949 39.45233 39.97986 

Augite 62.65938 57.45872 60.3202 61.94862 63.00665 59.54522 55.54958 63.24294 57.16931 55.18544 57.9559 51.4329 48.95045 47.28263 



Pyroxene data (run with C = 4, 0 = 6) 
Block 6K7 continued 

Sample K8-267 (silica undersaturated block centre) continued 
Analysis No. 187 191 194 199 200 201 206 207 208 212 213 214 216 218 

Description rim Px Px Px core rim rim core core Px Px Px rim rim 

Si02  54.53 54.39 54.22 54.3 54.12 54.61 54.61 54.54 54.46 54.18 54.35 54.62 54.43 53.67 

Ti02  0.04 0.09 0.05 0.06 0.04 0.02 0.03 0.02 0.04 0.06 0.08 0.06 0.1 0.11 

A1203  7.75 8.78 9.08 7.8 7.17 7.46 7.5 7.48 7.73 7.27 8.19 8.85 8.62 8.26 

Cr203  0.02 0.01 0 0 0.01 0.02 0.05 0.04 0.02 0.04 0.03 0.03 0.03 0.01 

Fe203  6.63 5.9 7.94 4.02 5.1 6.99 6.69 7.28 5.26 8.37 8.15 8.36 8.16 4.87 

FeO 2.61 3.23 2.72 4.9 4.08 3.23 2.97 2.55 3.73 2.98 3.05 2.56 2.99 7.03 

MnO 0.02 0.04 0.19 0.02 0.04 0.02 0.02 0.04 0.01 0.22 0.21 0.17 0.13 0.15 

MgO 8.12 7.29 5.98 7.68 8.13 7.3 7.71 7.65 7.92 7.11 6.29 6.04 6.84 8.45 

CaO 13.71 12.76 10.98 13.48 14.23 12.72 13.33 13.09 13.82 12.81 11.55 10.95 11.13 9.61 

Na20 6.59 7.01 8.03 6.28 6.01 7.06 6.79 6.95 6.38 7.01 7.72 8.16 7.67 6.36 

K20 0.01 0.01 0.01 0 0.01 0.01 0.01 0.01 0.01 0.01 0 0 0.02 0.08 

Total 100.03 99.51 99.2 98.54 98.94 99.44 99.71 99.65 99.38 100.06 99.62 99.8 100.12 98.6 

Si4  1.974 1.976 1.978 1.997 1.987 1.993 1.986 1.984 1.986 1.975 1.982 1.982 1.971 1.979 
00  

Ti 0.001 0.002 0.001 0.002 0.001 0.001 0.001 0.001 0.001 0.002 0.002 0.002 0.003 0.003 

Al 0.331 0.376 0.391 0.338 0.31 0.321 0.321 0.321 0.332 0.312 0.352 0.378 0.368 0.359 

Cr 0.001 0 0 0 0 0.001 0.002 0.001 0.001 0.001 0.001 0.001 0.001 0 

Fe 0.181 0.161 0.218 0.111 0.141 0.192 0.183 0.199 0.144 0.23 0.224 0.228 0.222 0.135 

Fe 0.079 0.098 0.083 0.151 0.125 0.099 0.09 0.078 0.114 0.091 0.093 0.078 0.091 0.217 

Mn 0.001 0.001 0.006 0.001 0.001 0.001 0.001 0.001 0 0.007 0.006 0.005 0.004 0.005 

Mg* 0.438 0.395 0.326 0.421 0.445 0.397 0.418 0.415 0.43 0.387 0.342 0.327 0.369 0.464 

Ca* 0.532 0.497 0.429 0.531 0.56 0.497 0.519 0.51 0.54 0.5 0.451 0.426 0.432 0.38 

Na 0.463 0.494 0.568 0.448 0.428 0.5 0.479 0.49 0.451 0.495 0.546 0.574 0.538 0.455 

K 0 0 0 0 0.001 0 0.001 0.001 0.001 0 0 0 0.001 0.004 

Catsum 4.001 4 4 4 3.999 4.002 4.001 4.001 4 4 3.999 4.001 4 4.001 

Catcharge 12.002 11.999 11.999 11.999 11.996 12.006 12.002 12.002 11.999 12.002 11.997 12.003 12 12.001 

Acmite 11.77619 10.70479 15.2341 7.16129 8.986616 12.79147 12.03947 13.18754 9.308339 15.30273 15.43763 16 15.22634 8.77193 

Jadeite 28.24121 33.60242 35.10532 34.42288 29.04858 30.79238 29.45892 29 30.8779 26.53266 32.19659 34.5 32.47423 38.32335 

Augite 59.98261 55.69279 49.66058 58.41583 61.9648 56.41615 58.50161 57.81246 59.81376 58.16461 52.36578 49.5 52.29944 52.90472 



Pyroxene data (run with C = 4, 0 = 6) 
Block 6K7 continued 

Sample K8-267 (silica undersaturated block centre) continued 

Analysis No. 232 233 234 237 238 239 240 241 245 264 

Description Px core rim Px core core rim core Px Px 

S102  54.84 54.61 54.98 54.73 54.49 54.94 54.67 54.85 53.49 54.69 

h02  0.05 0.05 0.03 0.05 0.08 0.04 0.05 0.08 0.16 0.05 

A1203  9.57 7.62 7.49 7.51 7.83 7.91 8.28 9.15 4.02 8.24 

Cr203  0 0.02 0.03 0 0 0.03 0.02 0.01 0.03 0.02 

Fe203  4.83 5.59 6.81 7.58 5.6 6.4 5.95 5.86 12.96 6.22 

FeO 3.67 3.63 2.78 2.21 3.56 2.59 3.19 3.25 3.49 2.47 

MnO 0.01 0.03 0.02 0.01 0.05 0.02 0.03 0.03 0.12 0.03 

MgO 6.95 8.05 7.78 7.82 7.97 7.86 7.76 7.02 6.52 7.96 

CaO 12.39 14.01 13.18 13.26 13.94 13.65 13.63 12.66 12.15 13.59 

Na20 7.27 6.34 6.95 6.97 6.37 6.82 6.66 7.25 7.18 6.75 

K20 0 0 0 0.01 0.01 0.01 0 0.01 0 0.01 

Total 99.58 99.95 100.05 100.15 99.9 100.27 100.24 100.17 100.12 100.03 

Si4  1.984 1.982 1.99 1.98 1.978 1.982 1.975 1.978 1.985 1.975 
00 - 	Ti4  0.001 0.001 0.001 0.001 0.002 0.001 0.001 0.002 0.005 0.001 

Al 0.408 0.326 0.319 0.32 0.335 0.336 0.352 0.389 0.176 0.351 

Cr 0 0.001 0.001 0 0 0.001 0.001 0 0.001 0.001 

Fe 0.132 0.153 0.186 0.206 0.153 0.174 0.162 0.159 0.362 0.169 
Fe* 0.111 0.11 0.084 0.067 0.108 0.078 0.097 0.098 0.108 0.075 
Mn* 0 0.001 0.001 0 0.001 0.001 0.001 0.001 0.004 0.001 

Mg 0.375 0.436 0.42 0.422 0.431 0.423 0.418 0.377 0.36 0.428 

Ca 0.48 0.545 0.511 0.514 0.542 0.527 0.527 0.489 0.483 0.526 

Na 0.51 0.446 0.488 0.489 0.449 0.477 0.467 0.507 0.517 0.473 

0 0 0 0 0 0 0 0.001 0 0 

Catsum 4.001 4.001 4.001 3.999 3.999 4 4.001 4.001 4.001 4 

Catcharge 12.002 12.002 12.002 11.997 11.997 12 12.002 12.002 12.004 12 

Acmite 8.85906 9.84556 12.30159 13.65142 9.883721 11.43233 10.56751 10.66398 24.476 11.07471 

Jadeite 38.18182 29.46519 30.13013 28.21535 29.86882 30.07968 30.5835 34.93976 15.4 30.33033 

Augite 52.95912 60.68925 57.56828 58.13322 60.24746 58.48799 58.84898 54.39626 60.124 58.59496 



Amphibole data with FeVFe 	calculated by the method of Holland and Blundy (1994) using the program Ax 

Block 9J 
Sample X1382 (block centre) - figures 4.5, 4.6, 4.20-4.23 

Analysis No. 3 5 23 24 25 26 32 33 34 35 195 196 197 198 199 

Description gI' gI core core mid? rim rim rim core rim core rim core rim core 

Si02  59.59 60.41 58.69 58.79 58.67 58.57 59.41 58.83 58.44 60.01 58.49 59.21 59.01 58.92 58.62 

Ti02  0.07 0.06 0.07 0.06 0.07 0.06 0.02 0.02 0.04 0.04 0.05 0.03 0.05 0.04 0.02 

A1203  10.65 9.91 10.05 10.8 10.66 10.33 11.83 12.32 9.9 12.37 9.08 12.25 9.75 12.02 12.04 

Cr203  0.01 0 0.02 0.01 0.02 0.01 0.02 0 0.02 0.01 0.01 0 0.02 0.03 0 

Fe203  0 4.08 3.03 0 0 2.26 0 0 0 3.79 4.45 0.29 2.72 0.26 0.31 

FeO 5.05 3.07 3.6 5.61 5.57 4.41 4.46 5.99 7.59 0 3 4.51 2.8 4.97 5.15 

MnO 0.08 0.08 0.04 0.02 0.05 0.09 0.06 0.06 0.08 0.05 0.1 0.02 0.09 0.05 0.04 

MgO 14.09 13.04 12.73 12.59 12.67 12.78 12.84 11.66 12.21 12.96 13.45 12.64 14.14 12.63 12.07 

CaO 0.25 0.32 0.24 0.14 0.18 0.18 0.05 0.02 0.13 0.03 0.27 0.03 0.46 0.05 0.04 

Na20 6.71 7.35 7.12 6.82 6.99 7.09 6.91 6.87 6.84 7.01 7.45 7.58 6.91 7.4 7.59 

K20 0.03 0.04 0.04 0.03 0.04 0.03 0.02 0.01 0.02 0.03 0.03 0.02 0.05 0.01 0.02 

Total 96.53 98.35 95.63 94.87 94.92 95.8 95.62 95.78 95.55 96.3 96.39 96.58 96.01 96.38 95.9 

Un 	 Si4  8.052 8.05 8.04 8.095 8.085 8.021 8.063 8.025 8.052 8.004 7.992 7.988 8.024 7.984 7.994 

00 	 Ti4  0.007 0.006 0.007 0.006 0.007 0.006 0.002 0.002 0.004 0.004 0.005 0.003 0.005 0.004 0.002 

Al 1.697 1.557 1.623 1.753 1.732 1.668 1.893 1.981 1.608 1.945 1.463 1.948 1.563 1.92 1.936 

Crj,  0.001 0 0.002 0.001 0.002 0.001 0.002 0 0.002 0.001 0.001 0 0.002 0.003 0 

Fe 0 0.409 0.312 0 0 0.232 0 0 0.292 0.38 0.458 0.029 0.279 0.026 0.032 

Fe 0.571 0.342 0.412 0.646 0.642 0.505 0.506 0.683 0.582 0 0.343 0.509 0.319 0.563 0.588 

Mn' 0.009 0.009 0.005 0.002 0.006 0.01 0.007 0.007 0.009 0.006 0.012 0.002 0.01 0.006 0.005 

Mg 2.837 2.59 2.599 2.584 2.602 2.608 2.597 2.371 2.507 2.576 2.739 2.542 2.865 2.551 2.453 

Ca 0.036 0.046 0.035 0.021 0.027 0.026 0.007 0.003 0.019 0.004 0.04 0.004 0.067 0.007 0.006 

Na 1.758 1.899 1.891 1.821 1.868 1.883 1.818 1.817 1.827 1.813 1.974 1.983 1.822 1.944 2.007 

0.005 0.007 0.007 0.005 0.007 0.005 0.003 0.002 0.004 0.005 0.005 0.003 0.009 0.002 0.003 

Catsum 14.974 14.914 14.933 14.935 14.978 14.966 14.899 14.891 14.908 14.738 15.031 15.013 14.965 15.01 15.025 

Catcharge 45.999 46.002 45.999 45.998 45.999 45.997 46 45.998 45.995 46 46.001 45.995 46.001 45.999 46.002 

Fez" 16.7106 11.6287 13.6605 19.9876 19.7538 16.1703 16.2701 22.313 18.7863 0 11.086 16.6721 9.98748 18.0449 19.304 

FeJ** 0 20.7404 16.0659 0 0 12.1721 0 0 15.3361 16.316 23.879 1.47358 15.1056 1.34436 1.62933 

Al(*)*** 0 0 0 0 0 0 0 0 0 0 0.008 0.012 0 0.016 0.006 

1.758 1.899 1.891 1.821 1.868 1.883 1.818 1.817 1.827 1.813 1.96 1.983 1.822 1.944 1.994 

Na 0 0 0 0 0 0 0 0 0 0 0.014 0 0 0 0.013 

*100 Fe/(Fe2  + Mg + Mn) **100 Fe/(Fe + All"' + Ti) *** 8-Si or 0 if Si>8 ****2ca  or Na if(Ca+Na)*z2 Na - Na M4' 'gi = glaucopharie 



Amphibole data 
Block 9J continued 

Sample X1382 (block centre) continued N4-117A (block centre) 

Analysis No. 200 201 203 204 205 206 209 210 240 241 2 3 4 5 

Description rim core core rim core rim core rim core rim core rim core rim 

Si02  59.03 58.25 59.13 59.26 59.2 58.93 58.62 60.22 58.99 59.11 57.9 59.18 59.17 58.78 

Ti02  0.03 0.01 0.03 0 0.02 0.03 0.1 0.07 0.02 0.02 0.01 0 0 0 

A1203  12.32 11.8 10.7 10.68 10.88 10.73 10.3 12.39 10.43 12.29 11.51 12.45 12.52 11.48 

Cr203  0 0.01 0.02 0.02 0.02 0.01 0.01 0.03 0 0.01 0.02 0.02 0.03 0.03 

Fe203  0.31 0.39 2.21 2.09 0 2.06 2.17 0 2.32 0 0.99 0 0.01 0.39 

FeO 4.38 5.99 3.55 2.98 6.21 4.35 4.42 5.48 3.84 5.22 5.3 2.43 3.44 5.25 

MnO 0.05 0.08 0.07 0.1 0.1 0.08 0.08 0.07 0.09 0.06 0.08 0.04 0.03 0.05 

MgO 12.59 11.61 13.21 13.6 13.15 12.97 13.19 11.63 13.38 12.39 12.3 14.05 13.62 12.97 

CaO 0.04 0.07 0.16 0.09 0.11 0.12 0.23 0.11 0.19 0.08 0.14 0.06 0.05 0.15 

Na20 7.69 7.59 7.34 7.1 6.83 7.43 7.31 7.84 7.26 7.42 7.38 7.32 7.35 7.17 

K20 0.02 0.03 0.03 0.02 0.03 0.03 0.04 0.03 0.02 0.03 0.02 0.02 0.01 0.02 

Total 96.46 95.83 96.45 95.94 96.55 96.74 96.47 97.87 96.54 96.63 95.65 95.57 96.22 96.29 

si4l 7.976 7.99 8.011 8.035 8.041 7.991 7.985 8.043 8.002 7.989 7.952 7.98 7.963 7.989 

Ti4  0.003 0.001 0.003 0 0.002 0.003 0.01 0.007 0.002 0.002 0.001 0 0 0 

Al 1.963 1.908 1.709 1.707 1.742 1.715 1.654 1.951 1.668 1.958 1.864 1.979 1.986 1.839 

Cr 0 0.001 0.002 0.002 0.002 0.001 0.001 0.003 0 0.001 0.002 0.002 0.003 0.003 

Fe 0.032 0.04 0.225 0.214 0 0.211 0.222 0 0.237 0 0.102 0 0.001 0.039 

Fe 0.495 0.688 0.402 0.338 0.705 0.494 0.503 0.612 0.435 0.589 0.609 0.274 0.387 0.597 

Mn' 0.006 0.009 0.008 0.011 0.012 0.009 0.009 0.008 0.01 0.007 0.009 0.005 0.003 0.006 

Mg 2.535 2.373 2.667 2.748 2.662 2.621 2.678 2.315 2.705 2.496 2.518 2.823 2.732 2.627 

Ca 0.006 0.01 0.023 0.013 0.016 0.017 0.034 0.016 0.028 0.012 0.021 0.009 0.007 0.022 

Na 2.015 2.019 1.928 1.867 1.799 1.954 1.931 2.03 1.91 1.945 1.965 1.914 1.918 1.89 

K* 0.003 0.005 0.005 0.003 0.005 0.005 0.007 0.005 0.003 0.005 0.004 0.003 0.002 0.003 

Catsum 15.033 15.046 14.985 14.939 14.987 15.022 15.035 14.991 15 15.004 15.047 14.989 15.002 15.016 

Catcharge 46.003 45.995 45.997 45.999 45.998 45.998 45.997 45.999 46 45.999 45.999 46.002 46 45.996 

Fe 16.3043 22.4104 13.0647 10.9138 20.8642 15.8131 15.768 20.8518 13.8095 19.0492 19.4196 8.83301 12.3959 18.483 

Fe 1.62107 2.06292 11.6159 11.14 0 10.9896 11.8653 0 12.4279 0 5.31527 0 0.05128 2.08891 

Al 0.024 0.01 0 0 0 0.009 0.015 0 0 0.011 0.048 0.02 0.037 0.011 

Na (W) 1.994 1.99 1.928 1.867 1.799 1.954 1.931 1.984 1.91 1.945 1.965 1.914 1.918 1.89 

Na' 0.021 0.029 0 0 0 0 0 0.046 0 0 0 0 0 0 



Amphibole data 
Block 9J continued 

Sample N4-117A (block centre) continued - figures 4.5, 4.6, 4.20-4.23 

Analysis No. 6 7 8 9 10 11 12 13 14 15 16 17 295 

Description core rim gI core rim core rim core rim gI core rim rim 

S102  57.92 57.85 59.34 57.83 58.53 59.15 57.82 57.86 55.63 59.2 57.38 58.79 59.08 

Ti02  0.04 0.02 0.02 0.02 0.02 0.03 0.03 0 0.12 0 0.04 0.01 0.03 

A1203  10.97 12.27 12.59 11.54 11.92 12.49 9.49 11.79 2.66 12.1 11 11.94 10.4 

Cr203  0.01 0 0.02 0.01 0.02 0.02 0.02 0.05 0.05 0 0 0 0 

Fe203  0 0.58 0 1.1 0.74 0.44 3.22 0.77 9.79 0.61 1.47 0.36 2.21 

FeO 7.54 5.23 2.62 5.95 5.41 2.92 4.11 5.12 3.7 3.71 5.87 3.06 3.47 

MnO 0.14 0.08 0 0.06 0.07 0.01 0.08 0.05 0.32 0.06 0.08 0.05 0.07 

MgO 12.15 12.25 13.96 12.07 12.19 13.74 13.25 12.67 14.43 13.3 12.12 13.77 13.58 

CaO 0.26 0.17 0.08 0.15 0.14 0.07 0.24 0.17 1.07 0.07 0.2 0.07 0.35 

Na20 6.45 7.39 7.34 7.42 7.55 7.59 7.48 7.16 7.51 7.54 7.44 7.35 7.59 

K20 0.03 0.03 0.01 0.02 0.02 0.02 0.03 0.02 0.05 0.01 0.02 0.01 0.04 

Total 95.51 95.86 95.98 96.17 96.62 96.48 95.77 95.65 95.33 96.6 95.62 95.41 96.82 

Si 8.006 7.913 7.972 7.93 7.953 7.941 7.968 7.929 7.968 7.969 7.931 7.98 7.991 
00 	 Ti4  0.004 0.002 0.002 0.002 0.002 0.003 0.003 0 0.013 0 0.004 0.001 0.003 

AI 1.788 1.979 1.994 1.866 1.909 1.977 1.542 1.905 0.449 1.92 1.792 1.911 1.658 

Cr 0.001 0 0.002 0.001 0.002 0.002 0.002 0.005 0.006 0 0 0 0 

Fe 0 0.059 0 0.113 0.076 0.044 0.334 0.079 1.055 0.062 0.153 0.036 0.225 

Fe 0.872 0.598 0.294 0.683 0.615 0.327 0.473 0.587 0.444 0.418 0.679 0.348 0.392 

Mn* 0.016 0.009 0 0.007 0.008 0.001 0.009 0.006 0.039 0.007 0.009 0.006 0.008 

Mg* 2.503 2.497 2.795 2.467 2.469 2.749 2.721 2.588 3.08 2.668 2.496 2.786 2.737 

Ca 0.039 0.025 0.012 0.022 0.02 0.01 0.035 0.025 0.164 0.01 0.03 0.01 0.051 

Na 1.729 1.96 1.912 1.973 1.989 1.976 1.999 1.903 2.086 1.968 1.994 1.934 1.991 

0.005 0.005 0.002 0.004 0.003 0.003 0.005 0.004 0.009 0.002 0.004 0.002 0.007 

Catsum 14.962 15.048 14.985 15.066 15.048 15.034 15.092 15.029 15.312 15.025 15.091 15.014 15.063 

Catcharge 46.001 45.997 46 46.003 45.997 45.998 45.998 46.002 46.003 45.998 46.001 46.001 45.999 

25.7151 19.2655 9.51764 21.6345 19.89 10.6272 14.7674 18.4533 12.4614 13.5144 21.3254 11.0828 12.496 

Fe 0 3.02099 0 5.91313 3.91753 2.23919 18.0834 4.12964 71.0438 3.17786 8.1383 1.86722 11.9872 

Al 0 0.087 0.028 0.07 0.047 0.059 0.032 0.071 0.032 0.031 0.069 0.02 0.009 

Na (M4) 1.729 1.96 1.912 1.973 1.98 1.976 1.965 1.903 1.836 1.968 1.97 1.934 1.949 

Na1  0 0 0 0 0.009 0 0.034 0 0.25 0 0.024 0 0.042 



Amphibole data 
Block 9J continued 

Sample N4-147 (block edge inner pyroxene band) -figures 4.20-4.23 

Analysis No. 50 57 67 68 69 71 72 82 85 86 87 88 94 95 99 

Description core 50 rim 67 m/c 67 m 67 c 69 c 71 m 71 c 82 c 85 rn/c 85 r 88 c 88 c 94 r 94 r 100(px) 

Si02  60.14 59.86 58.78 59.99 60.2 59.79 60.14 58.94 59.41 58.91 58.46 59.52 59.96 59.04 58.27 

Ti02  0 0.05 0.01 0.01 0.02 0.02 0.01 0 0.05 0.03 0.03 0.11 0.02 0 0.13 

A1203  11.95 11.39 9.39 11.76 12.65 12.17 11.81 10.12 10.41 9.27 8.77 11.43 12.85 10.85 21.83 

Cr203  0 0.01 0.02 0.02 0 0.02 0.01 0.02 0 0 0.02 0 0.01 0.01 0 

Fe203  0 0.79 3.5 0 0 0 2.39 2.76 1.93 3.77 4.05 0.69 0 0 0 

FeO 2.83 2.44 3.54 2.73 1.62 2.36 0 3.69 2.34 2.79 3.73 2.92 2.22 5.52 2.29 

MnO 0.08 0.1 0.11 0.11 0.04 0.06 0.08 0.08 0.09 0.1 0.11 0.06 0.04 0.08 0.05 

MgO 14.4 14.45 13.62 14.38 14.5 14.39 14.52 13.31 14.59 13.87 13.69 14.03 14.28 13.06 1.01 

CaO 0.25 0.45 0.48 0.31 0.13 0.2 0.27 0.26 0.41 0.6 0.66 0.3 0.16 0.16 1.41 

Na20 6.65 7.28 7.05 6.87 7.1 7.15 6.97 7.14 7.06 7.04 6.97 7.29 6.38 6.7 13.96 

K20 0.01 0.03 0.01 0.03 0.01 0.02 0.02 0.02 0.03 0.01 0.01 0.03 0.02 0 0.01 

Total 96.31 96.85 96.51 96.21 96.27 96.18 96.22 96.34 96.32 96.39 96.5 96.39 95.94 95.43 98.96 

Si4  8.041 8.002 8.006 8.039 8.011 8.005 8.011 8.016 8.011 8.014 7.996 8.005 8.007 8.078 7.709 

Ti4  0 0.005 0.001 0.001 0.002 0.002 0.001 0 0.005 0.003 0.003 0.011 0.002 0 0.013 
AlJ* 1.884 1.795 1.508 1.858 1.985 1.921 1.855 1.623 1.655 1.487 1.414 1.812 2.023 1.75 3.405 

Cr 0 0.001 0.002 0.002 0 0.002 0.001 0.002 0 0 0.002 0 0.001 0.001 0 

Fe 0 0.079 0.359 0 0 0 0.24 0.282 0.196 0.386 0.417 0.07 0 0 0 

Fe2  0.316 0.273 0.403 0.306 0.18 0.264 0 0.42 0.264 0.317 0.427 0.329 0.248 0.632 0.253 

Mn2°  0.009 0.011 0.013 0.012 0.005 0.007 0.009 0.009 0.01 0.012 0.013 0.007 0.005 0.009 0.006 

Mg 2.869 2.879 2.765 2.872 2.876 2.871 2.883 2.698 2.932 2.812 2.791 2.812 2.842 2.663 0.199 

Ca 0.036 0.064 0.07 0.045 0.019 0.029 0.039 0.038 0.059 0.087 0.097 0.043 0.023 0.023 0.2 
Na* 1.724 1.887 1.862 1.785 1.832 1.856 1.8 1.883 1.846 1.857 1.849 1.901 1.652 1.779 3.581 

K 0.002 0.005 0.002 0.005 0.002 0.003 0.003 0.003 0.005 0.002 0.002 0.005 0.003 0 0.002 

Catsum 14.88 15.002 14.99 14.925 14.911 14.961 14.842 14.974 14.984 14.976 15.009 14.996 14.806 14.936 15.367 

Catcharge 46.002 45.999 46.001 46 46.001 45.998 46.001 46.001 45.998 46.002 46.002 45.998 45.999 45.998 46.002 

Fe 9.89355 8.63105 12.669 9.59248 5.88043 8.40229 0 13.4314 8.23456 10.0923 13.2157 10.4511 8.01292 19.1283 55.2402 

Fe 0 4.20436 19.2184 0 0 0 11.4504 14.8031 10.5603 20.5757 22.7869 3.69783 0 0 0 

Al") 0 0 0 0 0 0 0 0 0 0 0.004 0 0 0 0.291 

Na m';' 1.724 1.887 1.862 1.785 1.832 1.856 1.8 1.883 1.846 1.857 1.849 1.901 1.652 1.779 1.8 

Na 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.781 



Amphibole data 
Block 9J continued 

Sample N4-147 continued N4-132A (outer pyroxene band, and talc + chlorite + amphibole zone) -figures 4.20-4.23 

Analysis No. 109 110 303 304 305 306 307 308 309 310 313 314 325 331 

Description m? 110 c? 110 c303 r303 c305 r305 c307 r307 c309 r309 c313 r313 c325 c331 

Si02  59.98 60.02 58.4 58.39 58.79 58.73 56.38 58.12 58.47 56.69 56.34 56.23 52.9 56.47 

Ti02  0.02 0.03 0.07 0 0.03 0.06 0.01 0.01 0.06 0.04 0 0.01 0.05 0.02 

A1203  11.42 12.57 9.16 7.5 9.93 9.05 2.69 6.97 8.98 0.99 2.25 2.1 6.24 2.07 

Cr203  0 0 0.14 0.45 0.05 0.03 0.01 0.05 0.08 0.01 0.08 0.08 4.66 0.12 

Fe203  4.38 0 2.6 5.62 2.09 3.3 2.61 4.88 2.41 2.42 2.39 2.66 0 2.72 

FeO 0 2.01 4.41 4.32 4.3 3.65 4.43 3.87 4.79 3.98 4.31 4.56 6.46 4.37 

MnO 0.1 0 0.12 0.05 0.1 0.1 0.19 0.12 0.13 0.2 0.22 0.18 0.14 0.26 

MgO 13.83 14.28 14.31 13.4 13.81 14.18 19.02 14.71 14 20.35 19.41 19.44 7.42 19.46 

CaO 0.25 0.08 1.25 0.56 0.76 0.95 8.21 2.05 1.17 9.74 8.78 8.97 11.22 8.78 

Na20 5.91 7.18 7.15 7.44 7.29 7.07 3.36 6.42 7.16 2.4 3.04 2.97 7.81 3.05 

K20 0.01 0.02 0.06 0.01 0.05 0.04 0.16 0.03 0.05 0.08 0.19 0.12 0 0.14 

Total 95.9 96.19 97.67 97.74 97.2 97.16 97.07 97.23 97.3 96.9 97.01 97.32 96.91 97.46 

Si4  8.029 8.01 7.918 7.977 7.964 7.97 7.866 7.964 7.961 7.923 7.87 7.848 7.671 7.863 
00 	 Ti4  0.002 0.003 0.007 0 0.003 0.006 0.001 0.001 0.006 0.004 0 0.001 0.005 0.002 

Al 1.802 1.978 1.464 1.208 1.586 1.448 0.442 1.126 1.441 0.163 0.371 0.346 1.067 0.34 

Cr 0 0 0.015 0.049 0.005 0.003 0.001 0.005 0.009 0.001 0.009 0.009 0.534 0.013 

Fe 0.441 0 0.265 0.577 0.213 0.337 0.274 0.503 0.247 0.255 0.251 0.28 0 0.285 

Fe 0 0.224 0.501 0.493 0.487 0.414 0.517 0.444 0.546 0.465 0.504 0.532 0.784 0.509 

Mn 0.011 0 0.014 0.006 0.011 0.011 0.022 0.014 0.015 0.024 0.026 0.021 0.017 0.031 

Mgi' 2.759 2.84 2.892 2.728 2.788 2.868 3.955 3.004 2.841 4.238 4.041 4.044 1.603 4.038 

Ca 0.036 0.011 0.182 0.082 0.11 0.138 1.227 0.301 0.171 1.459 1.314 1.341 1.743 1.31 

Na 1.534 1.858 1.88 1.971 1.915 1.86 0.909 1.706 1.89 0.65 0.823 0.804 2.198 0.823 

K 0.002 0.003 0.01 0.002 0.009 0.007 0:029 0.005 0.009 0.014 0.034 0.021 0 0.025 

Catsum 14.616 14.929 15.148 15.093 15.092 15.063 15.243 15.073 15.134 15.196 15.243 15.247 15.623 15.24 

Catcharge 46.001 45.997 46 46.001 45.996 45.997 45.999 45.999 46.004 46.001 46 46.002 45.999 45.998 

Fe 0 7.3107 14.705 15.2773 14.8205 12.5721 11.5042 12.825 16.0494 9.83711 11.026 11.5728 32.6123 11.1184 

Fed' 19.6437 0 16.0218 32.7469 12.0612 19.1369 46.9983 31.5558 14.9245 73.913 51.0163 58.9474 0 58.1633 

0 0 0.082 0.023 0.036 0.03 0.134 0.036 0.039 0.077 0.13 0.152 0.329 0.137 

Na (W) 
 1.534 1.858 1.818 1.918 1.89 1.86 0.773 1.699 1.829 0.541 0.686 0.659 0.257 0.69 

Na 0 0 0.062 0.053 0.025 0 0.136 0.007 0.061 0.109 0.137 0.145 1.941 0.133 



Amphibole data 
Block 9J continued 

Sample N4-132A (OPB & tc + chi + am) continued 

Analysis No. 332 353 354 355 356 358 628 629 630 631 
mid2  

632 
core' 

633 
retro rim' 

634 
gi rim2  

635 
retro rim2  

636 
inside g12  

Description r 331 c 353 r 353 c 355 r 355 amph retro rim2  gi rim2  inside g12  

Si02  56.83 56.16 57.39 56.36 56.53 58.5 56.65 57.81 56.41 55.78 55.84 58.13 58.53 57.32 56.59 

Ti02  0.04 0.02 0.03 0.01 0.02 0.16 0.03 0.03 0.06 0.04 0.04 0.04 0.05 0.05 0.05 

A1203  1.19 2.03 4.9 2.05 1.77 8.19 1.21 5.97 2.49 2.05 2.18 1.72 7.44 0.71 1.96 

Cr2O3  0.05 0.05 0.05 0.05 0.05 0.01 0.05 0.09 0.1 0.1 0.11 0 0.06 0.02 0.09 

Fe203  2.6 2.48 3.95 2.89 2.5 4.6 2.37 4.39 2.56 2.43 2.58 1.54 3.74 1.02 2.24 

FeO 4.2 4.63 4.94 3.51 4.08 4.39 4.62 3.84 4.35 4.22 4.14 4.22 4.52 3.39 4.37 

MnO 0.18 0.24 0.15 0.28 0.25 0.06 0.16 0.13 0.18 0.21 0.23 0.22 0.09 0.15 0.21 

MgO 20.25 19.39 16.15 20.36 19.83 13.71 19.63 15.52 18.65 19.36 19.25 19.97 14.65 21.37 19.48 

CaO 9.2 8.92 4.04 9.45 9.23 0.8 8.91 3.2 7.86 8.65 8.34 10.14 1.96 11.46 9.04 

Na20 3 3.06 5.56 2.76 2.71 7.2 2.96 5.87 3.23 3.12 3.29 2.03 6.03 1.32 2.77 

K20 0.11 0.14 0.09 0.18 0.13 0.01 0.09 0.02 0.11 0.18 0.19 0.05 0.01 0.05 0.13 

Total 97.64 97.13 97.25 97.89 97.1 97.62 96.68 96.87 96.01 96.14 96.19 98.06 97.08 96.86 96.93 

Si4  7.898 7.857 7.946 7.804 7.886 7.965 7.947 7.968 7.934 7.867 7.868 7.985 8.002 7.964 7.904 
00 	 Ti4  0.004 0.002 0.003 0.001 0.002 0.016 0.003 0.003 0.006 0.004 0.004 0.004 0.005 0.005 0.005 

Al 0.195 0.335 0.8 0.335 0.291 1.315 0.2 0.97 0.413 0.341 0.362 0.279 1.199 0.116 0.323 

Cr"* 0.005 0.006 0.005 0.005 0.006 0.001 0.006 0.01 0.011 0.011 0.012 0 0.006 0.002 0.01 

Fe 0.272 0.262 0.411 0.301 0.262 0.471 0.25 0.456 0.271 0.258 0.273 0.16 0.385 0.106 0.235 

Fe2  0.488 0.542 0.572 0.406 0.476 0.5 0.542 0.443 0.512 0.498 0.488 0.484 0.517 0.394 0.51 

Mn 0.021 0.028 0.018 0.033 0.03 0.007 0.019 0.015 0.021 0.025 0.027 0.026 0.01 0.018 0.025 

Mg2  4.194 4.043 3.333 4.201 4.123 2.782 4.104 3.188 3.909 4.069 4.042 4.088 2.985 4.425 4.055 

Ca2  1.37 1.337 0.599 1.402 1.38 0.117 1.339 0.473 1.184 1.307 1.259 1.492 0.287 1.706 1.353 

Na 0.808 0.83 1.493 0.741 0.733 1.901 0.805 1.569 0.881 0.853 0.899 0.541 1.599 0.356 0.75 

K* 0.02 0.025 0.016 0.032 0.023 0.002 0.016 0.004 0.02 0.032 0.034 0.009 0.002 0.009 0.023 

Catsum 15.276 15.267 15.197 15.261 15.211 15.076 15.232 15.097 15.163 15.267 15.27 15.067 14.997 15.101 15.193 

Catcharge 45.998 46 45.997 46 46.003 46 45.997 46.003 45.998 45.997 45.994 46.003 45.997 45.999 45.999 

Fe2  10.3764 11.7494 14.5807 8.75 10.283 15.2022 11.6184 12.1503 11.5263 10.8449 10.7088 10.5263 14.721 8.14554 11.1111 

Fe 73.7127 57.4561 35.431 68.254 59.4104 26.6553 62.5 32.6414 43.4295 54.8936 53.8462 37.3832 24.2291 55.4974 50.3212 

0.102 0.143 0.054 0.196 0.114 0.035 0.053 0.032 0.066 0.133 0.132 0.015 0 0.036 0.096 

Na (M4) 0.63 0.663 1.401 0.598 0.62 1.883 0.661 1.527 0.816 0.693 0.741 0.508 1.599 0.294 0.647 

Na 0.178 0.167 0.092 0.143 0.113 0.018 0.144 0.042 0.065 0.16 0.158 0.033 0 0.062 0.103 

2Analyses from crystals in plate 4.17. Large crystasi: 'retro rim' = outermost rim, 'GI rim' = thin glaucophane band, 'inside gI' = points inside gi band (cont...) 



Amphibole data 
Block 9J continued Block 8Ea 

Sample N4-132A (OPB & tc + chl + am) continued GB-8 (silica saturated block centre) 

Analysis No. 637 638 649 650 651 652 653 654 655 656 366 369 370 374 375 

Description small am small am retro rimj  retro rim retro rim gI cored  gI cored  gI cored  retro? retro? amph c 369 r 369 c 374 r 374 

Si02  57.55 57 56.74 56.72 56.27 58.72 58.53 58.42 56.41 57.28 55.42 56.09 55.74 55.97 55.72 

Ti02  0.02 0.02 0.04 0.04 0.06 0.12 0.1 0.09 0.06 0.03 0.04 0.03 0.01 0.02 0.02 

A1203  0.5 0.8 1.23 2.1 2.62 9.27 8.4 8.5 2.06 0.82 9.36 8.74 9.19 9.15 8.75 

Cr203  0.02 0.04 0.12 0.11 0.11 0.15 0.11 0.08 0.11 0.05 0 0.02 0.02 0 0.01 

Fe203  0.74 1.41 1.91 2.19 2.65 2.62 3.23 3.31 2.42 1.18 2.87 3.86 3.56 2.7 3.66 

FeO 3.54 3.78 3.65 4.4 4.58 4.24 4.37 4.02 4.34 3.55 11.01 11.42 13.43 12.6 14.24 

MnO 0.18 0.16 0.17 0.18 0.2 0.09 0.1 0.12 0.22 0.22 0.03 0.04 0.13 0.08 0.08 

MgO 21.61 20.95 20.43 19.31 18.91 14.05 14.3 14.41 19.33 21.15 9.7 8.69 6.87 8.69 7 

CaO 11.93 10.91 10.14 8.83 8.23 0.83 1.23 1.28 8.86 11.31 1.22 0.34 0.15 0.62 0.22 

Na20 1.15 1.75 1.98 2.85 3.33 7.05 6.63 6.88 2.83 1.41 6.76 7.02 7.18 7.15 7.28 

K20 0.03 0.04 0.11 0.1 0.15 0.05 0.04 0.06 0.12 0.04 0.04 0.02 0.01 0.04 0 

Total 97.27 96.86 96.52 96.82 97.11 97.2 97.04 97.16 96.76 97.04 96.46 96.27 96.3 97.02 96.99 

SI 7.969 7.945 7.932 7.92 7.857 7.969 7.982 7.958 7.894 7.954 7.855 7.974 7.987 7.928 7.97 

00 Ti4  0.002 0.002 0.004 0.004 0.006 0.012 0.01 0.009 0.006 0.003 0.004 0.003 0.001 0.002 0.002 
00 

Al 0.082 0.131 0.203 0.346 0.431 1.483 1.35 1.365 0.34 0.134 1.564 1.465 1.553 1.528 1.475 

Cri* 0.002 0.004 0.013 0.012 0.012 0.016 0.012 0.009 0.012 0.005 0 0.002 0.002 0 0.001 

FeJ* 0.077 0.148 0.201 0.23 0.279 0.268 0.331 0.339 0.255 0.124 0.306 0.413 0.384 0.288 0.394 

Fe 0.41 0.441 0.427 0.513 0.535 0.482 0.498 0.457 0.508 0.412 1.306 1.358 1.61 1.492 1.703 

Mn* 0.021 0.019 0.02 0.021 0.024 0.01 0.012 0.014 0.026 0.026 0.004 0.005 0.016 0.01 0.01 

Mg 4.459 4.352 4.257 4.019 3.935 2.842 2.906 2.925 4.032 4.377 2.049 1.841 1.467 1.834 1.492 

Ca 1.77 1.629 1.519 1.321 1.231 0.121 0.18 0.187 1.329 1.683 0.185 0.052 0.023 0.094 0.034 

Na 0.309 0.473 0.537 0.772 0.902 1.855 1.753 1.817 0.768 0.38 1.858 1.935 1.995 1.964 2.021 

0.005 0.007 0.02 0.018 0.027 0.009 0.007 0.01 0.021 0.007 0.007 0.004 0.002 0.007 0 

Catsum 15.106 15.151 15.133 15.176 15.239 15.067 15.041 15.091 15.191 15.105 15.138 15.052 15.04 15.148 15.103 

Catcharge 46.001 45.999 45.998 45.998 45.997 45.999 45.999 46 46 46 45.999 45.999 45.998 45.999 45.997 

Fe 8.38446 9.16459 9.07738 11.2673 11.9048 14.4571 14.5785 13.457 11.1257 8.55659 38.8806 42.3845 52.053 44.7242 53.1357 

Fe 59.2308 65.4867 59.1176 46 48.6911 15.4734 19.7848 20.2873 51.5152 57.6744 17.6981 22.2642 19.9481 16.4948 21.4014 

Al' 0.031 0.055 0.068 0.08 0.143 0.031 0.018 0.042 0.106 0.046 0.145 0.026 0.013 0.072 0.03 

Na M4  0.23 0.371 0.481 0.679 0.769 1.855 1.753 1.813 0.671 0.317 1.815 1.935 1.977 1.906 1.966 

Na 0.079 0.102 0.056 0.093 0.133 0 0 0.004 0.097 0.063 0.043 0 0.018 0.058 0.055 

;6small am' = nearby small amphibole crystals Analyses from crystals in plate 4.16. 'retro rim'iretro?' = light rim!?, 'gI core' = darker core 



Amphibole data 
Block 8Ea continued 

Sample G13-8 (silica saturated block centre) continued - figures 6.7, 7.3 

Analysis No. 378 379 391 392 393 394 397 398 399 401 402 407 409 421 422 

Description c 378 r 378 rim r 393 c 393 C 394 r 399 r 399 c 399 C 401 c 402 amph4  rim amph rim 

Si02  55.61 55.43 57.05 56.84 55.16 57.18 56.48 56.05 57.13 55.69 57.24 56.52 55.57 55.85 57.23 

T102  0.01 0 0.01 0 0.03 0 0.02 0.02 0.01 0.1 0 0.02 0 0.01 0 

A1203  9.04 7.5 9.22 9.14 9.46 9.47 8.92 8.73 9.46 9.26 9.53 9.56 9.06 8.67 9.46 

Cr203  0 0.02 0.01 0.02 0 0.02 0 0.03 0 0.03 0.02 0.02 0 0.03 0 

Fe203  2.76 5.79 3.03 2.97 2.73 2.88 3.66 3.7 3.05 2.56 2.15 2.21 3.05 3.65 3.16 

FeO 11.82 13.94 9.53 9.77 12.51 9.37 11.98 13.03 9.3 12.9 10.08 11.13 14.34 13.48 9.43 

MnO 0.08 0.12 0.03 0.04 0.06 0.02 0.04 0.06 0 0.08 0 0.09 0.11 0.08 0.03 

MgO 9.11 6.82 10.48 10.34 8.71 10.37 8.59 7.92 10.24 8.41 10.34 9.63 7.18 7.57 10.13 

CaO 0.71 0.21 0.52 0.61 1.29 0.42 0.38 0.35 0.39 0.7 0.33 0.44 0.25 0.36 0.35 

Na20 6.81 7.18 7.1 7.12 6.64 7.27 7.16 6.93 7.14 6.85 6.58 6.93 7.11 7.2 7.16 

K20 0.03 0.01 0.02 0.01 0.05 0.02 001 0.01 0.01 0.05 0.01 0.01 0.02 0.01 0.01 

Total 95.98 97.02 97.01 96.86 96.64 97.02 97.24 96.83 96.74 96.63 96.28 96.55 96.69 96.91 96.96 

Si4+ 7.932 7.978 7.956 7.952 7.855 7.961 7.964 7.976 7.971 7.924 8.01 7.955 7.96 7.969 7.973 

00 	 Ti4+ 0.001 0 0.001 0 0.003 0 0.002 0.002 0.001 0.011 0 0.002 0 0.001 0 

A13+ 1.52 1.273 1.516 1.508 1.588 1.554 1.483 1.465 1.556 1.553 1.572 1.586 1.53 1.458 1.554 

Cr3+ 0 0.002 0.001 0.002 0 0.002 0 0.003 0 0.003 0.002 0.002 0 0.003 0 

Fe3+ 0.296 0.627 0.318 0.313 0.292 0.302 0.389 0.396 0.321 0.274 0.226 0.234 0.329 0.392 0.331 

Fe2+ 1.41 1.678 1.112 1.143 1.49 1.091 1.413 1.551 1.085 1.535 1.18 1.31 1.717 1.608 1.099 

Mn2+ 0.01 0.015 0.004 0.005 0.007 0.002 0.005 0.007 0 0.01 0 0.011 0.013 0.01 0.004 

Mg2+ 1.937 1.463 2.178 2.156 1.848 2.152 1.805 1.68 2.129 1.783 2.156 2.02 1.533 1.61 2.103 

Ca2+ 0.109 0.032 0.078 0.091 0.197 0.063 0.057 0.053 0.058 0.107 0.049 0.066 0.038 0.055 0.052 

Na+ 1.883 2.004 1.92 1.932 1.833 1.963 1.958 1.912 1.932 1.89 1.785 1.891 1.975 1.992 1.934 

0.005 0.002 0.004 0.002 0.009 0.004 0.002 0.002 0.002 0.009 0.002 0.002 0.004 0.002 0.002 

Catsum 15.103 15.074 15.087 15.103 15.123 15.093 15.078 15.047 15.056 15.099 14.983 15.079 15.1 15.1 15.052 

Catcharge 46 46 46.001 46.001 45.998 46.001 46 46 45.997 45.999 45.997 46.001 45.998 45.999 45.999 

Fe 42.0018 53.1686 33.7583 34.5944 44.5441 33.621 43.8411 47.8999 33.7586 46.1238 35.3717 39.2098 52.6203 49.8141 34.2795 

Fe 16.924 33.3866 17.7554 17.6537 16.8009 16.6208 21.1643 21.5334 17.3607 15.5505 12.5695 13.1683 18.0869 21.5385 17.8149 

Al 0.068 0.022 0.044 0.048 0.145 0.039 0.036 0.024 0.029 0.076 0 0.045 0.04 0.031 0.027 

Na(M4) 1.883 1.968 1.92 1.909 1.803 1.937 1.943 1.912 1.932 1.89 1.785 1.891 1.962 1.945 1.934 

NakAj   0 0.036 0 0.023 0.03 0.026 0.015 0 0 0 0 0 0.013 0.047 0 

4amph = analysis on unspecified area of an amphibole crystal. 



Amphibole data 
Block 8Ea continued 

Sample E6-21713 (silica undersaturated block) - figures 6.7, 7.3 

Analysis No. 2 3 6 10 11 12 18 21 30 32 33 37 38 40 41 

Description rim core core core core core amph rim? rim? core rim core rim rim core 

Si02  55.77 57.03 56.58 56.97 57.08 57.03 55.93 56.21 56.25 56.44 56.45 57.17 56.97 55.22 56.09 

Ti02  0.01 0 0 0 0 0 0.19 0.34 0 0.01 0.02 0 0 0 0 

A1203  592 7.95 7.01 6.94 8.14 8.3 7 6.77 7.25 7.43 7.59 8.27 8.5 6.69 7.72 

Cr203  0.02 0.02 0.05 0.03 0.03 0.05 0.05 0.02 0.06 0.02 0.04 0.01 0 0.01 0 

Fe203  5.95 4.15 5.72 5.78 4.7 3.99 3.51 4.79 4.65 4.72 3.65 4.56 3.61 5.09 3.79 

FeO 10.83 8.73 10.04 7.89 8 8.99 10.36 9.64 10.47 10.45 10.66 8.23 8.85 11.97 10.98 

MnO 0.15 0.11 0.13 0.13 0.1 0.11 0.13 0.13 0.18 0.15 0.12 0.09 0.08 0.17 0.16 

MgO 10.02 10.92 9.77 11.19 10.97 10.52 11.23 10.65 9.88 9.47 9.95 10.58 10.47 9.12 9.95 

CaO 1.4 0.94 0.71 1.2 0.71 0.73 1.92 1.37 1.07 0.88 1.1 0.58 0.55 0.79 1.05 

Na20 6.81 7.14 7.26 6.85 7.07 7.22 6.22 6.62 7.01 7.21 7.24 7.27 7.49 7.18 7 

K20 0.01 0.01 0.01 0 0.01 0.01 0.03 0.03 0.01 0 0 0.01 0 0.03 0.01 

Total 96.9 97.01 97.28 96.99 96.81 96.95 96.57 96.57 96.83 96.79 96.83 96.77 96.53 96.27 96.76 

Si4  7.967 7.977 7.986 7.985 7.974 7.98 7.933 7.967 7.975 7.998 7.986 7.992 7.991 7.958 7.954 

T14  0.001 0 0 0 0 0 0.02 0.036 0 0.001 0.002 0 0 0 0 

Al 0.997 1.311 1.167 1.147 1.341 1.369 1.17 1.131 1.212 1.241 1.266 1.363 1.406 1.137 1.291 

Cr 0.002 0.002 0.006 0.003 0.003 0.006 0.006 0.002 0.007 0.002 0.004 0.001 0 0.001 0 

Fe 0.64 0.437 0.607 0.609 0.494 0.42 0.375 0.511 0.496 0.504 0.389 0.48 0.381 0.552 0.405 

Fe 1.294 1.022 1.186 0.925 0.935 1.052 1.229 1.143 1.242 1.238 1.261 0.962 1.039 1.442 1.303 

Mn 0.018 0.013 0.016 0.015 0.012 0.013 0.016 0.016 0.022 0.018 0.014 0.011 0.01 0.021 0.019 

Mg 2.133 2.276 2.055 2.338 2.284 2.194 2.374 2.25 2.088 2 2.098 2.204 2.189 1.959 2.103 

Ca 0.214 0.141 0.107 0.18 0.106 0.109 0.292 0.208 0.163 0.134 0.167 0.087 0.083 0.122 0.16 

Na 1.886 1.936 1.987 1.864 1.915 1.959 1.711 1.819 1.927 1.983 1.988 1.971 2.039 2.006 1.925 

0.002 0.002 0.002 0 0.002 0.002 0.005 0.005 0.002 0 0 0.002 0 0.006 0.002 

Catsum 15.156 15.117 15.118 15.067 15.066 15.103 15.13 15.088 15.132 15.119 15.176 15.072 15.136 15.203 15.161 

Catcharge 45.995 46 46.001 45.997 46.001 46.002 46.003 46.002 46.004 46 45.997 46.001 46.006 46.002 46.001 

Fe 37.5617 30.8668 36.4139 28.2184 28.9384 32.2798 33.9597 33.5289 37.0525 38.0221 37.3851 30.2801 32.0877 42.1391 38.0438 

Fe 39.8754 25.3333 34.4886 34.9799 27.3079 23.7422 25.0334 31.0638 29.4712 28.8991 23.6762 26.158 21.4286 33.5155 24.5455 

Al 0.033 0.023 0.014 0.015 0.026 0.02 0.067 0.033 0.025 0.002 0.014 0.008 0.009 0.042 0.046 

Na1M41  1.786 1.859 1.893 1.82 1.894 1.891 1.708 1.792 1.837 1.866 1.833 1.913 1.917 1.878 1.84 

Na1  0.1 0.077 0.094 0.044 0.021 0.068 0.003 0.027 0.09 0.117 0.155 0.058 0.122 0.128 0.085 



Amphibole data 
Block 8Ea continued 

Sample E6-21713 (silica undersaturated block) continued 

Analysis No. 48 49 50 51 52 54 65 66 67 68 71 72 76 77 81 

Description core rim core rim core rim rim? core rim amph rim rim amph amph amph 

Si02  56.94 56.85 56.95 57.58 57.09 57.87 56.07 56.31 56.61 56.19 53.95 55.15 54.33 53.57 56.99 

Ti02  0 0.01 0 0 0 0 0.05 0.02 0 0 0.13 0.1 0.03 0.02 0 

A1203  7.54 7.98 7.97 9.38 7.69 9.18 7.89 6.1 7.1 6.98 3.63 5.24 4.75 3.47 7.43 

Cr203  0.01 0 0.02 0.02 0 0 0.02 0.03 0.01 0.01 0.04 0.08 0.02 0 0.04 

Fe203  4.99 5.28 4 3.15 5.43 4.26 4.14 6.63 5.99 5.76 9.54 8.04 7.38 7.76 4.95 

FeO 8.85 9.34 8.52 8.07 7.86 7.6 11.63 9.66 9.91 9.77 14.98 13.34 14.84 15.75 9.07 

MnO 0.13 0.13 0.12 0.11 0.12 0.11 0.14 0.15 0.16 0.18 0.11 0.1 0.15 0.17 0.14 

MgO 10.74 9.79 11.24 10.7 10.71 10.62 9.27 10.45 9.92 9.76 6.85 7.79 7.89 8.07 10.82 

CaO 0.87 0.39 1.18 0.36 0.67 0.25 0.63 1.27 0.67 1.23 0.89 0.64 0.89 1.83 0.91 

Na20 7.12 7.27 6.87 7.48 7.18 7.39 7.16 6.7 7.12 6.6 6.81 6.99 7.04 6.41 7.14 

K20 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.02 0.01 0.02 0.01 

Total 97.2 97.05 96.87 96.86 96.76 97.29 97.03 97.33 97.49 96.49 96.94 97.5 97.33 97.07 97.5 

Si4  7.975 7.984 7.966 7.989 7.995 7.994 7.953 7.965 7.97 7.986 7.968 7.967 7.932 7.919 7.969 

Ti4  0 0.001 0 0 0 0 0.005 0.002 0 0 0.014 0.011 0.003 0.002 0 

AI 1.245 1.321 1.314 1.534 1.27 1.495 1.319 1.017 1.178 1.17 0.632 0.892 0.818 0.605 1.225 

Cr 0.001 0 0.002 0.002 0 0 0.002 0.003 0.001 0.001 0.005 0.009 0.002 0 0.004 

Fe 0.526 0.558 0.421 0.329 0.572 0.442 0.442 0.706 0.634 0.616 1.06 0.874 0.811 0.863 0.521 

Fe 1.037 1.097 0.996 0.937 0.921 0.878 1.38 1.143 1.166 1.161 1.851 1.612 1.812 1.947 1.06 

Mn4  0.015 0.015 0.014 0.013 0.014 0.013 0.017 0.018 0.019 0.022 0.014 0.012 0.019 0.021 0.017 

Mg 2.242 2.049 2.343 2.213 2.235 2.186 1.959 2.203 2.081 2.067 1.508 1.677 1.717 1.778 2.255 

Ca 0.131 0.059 0.177 0.054 0.101 0.037 0.096 0.192 0.101 0.187 0.141 0.099 0.139 0.29 0.136 

Na 1.934 1.98 1.863 2.012 1.95 1.979 1.969 1.838 1.944 1.819 1.95 1.958 1.993 1.837 1.936 

K 0.002 0.002 0.002 0.002 0.002 0.002 0.004 0.002 0.002 0.002 0.002 0.004 0.002 0.004 0.002 

Catsum 15.107 15.066 15.098 15.085 15.06 15.028 15.147 15.089 15.096 15.031 15.145 15.115 15.247 15.266 15.125 

Catcharge 46.002 45.999 46 45.999 46 45.996 45.998 45.998 45.999 46 45.999 45.999 46.002 46.001 46 

Fe 31.4815 34.7042 29.7047 29.6238 29.0536 28.5343 41.1204 33.9774 35.7012 35.7231 54.877 48.8337 51.071 51.9754 31.8127 

Fe 30.126 29.9356 24.7501 17.7646 31.1377 22.8897 25.7126 41.7751 35.578 34.763 63.3214 50.1147 51.8542 62.131 30.379 

Alt 0.025 0.016 0.034 0.011 0.005 0.006 0.047 0.035 0.03 0.014 0.032 0.033 0.068 0.081 0.031 

Na(M4)  1.869 1.941 1.823 1.946 1.899 1.963 1.904 1.808 1.899 1.813 1.859 1.901 1.861 1.71 1.864 

Na 0.065 0.039 0.04 0.066 0.051 0.016 0.065 0.03 0.045 0.006 0.091 0.057 0.132 0.127 0.072 



Amphibole data 
Block 8Ea continued 

Sample E5-20713 (block with barroisite/infiltrated amphibole contact) - figure 7.3 

Analysis No. 87 88 89 90 91 92 93 94 95 96 97 98 99 100 101 

Description core rim gl rims  core rim gl rim gl gl gl rim gl rim gl rim Ca-amph gl Ca-amph 

Si02  53.7 53.85 55.74 53.23 53.19 55.71 53.84 54.6 55.14 54.4 54.63 55.81 51.25 55.85 53.04 

TiO2  0.04 0.04 0.02 0.08 0.05 0 0.03 0.01 0 0.02 0.01 0 0.12 0 0.04 

A1203  3.46 3.39 6.71 4.09 3.54 7.81 6.2 6.12 6.72 2.54 5.64 6.26 5.49 6.41 3.62 

Cr203  0.02 0.04 0.1 0.03 0.04 0.05 0.04 0.03 0.05 0.07 0.07 0.08 0 0.05 0.03 

Fe203  2.61 3.03 4.05 2.75 2.64 2.71 3.44 4.07 3.55 2.71 4.11 5.06 3.09 5.72 2.88 

FeO 9.87 10.1 9.97 7.49 9.75 9.96 10.43 10.26 10.22 8.43 10.61 9.53 8.08 9.46 10.65 

MnO 0.19 0.24 0.09 0.19 0.23 0.09 0.13 0.17 0.13 0.14 0.17 0.15 0.16 0.11 0.23 

MgO 15.19 14.87 11.1 16.75 15.07 11.05 11.36 11.86 11.51 16.53 11.71 10.84 15.77 10.62 14.38 

CaO 8.64 8.1 1.89 9.3 8.55 1.71 2.9 3.13 2.44 9.26 3.26 1.82 9.01 1.53 8.26 

Na20 2.87 3.13 6.41 2.69 2.92 6.64 5.78 5.71 5.79 2.34 5.45 6.48 3.06 6.45 3.04 

K20 0.13 0.15 0.03 0.14 0.13 0.02 0.05 0.04 0.04 0.09 0.06 0.03 0.16 0.03 0.13 

Total 96.72 96.94 96.11 96.74 96.11 95.75 94.2 96 95.6 96.53 95.72 96.07 96.19 96.24 96.3 

Si4  7.732 7.749 7.949 7.604 7.712 7.934 7.881 7.85 7.911 7.795 7.89 7.972 7.414 7.964 7.709 

Ti 0.004 0.004 0.002 0.009 0.005 0 0.003 0.001 0 0.002 0.001 0 0.013 0 0.004 

Al 0.587 0.575 1.128 0.689 0.605 1.311 1.07 1.037 1.137 0.429 0.96 1.054 0.936 1.078 0.62 

Cr 0.002 0.005 0.011 0.003 0.005 0.006 0.005 0.003 0.006 0.008 0.008 0.009 0 0.006 0.003 

Fe 0.283 0.328 0.435 0.296 0.288 0.291 0.379 0.441 0.384 0.292 0.446 0.544 0.336 0.614 0.315 

Fe* 1.188 1.215 1.189 0.895 1.182 1.186 1.276 1.233 1.227 1.011 1.282 1.139 0.978 1.129 1.295 

0.023 0.029 0.011 0.023 0.028 0.011 0.016 0.021 0.016 0.017 0.021 0.018 0.02 0.013 0.028 

Mg 3.26 3.189 2.359 3.566 3.256 2.345 2.478 2.541 2.461 3.53 2.52 2.308 3.4 2.257 3.115 

Ca 1.333 1.249 0.289 1.424 1.328 0.261 0.455 0.482 0.375 1.422 0.504 0.279 1.397 0.234 1.286 

Na 0.801 0.873 1.772 0.745 0.821 1.834 1.641 1.592 1.611 0.65 1.526 1.795 0.858 1.783 0.857 

0.024 0.028 0.005 0.026 0.024 0.004 0.009 0.007 0.007 0.016 0.011 0.005 0.03 0.005 0.024 

Catsum 15.239 15.244 15.151 15.279 15.256 15.181 15.214 15.208 15.135 15.172 15.17 15.124 15.381 15.082 15.258 

Catcharge 45.993 46.001 45.999 46.003 45.995 46.004 45.998 46 46.001 46.001 45.997 45.997 46.002 46.004 45.995 

Fe 26.5712 27.4081 33.4083 19.9599 26.4666 33.4839 33.8462 32.4901 33.1263 22.1808 33.5339 32.8716 22.2374 33.2157 29.1798 

Fe" 46.6997 50 28.7318 49.4983 47.2131 18.9453 28.4321 33.1828 26.8156 56.3707 34.387 34.6497 48.0687 37.0773 48.6111 

Al' 0.268 0.251 0.051 0.396 0.288 0.066 0.119 0.15 0.089 0.205 0.11 0.028 0.586 0.036 0.291 

Na1M4  0.667 0.751 1.711 0.576 0.672 1.739 1.545 1.518 1.611 0.578 1.496 1.721 0.603 1.766 0.714 

Na tA)  0.134 0.122 0.061 0.169 0.149 0.095 0.096 0.074 0 0.072 0.03 0.074 0.255 0.017 0.143 

gl rim = sodic amphibole rim on a calcic amphibole (Ca-amph) crystal 



Amphibole data 
Block 8Ea continued 

Sample E5-20713 (block with barroisite/infiltrated amphibole contact) continued 

Analysis No. 102 103 104 105 106 107 112 113 114 120 121 122 123 124 125 

Description gI core core rim core rim gl core core core rim rim core amph rim 

Si02  55.53 55.56 51.08 53.49 52.64 55.53 53.61 53.24 53.84 51.81 53.64 53.7 51.34 55.5 53.7 

Ti02  0 0.02 0.1 0.02 0.04 0.01 0.02 0.05 0.03 0.08 0.02 0.03 0.12 0 0.04 

A1203  6.98 6.66 5.55 3.47 3.78 6.86 5.18 3.17 2.88 5.21 3.14 3.76 5.48 2.99 3.81 

Cr203  0.01 0.19 0.45 0.2 0.36 0.25 1.07 0.01 0 0.32 0.34 0.31 0.29 0.35 0.3 

Fe203  3.37 3.44 3.01 2.78 2.46 3.37 3.76 3.5 3.14 3.24 3.31 3.31 3.33 9.96 3.14 

FeO 10.83 11.09 7.78 10.18 10.35 10.37 10.94 11.49 7.79 7.6 10.23 10.09 7.88 8.91 10.16 

MnO 0.1 0.13 0.14 0.21 0.19 0.12 0.19 0.21 0.18 0.16 0.2 0.18 0.2 0.12 0.19 

MgO 10.85 10.94 15.8 14.6 14.48 11.21 11.84 13.78 16.67 16.19 14.63 14.46 15.87 10.91 14.44 

CaO 1.75 1.93 8.9 7.81 8.33 2.1 3.89 7.64 9 9.03 7.85 7.55 8.98 1.63 7.53 

Na20 6.64 6.58 3.17 3.39 3.13 6.33 5.5 3.23 2.51 3.05 3.19 3.4 3.09 6.62 3.5 

K20 0.02 0.04 0.18 0.11 0.16 0.03 0.08 0.14 0.13 0.14 0.11 0.11 0.17 0.02 0.1 

Total 96.09 96.58 96.17 96.26 95.92 96.18 96.08 96.45 96.16 96.83 96.66 96.9 96.75 97.01 96.91 

Si4  7.94 7.928 7.391 7.752 7.678 7.923 7.783 7.757 7.738 7.432 7.754 7.729 7.39 7.981 7.729 

Ti4  0 0.002 0.011 0.002 0.004 0.001 0.002 0.005 0.003 0.009 0.002 0.003 0.013 0 0.004 

Al 1.177 1.12 0.947 0.593 0.65 1.154 0.887 0.545 0.488 0.881 0.535 0.638 0.93 0.507 0.646 

Cr 0.001 0.021 0.051 0.023 0.042 0.028 0.123 0.001 0 0.036 0.039 0.035 0.033 0.04 0.034 

0.363 0.369 0.328 0.303 0.27 0.362 0.411 0.384 0.339 0.35 0.36 0.358 0.36 1.078 0.34 

Fe 1.295 1.323 0.942 1.234 1.262 1.237 1.328 1.4 0.936 0.911 1.237 1.215 0.948 1.072 1.223 

Mn 0.012 0.016 0.017 0.026 0.023 0.015 0.023 0.026 0.022 0.019 0.024 0.022 0.024 0.015 0.023 

Mg 2.312 2.326 3.407 3.153 3.148 2.384 2.562 2.992 3.571 3.461 3.152 3.102 3.404 2.338 3.097 

Ca 0.268 0.295 1.38 1.213 1.302 0.321 0.605 1.193 1.386 1.388 1.216 1.164 1.385 0.251 1.161 

Na 1.841 1.82 0.889 0.953 0.885 1.751 1.548 0.913 0.699 0.848 0.894 0.949 0.862 1.846 0.977 

0.004 0.007 0.033 0.02 0.03 0.005 0.015 0.026 0.024 0.026 0.02 0.02 0.031 0.004 0.018 

Catsum 15.212 15.229 15.396 15.273 15.294 15.182 15.286 15.242 15.207 15.362 15.234 15.236 15.382 15.131 15.254 

Catcharge 46.002 45.997 46 45.998 45.999 45.998 46.002 45.999 45.998 45.997 45.998 45.996 45.996 46.001 45.995 

Fe 35.7834 36.0982 21.5758 27.9628 28.4683 34.0209 33.9382 31.6885 20.6668 20.747 28.0308 28.0018 21.6636 31.2993 28.1603 

Fe 24.527 26.0042 48.449 46.6154 44.8505 25.1389 37.9501 55.5716 59.6831 52.0833 55.2995 49.1758 51.9481 68.8378 47.2879 

AV')  0.06 0.072 0.609 0.248 0.322 0.077 0.217 0.243 0.262 0.568 0.246 0.271 0.61 0.019 0.271 

Na(m4)  1.732 1.705 0.62 0.787 0.698 1.679 1.395 0.807 0.614 0.612 0.784 0.836 0.615 1.749 0.839 

Na 0.109 0.115 0.269 0.166 0.187 0.072 0.153 0.106 0.085 0.236 0.11 0.113 0.247 0.097 0.138 



Amphibole data 
Block 8Ea continued 

Sample E5-207B (block with barroisite/infiltrated amphibole contact) continued E5-1 98B (amphibole in talc + chlorite zone) - figure 7.3 

Analysis No. 126 127 129 130 131 132 133 134 200 201 202 203 204 205 

Description mid core amph core rim amph rim core r 202 c 201 c 202 c 203 r 203 r 215 

Si02  52.93 51.46 51.21 51.77 53.73 51.36 52.46 53.46 55.27 56.75 57.56 56.81 55.41 54.56 

Ti02  0.06 0.1 0.09 0.07 0.02 0.09 0.07 0.07 0 0 0 0 0 0.01 

A1203  4.08 5.24 5.23 4.87 3.59 4.89 3.96 3.15 1.85 0.38 0.16 0.38 1.52 2.47 

Cr203  0.4 0.39 0.4 0.26 0.31 0.27 0.07 0.01 0.33 0.13 0.09 0.08 0.35 0.37 

Fe203  3.41 2.7 2.53 3.61 3.25 2.63 2.61 3.3 2.11 0.93 0.43 0.88 2.35 2.56 

FeO 7.32 8.65 11.28 7.64 10.11 11.14 10.58 10.73 6.79 4.61 3.35 4.71 7.43 7.65 

MnO 0.18 0.18 0.13 0.21 0.17 0.16 0.21 0.21 0.19 0.29 0.25 0.27 0.2 0.22 

MgO 16.49 15.4 13.79 16.01 14.62 13.83 14.57 14.49 18.04 21.07 22.03 20.77 17.63 17.16 

CaO 8.81 8.93 8.82 8.8 7.71 8.48 8.77 8.02 10.14 11.75 12.78 12.13 9.79 9.62 

Na20 2.82 3.12 3.16 2.96 3.36 3.32 2.93 3.13 1.84 0.59 0.3 0.59 1.99 2.23 

K20 0.16 0.18 0.15 0.15 0.12 0.15 0.15 0.13 0.08 0.06 0.03 0.06 0.08 0.13 

Total 96.66 96.35 96.79 96.35 96.99 96.32 96.38 96.69 96.64 96.56 96.98 96.68 96.75 96.99 

si4l 7.579 7.449 7.462 7.467 7.731 7.512 7.63 7.744 7.846 7.955 7.983 7.962 7.881 7.768 

Ti4  0.006 0.011 0.01 0.008 0.002 0.01 0.008 0.008 0 0 0 0 0 0.001 

Al 0.689 0.894 0.898 0.828 0.609 0.843 0.679 0.538 0.31 0.063 0.026 0.063 0.255 0.415 

Cr 0.045 0.045 0.046 0.03 0.035 0.031 0.008 0.001 0.037 0.014 0.01 0.009 0.039 0.042 

Fe 0.367 0.294 0.277 0.392 0.351 0.289 0.286 0.359 0.226 0.098 0.045 0.093 0.252 0.275 

Fe 0.877 1.047 1.374 0.921 1.217 1.363 1.287 1.3 0.806 0.541 0.389 0.552 0.883 0.911 

Mn 0.022 0.022 0.016 0.026 0.021 0.02 0.026 0.026 0.023 0.034 0.029 0.032 0.024 0.027 

Mg 3.519 3.322 2.995 3.441 3.135 3.015 3.158 3.128 3.817 4.402 4.553 4.338 3.737 3.641 

Ca 1.352 1.385 1.377 1.36 1.189 1.329 1.367 1.245 1.542 1.765 1.899 1.822 1.492 1.468 

Na 0.783 0.876 0.893 0.828 0.937 0.942 0.826 0.879 0.506 0.16 0.081 0.16 0.549 0.616 

0.029 0.033 0.028 0.028 0.022 0.028 0.028 0.024 0.015 0.011 0.005 0.011 0.015 0.024 

Catsum 15.27 15.378 15.377 15.328 15.249 15.381 15.303 15.251 15.128 15.043 15.02 15.041 15.127 15.185 

Catcharge 45.995 46 45.996 46.002 46 46.001 46.001 46.003 46 46 46.001 46.002 45.998 46.006 

Fe 19.8506 23.8442 31.3341 20.9891 27.8299 30.9914 28.7855 29.1872 17.3483 10.87 7.82539 11.215 19.0138 19.8952 

Fe 57.2543 45.3704 42.813 56.4029 50.6494 44.1896 47.4295 55.3159 59.1623 84.4828 83.3333 78.8136 64.9485 59.9129 

Al 0.421 0.551 0.538 0.533 0.269 0.488 0.37 0.256 0.154 0.045 0.017 0.038 0.119 0.232 

Na(M4) 0.648 0.615 0.623 0.64 0.811 0.671 0.633 0.755 0.458 0.16 0.081 0.16 0.508 0.532 

Na 0.135 0.261 0.27 0.188 0.126 0.271 0.193 0.124 0.048 0 0 0 0.041 0.084 



Amphibole data 
Block 8Ea continued 

Sample E5-19813 (amphibole in talc + chlorite zone) contiued 

Analysis No. 206 207 208 209 210 211 212 213 214 215 219 220 221 222 223 224 

Description r215 c207 r207 c209 m/c209 m209 r209 c213 m213 c215 c219 r221 c221 r219 m223 r223 

Si02  55.19 54.18 55.07 56.06 55.3 54 55 56.4 54.74 56.35 57.27 55.51 57.25 55.26 55.76 55.6 

Ti02  0 0.01 0 0 0.02 0.03 0 0 0 0 0 0.02 0 0 0 0 

A1203  2 2.97 1.83 0.91 1.89 2.59 1.91 0.53 2.07 0.87 0.17 1.73 0.31 1.7 1.29 1.55 

Cr203  0.42 0.46 0.36 0.14 0.43 0.47 0.3 0.1 0.35 0.14 0.04 0.2 0.03 0.55 0.23 0.37 

Fe203  2.38 2.49 2.81 1.97 2.48 2.48 2.2 1.33 2.15 1.69 1.1 2.15 0.73 2.39 2.12 2.3 

FeO 6.82 6.7 6.47 5.47 6.25 6.56 6.81 5.31 7.34 6.35 5.36 6.31 4.05 7.3 7.21 7.08 

MnO 0.21 0.18 0.22 0.29 0.25 0.23 0.18 0.3 0.2 0.24 0.15 0.2 0.27 0.22 0.21 0.21 

MgO 17.98 17.72 17.96 19.65 18.34 17.8 18.02 20.11 17.59 19.08 20.38 18.58 21.56 17.62 18.04 17.99 

CaO 10.03 9.89 9.65 10.79 10.07 9.96 10.22 11.36 10.13 11.08 12.17 10.41 12.38 9.66 10.16 10.06 

Na20 1.97 2.22 2 1.25 1.92 2.11 1.79 0.91 1.9 1.25 0.72 1.74 0.43 2.19 1.8 1.88 

K20 0.07 0.13 0.1 0.06 0.07 0.11 0.09 0.06 0.06 0.05 0.03 0.07 0.05 0.07 0.06 0.07 

Total 97.08 96.94 96.47 96.59 97.03 96.34 96.52 96.4 96.53 97.1 97.39 96.92 97.06 96.95 96.88 97.11 

Si4  7.812 7.694 7.834 7.909 7.815 7.715 7.825 7.953 7.808 7.933 7.989 7.842 7.963 7.848 7.905 7.868 

Ti 0 0.001 0 0 0.002 0.003 0 0 0 0 0 0.002 0 0 0 0 

Al 0.334 0.497 0.307 0.151 0.315 0.436 0.32 0.088 0.348 0.144 0.028 0.288 0.051 0.285 0.216 0.259 

Cr 0.047 0.052 0.04 0.016 0.048 0.053 0.034 0.011 0.039 0.016 0.004 0.022 0.003 0.062 0.026 0.041 

Fe"* 0.254 0.266 0.3 0.209 0.264 0.267 0.236 0.141 0.231 0.179 0.116 0.229 0.077 0.255 0.227 0.245 

Fe 0.808 0.795 0.77 0.645 0.739 0.784 0.81 0.626 0.876 0.747 0.625 0.746 0.471 0.867 0.855 0.838 

Mn 0.025 0.022 0.027 0.035 0.03 0.028 0.022 0.036 0.024 0.029 0.018 0.024 0.032 0.026 0.025 0.025 

Mg 3.793 3.75 3.808 4.131 3.862 3.79 3.821 4.226 3.739 4.003 4.237 3.912 4.469 3.73 3.812 3.794 

Ca 1.521 1.505 1.471 1.631 1.525 1.525 1.558 1.716 1.548 1.671 1.819 1.576 1.845 1.47 1.543 1.525 

Na 0.541 0.611 0.552 0.342 0.526 0.585 0.494 0.249 0.526 0.341 0.195 0.477 0.116 0.603 0.495 0.516 

K* 0.013 0.024 0.018 0.011 0.013 0.02 0.016 0.011 0.011 0.009 0.005 0.013 0.009 0.013 0.011 0.013 

Catsum 15.147 15.216 15.127 15.08 15.139 15.206 15.135 15.057 15.151 15.073 15.037 15.13 15.035 15.159 15.114 15.124 

Catcharge 46.001 46.004 45.999 46.001 46 45.999 46.002 46 45.997 45.999 45.998 45.999 46.004 46 46.003 46 

Fe 17.4665 17.4075 16.721 13.4068 15.9577 17.0361 17.4081 12.8069 18.8834 15.6309 12.8074 15.9334 9.47305 18.7541 18.2225 17.9944 

Fe 63.5 58.0786 68.0272 77.6952 66.6667 63.4204 61.9423 77.4725 59.6899 69.9219 87.218 63.4349 84.6154 65.7216 65.2299 65.8602 

0.188 0.306 0.166 0.091 0.185 0.285 0.175 0.047 0.192 0.067 0.011 0.158 0.037 0.152 0.095 0.132 

Na")  0.479 0.495 0.529 0.342 0.475 0.475 0.442 0.249 0.452 0.329 0.181 0.424 0.116 0.53 0.457 0.475 

Na 0.062 0.116 0.023 0 0.051 0.11 0.052 0 0.074 0.012 0.014 0.053 0 0.073 0.038 0.041 



Amphibole data 
Block 4K7 

Sample K7-247 (infiltrated amphibole near block edge) - figure 7.4 

Analysis No. 150 151 152 153 154 155 156 157 158 159 

Description c/rn 151 c 151 m/r 151 r 151 c 154 c/rn 154 r/m 154 r 154 c 158 r/m 159 

Si02  52.35 52.3 55.31 56.17 53.27 51.59 56.4 56.29 51.7 55.91 

Tb 2  0.05 0.09 0.01 0 0.06 0.08 0 0.01 0.1 0.01 

A1203  5.91 9.14 9.04 9.04 3.88 6.74 9.37 9.03 5.5 9.21 

Cr203  0.16 0.1 0.17 0.23 0.08 0.25 0.4 0.43 0.35 0.31 

Fe203  2.31 2.48 2.03 1.95 2.46 2.04 1.67 1.79 2.41 1.8 

FeO 10.32 8.91 8.54 9.71 7.73 10.14 7.79 9.63 8.7 8.15 

MnO 0.15 0.09 0.01 0.06 0.09 0.11 0.03 0.04 0.17 0.04 

MgO 13.25 11.99 10.92 10.56 16.41 13.22 11.64 10.48 15.31 11.62 

CaO 6.76 4.03 0.96 1.05 8.92 6.92 1.17 0.81 8.94 1.66 

Na20 4.12 5.74 6.97 7.08 2.82 4.26 7.08 7.23 3.17 6.77 

K20 0.15 0.08 0.02 0.02 0.09 0.18 0.01 0.01 0.08 0.02 

Total 95.53 94.96 93.98 95.87 95.8 95.52 95.56 95.75 96.43 95.5 

5i4  7.627 7.558 7.934 7.94 7.672 7.522 7.922 7.958 7.462 7.887 

Ti4' 0.005 0.01 0.001 0 0.006 0.009 0 0.001 0.011 0.001 

Al 1.015 1.557 1.529 1.506 0.659 1.159 1.552 1.505 0.936 1.532 

Cr 0.018 0.011 0.019 0.026 0.009 0.029 0.044 0.048 0.04 0.035 

Fe 0.253 0.27 0.219 0.208 0.266 0.223 0.176 0.19 0.262 0.191 

Fez' 1.257 1.077 1.024 1.148 0.931 1.236 0.915 1.138 1.05 0.961 

Mn2* 0.019 0.011 0.001 0.007 0.011 0.014 0.004 0.005 0.021 0.005 

Mg2' 2.877 2.582 2.335 2.225 3.522 2.873 2.437 2.208 3.293 2.443 

Ca" 1.055 0.624 0.148 0.159 1.376 1.081 0.176 0.123 1.383 0.251 

Na' 1.164 1.608 1.939 1.941 0.787 1.204 1.928 1.982 0.887 1.852 

K' 0.028 0.015 0.004 0.004 0.017 0.034 0.002 0.002 0.015 0.004 

Catsum 15.32 15.324 15.152 15.162 15.257 15.383 15.156 15.161 15.359 15.161 

Catcharge 45.994 45.997 46 46.003 45.998 46.003 45.998 45.997 46.002 46.002 

Fe" 30.2672767 29.346049 30.47619 33.964497 20.855735 29.978171 27.264601 33.960012 24.060495 28.190085 

Fed' 28.1111111 19.354839 13.012478 12.575574 44.112769 24.424973 10.666667 11.487304 39.0462 11.85599 

Al' 0.373 0.442 0.066 0.06 0.328 0.478 0.078 0.042 0.538 0.113 

NatM4) 0.945 1.376 1.852 1.841 0.624 0.919 1.824 1.877 0.617 1.749 

Na" 0.219 0.232 0.087 0.1 0.163 0.285 0.104 0.105 0.27 0.103 



Amphibole data 
Block 6K7 

Sample K8-267 (silica undersaturated, barroisite-rich block) - figure 6.12 

Analysis No. 124 125 126 133 136 138 140 141 142 143 144 145 149 150 151 

Description rn 125 c 125 rn/r 125 r 125 c 136 c138 r? 142 rn/c 142 c? 142 rn/c 142 r? 142 r? 142 c 149 m? 142 r 142 

Si02  56.08 56.63 55.42 55.17 56.49 56.18 50.23 50.42 49.55 49.55 55.67 56.29 49.41 49.4 51.12 

Ti02  0.01 0 0 0 0 0 0.11 0.12 0.15 0.15 0.04 0.05 0.18 0.16 0.12 

A1203  8.01 8.73 6.09 7.03 8.5 8.05 7.8 8.06 8.68 8.64 6.99 7.68 8.87 8.52 7.48 

Cr203  0 0.01 0.01 0.01 0 0.03 0.01 0.02 0.02 0.01 0.01 0.02 0.02 0.01 0.03 

Fe203  4.22 2.82 4.68 4.04 3.87 4.33 2.38 2.59 2.2 2.5 4.48 4.73 2.44 2.64 2.28 

FeO 12.07 11.39 12.91 12.9 11.7 12.85 12.03 11.8 11.94 11.96 12.4 11.92 12.06 11.6 12 

MnO 0.06 0.03 0.11 0.08 0.04 0.08 0.05 0.07 0.05 0.05 0.1 0.09 0.07 0.09 0.11 

MgO 8.85 9.87 9.58 9.57 9.06 8.41 12.16 12.19 12.06 11.94 9.29 8.85 12.01 12.17 12.14 

CaO 0.67 1.06 2.02 1.68 0.6 0.47 7.4 7.24 7.53 7.3 1.36 0.97 7.5 7.32 6.96 

Na20 7.08 6.77 6.36 6.47 7.11 7.24 4.16 4.26 4.3 4.36 6.67 6.76 4.41 4.35 4.38 

K20 0.02 0.03 0.03 0.03 0.01 0.02 0.3 0.26 0.33 0.32 0.02 0.02 0.33 0.35 0.26 

Total 97.07 97.34 97.21 96.98 97.38 97.66 96.63 97.02 96.81 96.78 97.03 97.38 97.29 96.61 96.88 

Si4  7.96 7.948 7.946 7.903 7.959 7.956 7.335 7.323 7.23 7.234 7.949 7.97 7.187 7.223 7.425 

Ti4  0.001 0 0 0 0 0 0.012 0.013 0.016 0.016 0.004 0.005 0.02 0.018 0.013 

Al 1.34 1.445 1.029 1.187 1.412 1.344 1.343 1.38 1.493 1.487 1.177 1.282 1.521 1.469 1.281 

Cr3l  0 0.001 0.001 0.001 0 0.003 0.001 0.002 0.002 0.001 0.001 0.002 0.002 0.001 0.003 

Fe 0.45 0.298 0.505 0.436 0.41 0.462 0.262 0.283 0.242 0.275 0.482 0.504 0.267 0.29 0.249 

Fe 1.433 1.337 1.548 1.545 1.378 1.522 1.469 1.433 1.457 1.46 1.481 1.411 1.467 1.419 1.458 

Mn 0.007 0.004 0.013 0.01 0.005 0.01 0.006 0.009 0.006 0.006 0.012 0.011 0.009 0.011 0.014 

Mg 1.872 2.065 2.047 2.043 1.902 1.775 2.647 2.639 2.622 2.598 1.977 1.867 2.604 2.652 2.628 

Ca 0.102 0.159 0.31 0.258 0.091 0.071 1.158 1.127 1.177 1.142 0.208 0.147 1.169 1.147 1.083 

Na 1.949 1.842 1.768 1.797 1.942 1.988 1.178 1.2 1.217 1.234 1.847 1.856 1.244 1.233 1.234 

0.004 0.005 0.005 0.005 0.002 0.004 0.056 0.048 0.061 0.06 0.004 0.004 0.061 0.065 0.048 

Catsum 15.119 15.104 15.173 15.186 15.102 15.135 15.467 15.455 15.524 15.515 15.142 15.06 15.55 15.529 15.436 

Catcharge 45.995 46.001 45.998 45.998 45.998 45.999 46 46.003 45.997 45.995 45.999 45.996 46.001 46 45.999 

Fe 43.2669 39.2543 42.9047 42.9405 41.9482 46.0236 35.638 35.1139 35.6671 35.9252 42.6801 42.9006 35.9559 34.7624 35.561 

Fe 25.6996 17.6227 34.1216 28.5714 23.0208 26.2202 27.521 28.3283 24.6687 27.1739 29.9007 28.6201 26.8342 29 25.7231 

Al 0.04 0.052 0.054 0.097 0.041 0.044 0.665 0.677 0.77 0.766 0.051 0.03 0.813 0.777 0.575 

Na(M4)  1.898 1.841 1.69 1.742 1.909 1.929 0.842 0.873 0.823 0.858 1.792 1.853 0.831 0.853 0.917 

Na 0.051 0.001 0.078 0.055 0.033 0.059 0.336 0.327 0.394 0.376 0.055 0.003 0.413 0.38 0.317 



Amphibole data 
Block 6K7 continued 

Sample K8-267 (silica undersaturated, barroisite-rich block) continued 

Analysis No. 152 155 156 158 161 166 169 204 209 210 211 215 219 221 222 

Description r 142 r 157 m 157 c 157 r 162(px) rim amph rim r 210 c 210 c 211 m? 215 r 219 m/r 221 r 222 

Si02  56.09 55.29 50.78 51.08 51.81 50.38 52.74 55.82 50.93 49.63 53.82 53.68 51.62 52.05 51.46 

T102  0.01 0.08 0.12 0.1 0.09 0.12 0.05 0.01 0.09 0.13 0.05 0.02 0.09 0.07 0.12 

A1203  7.75 8.51 7.43 6.95 6.11 7.55 5.27 8.99 7.32 8.6 8 3.08 6.37 6.29 6.73 

Cr203  0.01 0.03 0.01 0.03 0.02 0.01 0 0.03 0.02 0.03 0.03 0.01 0.02 0.04 0.01 

Fe203  4.36 0 2.37 1.23 2.19 2.64 2.31 2.51 2.32 2.15 2.69 1.99 2.43 2.53 2.17 

FeO 12.64 9.43 11.91 12.95 13.28 11.75 11.34 11.76 11.72 11.88 14.04 10.22 11.9 11.59 12.2 

MnO 0.1 0.07 0.04 0.11 0.11 0.1 0.12 0.02 0.07 0.05 0.13 0.08 0.1 0.08 0.05 

MgO 8.64 7.12 12.61 12.01 11.87 12.3 13.51 9.54 12.36 12.01 8.97 15.42 12.57 12.54 12.47 

CaO 0.85 12.5 7.62 7.71 7.18 7.25 7.69 1.26 7.35 7.42 2.74 9.32 7.26 6.92 7.53 

Na20 6.99 7.24 4.13 4.06 4.09 4.17 3.67 6.88 3.99 4.3 6.24 2.54 3.96 3.97 3.94 

K20 0.01 0.01 0.27 0.26 0.23 0.3 0.23 0.04 0.25 0.32 0.08 0.14 0.28 0.24 0.23 

Total 97.45 100.28 97.29 96.49 96.98 96.57 96.94 96.86 96.43 96.52 96.79 96.5 96.6 96.33 96.91 

Si4  7.96 7.718 7.36 7.473 7.554 7.356 7.622 7.899 7.425 7.256 7.776 7.754 7.516 7.572 7.475 

00 	 Ti4  0.001 0.008 0.013 0.011 0.01 0.013 0.005 0.001 0.01 0.014 0.005 0.002 0.01 0.008 0.013 

Al 1.297 1.401 1.27 1.199 1.05 1.3 0.898 1.5 1.258 1.482 1.363 0.525 1.093 1.079 1.153 

Cr 0.001 0.003 0.001 0.003 0.002 0.001 0 0.003 0.002 0.003 0.003 0.001 0.002 0.005 0.001 

Fe 0.465 0 0.259 0.135 0.24 0.29 0.252 0.268 0.255 0.236 0.292 0.216 0.266 0.277 0.237 

Fe 1.501 1.101 1.443 1.585 1.619 1.434 1.371 1.392 1.429 1.453 1.696 1.234 1.449 1.411 1.482 

Mn 0.012 0.008 0.005 0.014 0.014 0.012 0.015 0.002 0.009 0.006 0.016 0.01 0.012 0.01 0.006 
Mgz, 1.827 1.481 2.724 2.619 2.579 2.676 2.91 2.012 2.685 2.617 1.931 3.32 2.727 2.719 2.7 

Ga 0.129 1.87 1.183 1.209 1.122 1.134 1.191 0.191 1.148 1.162 0.424 1.443 1.133 1.079 1.172 

Na 1.924 1.96 1.161 1.152 1.156 1.181 1.028 1.888 1.128 1.219 1.748 0.711 1.118 1.12 1.11 

0.002 0.002 0.05 0.049 0.043 0.056 0.042 0.007 0.047 0.06 0.015 0.026 0.052 0.045 0.043 

Catsum 15.12 15.552 15.468 15.447 15.389 15.454 15.334 15.162 15.395 15.508 15.271 15.241 15.379 15.322 15.392 

Catcharge 45.997 45.998 46.003 46.002 45.999 45.998 46.002 46.002 46.002 45.998 45.995 46.001 45.999 46.006 45.998 

Fe 44.9401 42.5097 34.5877 37.5771 38.4378 34.7889 31.9134 40.8691 34.6592 35.6477 46.555 27.0377 34.5989 34.0821 35.3868 

FeJ* 26.9878 0 28.714 16.5037 28.103 30.2398 32.4324 16.0671 26.8987 23.8866 20.3343 43.4608 30.0565 29.594 26.9932 

Al' 0.04 0.282 0.64 0.527 0.446 0.644 0.378 0.101 0.575 0.744 0.224 0.246 0.484 0.428 0.525 

Na(M4) 1.871 0.13 0.817 0.791 0.878 0.866 0.809 1.809 0.852 0.838 1.576 0.557 0.867 0.921 0.828 

Na 0.053 1.83 0.344 0.361 0.278 0.315 0.219 0.079 0.276 0.381 0.172 0.154 0.251 0.199 0.282 



Amphibole data 
Block 6K7 continued 

Sample K8-267(silica undersaturated, barroisite-rich block) continued 

Analysis No. 223 235 236 242 243 244 247 248 249 251 252 253 254 255 256 

Description r 222 r 244? r/m 244? m 243 c 243 c 244 in gt' in gt in gt C 251 r 258 c? 253 c 254 c? 255 C 256 

Si02  51.08 51.09 51.32 51.71 51.98 51.86 48.01 47.8 49.56 47.66 49.84 55.76 51.43 55.12 48.12 

TiO2  0.1 0.13 0.09 0.07 0.1 0.11 0.27 0.27 0.12 0.22 0.14 0.01 0.06 0.03 0.19 

A1203  6.76 7.75 7.22 6.97 7.18 6.43 10.26 10.41 8.27 10.37 8.13 7.29 6.42 7.57 9.8 

Cr203  0.03 0 0.02 0.06 0.02 0.01 0 0.01 0 0.02 0.01 0.02 0.03 0.02 0 

Fe203  2.3 2.21 2.28 1.97 0 0.37 2.37 2.32 2.36 2.29 2.41 4.42 2.45 3.18 2.31 

FeO 12.28 11.15 11.37 11.15 12.92 12.6 10.79 11.84 11.55 11.71 11.9 12.01 11.85 13.05 11.95 

MnO 0.07 0.06 0.08 0.06 0.11 0.06 0.06 0.12 0.08 0.05 0.06 0.08 0.04 0.12 0.09 

MgO 12.33 12.9 12.93 13.08 11.29 12.82 12.25 11.71 12.45 11.62 12.37 9.04 12.81 9.22 11.66 

CaO 7.5 7.56 7.61 7.58 9.14 8.15 7.67 7.97 7.87 7.46 7.86 1.21 7.71 1.58 7.57 

Na20 3.91 4.14 4.03 3.98 4.72 4.09 4.49 4.41 3.99 4.64 3.99 6.78 3.76 6.63 4.51 

K20 0.3 0.22 0.25 0.25 0.2 0.21 0.25 0.19 0.31 0.39 0.33 0.02 0.25 0.05 0.3 

Total 96.66 97.21 97.2 96.88 97.66 96.7 96.41 97.05 96.56 96.43 97.04 96.65 96.81 96.56 96.5 

Si4  7.453 7.37 7.414 7.473 7.516 7.539 7.02 6.983 7.243 7.005 7.258 7.97 7.477 7.914 7.068 

Ti4  0.011 0.014 0.01 0.008 0.011 0.012 0.03 0.03 0.013 0.024 0.015 0.001 0.007 0.003 0.021 

Al 1.163 1.318 1.23 1.187 1.224 1.102 1.769 1.793 1.425 1.797 1.396 1.228 1.1 1.281 1.697 

Cr 0.003 0 0.002 0.007 0.002 0.001 0 0.001 0 0.002 0.001 0.002 0.003 0.002 0 

Fe 0.253 0.24 0.248 0.214 0 0.04 0.26 0.255 0.26 0.253 0.264 0.476 0.268 0.343 0.256 

Fe* 1.499 1.345 1.373 1.348 1.563 1.532 1.319 1.447 1.411 1.44 1.449 1.436 1.441 1.567 1.468 

Mn 0.009 0.007 0.01 0.007 0.013 0.007 0.007 0.015 0.01 0.006 0.007 0.01 0.005 0.015 0.011 

Mg 2.681 2.773 2.784 2.817 2.433 2.778 2.669 2.549 2.712 2.545 2.685 1.926 2.775 1.973 2.552 

Ca 1.173 1.169 1.178 1.174 1.416 1.27 1.202 1.248 1.232 1.175 1.226 0.185 1.201 0.243 1.191 

Na 1.106 1.158 1.129 1.115 1.323 1.153 1.273 1.249 1.131 1.322 1.127 1.879 1.06 1.846 1.284 

0.056 0.041 0.046 0.046 0.037 0.039 0.047 0.035 0.058 0.073 0.061 0.004 0.046 0.009 0.056 

Catsum 15.407 15.436 15.424 15.396 15.54 15.473 15.596 15.605 15.495 15.643 15.49 15.117 15.384 15.197 15.605 

Catcharge 45.999 45.997 46.001 46.001 45.996 45.999 46.001 46.001 45.998 45.999 45.997 45.999 45.999 45.997 45.999 

Fe 35.7842 32.6061 32.9494 32.3106 38.9873 35.4876 33.0163 36.0758 34.1398 36.0812 34.9915 42.586 34.1388 44.0788 36.4178 

Fe 28.75 25.4777 27.4945 24.263 0 5.77201 24.0964 24.0339 27.6302 23.4476 28.2958 28.4179 31.4554 22.2583 24.5681 

Al 0.547 0.63 0.586 0.527 0.484 0.461 0.98 1.017 0.757 0.995 0.742 0.03 0.523 0.086 0.932 

Na(M4) 0.827 0.831 0.822 0.826 0.584 0.73 0.798 0.752 0.768 0.825 0.774 1.815 0.799 1.757 0.809 

Na 0.279 0.327 0.307 0.289 0.739 0.423 0.475 0.497 0.363 0.497 0.353 0.064 0.261 0.089 0.475 

bin gt = amphibole as an inclusion in a garnet crystal 



Amphibole data 
Block 6K7 continued Matrix 

Sample K8-267 (block) continued N3-103 (from near block Si) 

Analysis No. 257 258 259 260 504 517 518 519 520 

Description r255? c258 r258? r251? c504 c517 c518 c 51 c520 

Si02  55.45 47.89 55.78 49.86 53.65 56.68 57.89 53.27 57.93 

Ti02  0.02 0.21 0 0.14 0.02 0.01 0 0.03 0 

A1203  8.49 10.48 7.16 7.98 4.15 1.36 0.17 3.95 0.1 

Cr2O3  0.01 0.01 0.01 0.02 0.02 0.04 0.05 0.03 0.07 

Fe203  2.93 2.5 4.82 2.24 0.44 1.46 0.51 1.33 0.58 

FeO 12.77 11.72 12.34 12.35 2.04 1.32 2.33 2.24 2.07 

MnO 0.08 0.09 0.08 0.12 0.07 0.13 0.19 0.12 0.15 

MgO 9.1 11.46 8.87 11.92 21.72 22.74 22.89 21.48 22.87 

CaO 1.25 7.34 1.06 7.57 12.8 11.94 12.5 12.4 12.68 

Na20 6.92 4.58 6.87 4.1 1.42 0.76 0.47 1.61 0.39 

K20 0.04 0.35 0.02 0.33 0.04 0.03 0.04 0.04 0.04 

Total 97.06 96.63 97.01 96.63 96.37 96.47 97.04 96.5 96.88 

7.89 7.018 7.964 7.3 7.504 7.847 7.982 7.472 7.993 

Ti4  0.002 0.023 0 0.015 0.002 0.001 0 0.003 0 

AIJ* 1.424 1.811 1.205 1.377 0.684 0.222 0.028 0.653 0.016 

Cr 0.001 0.001 0.001 0.002 0.002 0.004 0.005 0.003 0.008 

Fe 0.314 0.276 0.518 0.247 0.047 0.152 0.053 0.14 0.06 

Fe* 1.52 1.436 1.474 1.512 0.239 0.153 0.269 0.263 0.238 

Mn 0.01 0.011 0.01 0.015 0.008 0.015 0.022 0.014 0.018 

Mg 1.93 2.503 1.887 2.601 4.527 4.692 4.703 4.49 4.702 

Ca 0.191 1.153 0.162 1.188 1.918 1.771 1.847 1.864 1.875 

Na 1.909 1.301 1.902 1.164 0.385 0.204 0.126 0.438 0.104 

K 0.007 0.066 0.004 0.062 0.007 0.005 0.007 0.007 0.007 

Catsum 15.197 15.598 15.127 15.484 15.324 15.067 15.042 15.349 15.021 

Catcharge 46.003 46.001 46 45.996 45.999 45.997 46.001 45.995 46.001 

Fe 43.9306 36.3544 43.7259 36.6279 5.00628 3.14815 5.38646 5.5171 4.80032 

Fe 19.2638 24.4681 30.7054 26.3046 19.8312 68.4685 84.127 52.2388 86.9565 

Al 0.11 0.982 0.036 0.7 0.496 0.153 0.018 0.528 0.007 

Na(M4) 1.809 0.847 1.838 0.812 0.082 0.204 0.126 0.136 0.104 

Na' 0.1 0.454 0.064 0.352 0.303 0 0 0.302 0 



Amphibole data 
Matrix 

Sample N1-1B (from near blocks GB and BB) 

Analysis No. 531 537 538 539 540 544 545 546 547 548 552 

Description c 531 c 537 c 538 C 539 c 540 c 544 c 545 c 546 c547 0548 c 552 

Si02  53.74 55.57 47.62 56.51 57.47 56.42 55.92 57.55 57.19 57.39 57.43 

Ti02  0.02 0 0 0.03 0 0 0.01 0 0.09 0.04 0.01 

A1203  3.01 0.42 1.41 0.46 0.13 0.4 0.45 0.2 0.17 0.12 0.12 

Cr203  0.08 0.07 0.18 0.05 0.04 0.07 0.09 0.07 0.03 0.02 0.01 

Fe203  2.01 0 6.42 0 0.2 0 0 0.2 0 0.17 0.48 

FeO 1.57 3 0 3.21 2.21 3.18 3.37 2.59 2.56 2.39 1.93 

MnO 0.11 0.1 0.11 0.2 0.14 0.17 0.18 0.15 0.14 0.14 0.12 

MgO 22.12 24.08 28.37 23.3 22.86 23.37 23.57 22.96 23.17 22.62 22.73 

CaO 12.12 11.4 5.81 11.33 12.66 11.45 10.65 12.25 12.35 12.67 12.55 

Na20 1.15 0.5 0.37 1.03 0.51 0.87 0.77 0.63 0.61 0.61 0.59 

K20 0.04 0.07 0.08 0.16 0.09 0.12 0.07 0.07 0.13 0.11 0.09 

Total 95.98 95.21 90.37 96.28 96.31 96.05 95.08 96.67 96.45 96.29 96.05 

Si4+ 7.55 7.832 7.103 7.889 7.982 7.891 7.888 7.971 7.945 7.983 7.991 

Ti4+ 0.002 0 0 0.003 0 0 0.001 0 0.009 0.004 0.001 

A13+ 0.499 0.07 0.248 0.076 0.021 0.066 0.075 0.033 0.028 0.02 0.02 

Cr3+ 0.009 0.008 0.021 0.006 0.004 0.008 0.01 0.008 0.003 0.002 0.001 

Fe3+ 0.213 0 0.721 0 0.02 0 0 0.021 0 0.018 0.05 

Fe2+ 0.185 0.353 0 0.375 0.257 0.372 0.397 0.3 0.298 0.279 0.224 

Mn2+ 0.013 0.012 0.014 0.024 0.016 0.02 0.022 0.018 0.016 0.016 0.014 

Mg2+ 4.632 5.058 6.306 4.847 4.732 4.871 4.955 4.739 4.797 4.69 4.713 

Ca2+ 1.825 1.722 0.929 1.695 1.884 1.716 1.61 1.818 1.838 1.889 1.871 

Na+ 0.313 0.137 0.107 0.279 0.137 0.236 0.211 0.169 0.164 0.165 0.159 

0.007 0.013 0.015 0.029 0.016 0.021 0.013 0.012 0.023 0.02 0.016 

Catsum 15.248 15.204 15.464 15.221 15.071 15.201 15.18 15.089 15.123 15.085 15.06 

Catcharge 46.001 46.002 46.002 46.004 45.994 46.001 46.003 46.001 45.994 46.001 46 

Fe 3.83023 6.50931 0 7.1483 5.13487 7.06821 7.38742 5.93237 5.83056 5.59679 4.52434 

Fe 80.6818 0 1001.39 0 86.9565 0 0 84 0 72 80.6452 

Al 0.45 0.168 0.897 0.111 0.018 0.109 0.112 0.029 0.055 0.017 0.009 

N 	M4' 0.175 0.137 0.107 0.279 0.116 0.236 0.211 0.169 0.162 0.111 0.129 

Na 0.138 0 0 0 0.021 0 0 0 0.002 0.054 0.03 



Garnet data and chemcast results (data run with C = 16, 0 = 24) 
Block 6K7 

Sample K8-267 (silica undersaturated block) - figure 6.11 

Analysis no. 179 180 181 182 183 184 189 190 226 227 228 229 230 

Description c179 r179 r182 c182 r184 c184 c189 r189 r227 c227 c228 r228 c230 

Si02  37.48 37.42 37.29 37.21 37.58 37.54 37.17 37.4 37.51 37.23 37.43 37.39 37.25 

TiO2  0.07 0.02 0.03 0.07 0.07 0.09 0.1 0.05 0.06 0.12 0.14 0.05 0.08 

A1203  20.86 20.73 20.83 20.73 20.74 20.97 20.85 20.97 21.1 20.69 20.86 21.06 20.93 

Cr203  0 0.01 0.03 0.02 0.02 0.02 0.03 0.02 0 0 0.01 0.03 0 

Fe203  2.65 2.78 2.94 2.77 2.32 2.37 2.82 2.43 2.24 2.18 2.57 2.39 2.59 

FeO 26.51 26.42 26.96 26.8 26.94 27.01 26.92 26.99 26.62 27.27 26.74 26.96 26.15 

MnO 0.34 0.34 0.47 0.42 0.36 0.36 0.6 0.53 0.33 0.75 1.17 0.42 1.35 

MgO 3.85 3.53 3.64 3.64 3.53 3.83 3.22 3.79 3.55 2.96 2.49 3.32 2.43 

CaO 8.58 9.01 8.33 8.45 8.84 8.35 8.61 8.11 9.03 8.7 9.63 8.8 9.91 

Na20 0.03 0.04 0 0 0.02 0.02 0.05 0.02 0.01 0.03 0.04 0.04 0.02 

K20 0.01 0 0 0 0 0 0 0 0.01 0.01 0 0 0 

Total 100.38 100.3 100.52 100.11 100.42 100.56 100.37 100.31 100.46 99.94 101.08 100.46 100.71 

Si., 5.903 5.908 5.884 5.891 5.928 5.906 5.882 5.902 5.905 5.922 5.899 5.899 5.889 

Ti- 0.009 0.003 0.003 0.009 0.009 0.011 0.012 0.006 0.008 0.015 0.017 0.006 0.01 

Al 3.873 3.858 3.874 3.867 3.855 3.889 3.889 3.901 3.914 3.878 3.875 3.915 3.899 

Cr 0 0.002 0.004 0.003 0.002 0.003 0.004 0.003 0 0 0.001 0.004 0 

Fed' 0.315 0.33 0.349 0.33 0.275 0.28 0.335 0.289 0.265 0.261 0.305 0.284 0.308 

Fez 3.492 3.488 3.558 3.548 3.553 3.554 3.562 3.562 3.504 3.628 3.525 3.557 3.457 

Mn 0.046 0.046 0.063 0.057 0.048 0.048 0.081 0.07 0.044 0.101 0.156 0.055 0.181 

Mg 0.904 0.83 0.857 0.86 0.83 0.898 0.761 0.891 0.832 0.701 0.584 0.782 0.572 

Ca2* 1.448 1.524 1.408 1.434 1.494 1.407 1.459 1.371 1.523 1.482 1.626 1.488 1.678 

Na 0.01 0.012 0 0 0.006 0.005 0.015 0.006 0.003 0.01 0.012 0.011 0.005 

K 0.002 0 0.001 0 0 0 0 0 0.001 0.002 0 0 0 

Catsum 16.002 16.001 16.001 15.999 16 16.001 16 16.001 15.999 16 16 16.001 15.999 

Catcharge 48.004 48.002 48.002 47.998 48 48.003 48.001 48.005 47.999 48.001 48.001 48.004 47.998 

py* 15.348048 14.096467 14.559973 14.578742 14.008439 15.202302 12.979703 15.117068 14.094528 11.85724 9.9134273 13.294798 9.7146739 

Alm* 59.286927 59.23913 60.448522 60.145787 59.966245 60.165905 60.75388 60.43434 59.359648 61.366712 59.83704 60.472628 58.712636 

Sp* 0.7809847 0.78125 1.0703364 0.9662655 0.8101266 0.8125952 1.3815453 1.1876485 0.7453837 1.7083897 2.6481073 0.9350561 3.0740489 

Uv** 0 0.0487686 0.097229 0.0731707 0.0491521 0.0733676 0.0970403 0.0731529 0 0 0.0244081 0.097371 0 

And** 7.6829268 8.0468178 8.483228 8.0487805 6.7584173 6.84764 8.1271228 7.0470617 6.4760508 6.4033366 7.4444716 6.9133398 7.5012177 

Gro** 16.901114 17.787566 15.340712 16.187254 18.40762 16.89819 16.660708 16.140729 19.32439 18.664322 20.132546 18.286807 20.997424 

Py: 100 Mg / (Mg + Fe 2+ + Mn + Ca), Alm: 100 Fe2* / (Mg + Fe2  + Mn + Ca), Sp: lOOMn / (Mg + Fe2  + Mn + Ca), for Uv, And and Gro see overleaf. 



Garnet data 
Block 6K7 Block 8Ea 

Sample K8-267 (block) continued GB-8 (silica saturated block centre) - figure 6.11 'adj am/wm = adjacent to amphibole/white mica 

Analysis no. 231 246 250 362 363 380 381 387 388 412 414 416 417 

Description r 230 c 246 adj am' r 362 c? c 380 r 380 c 387 r 387 adj wm' adj wm c 416 r 416 

5i02  37.45 37.12 37.09 36.89 36.68 37.02 37.47 37.21 37.42 36.92 37.28 37.02 37.05 

Ti02  0.08 0.02 0.09 0.06 0.13 0.13 0.02 0.03 0.07 0.11 0.2 0.13 0.05 

A1203  21.1 20.83 20.56 20.59 20.4 20.2 20.85 20.77 20.99 20.5 20.62 20.45 20.76 

Cr203  0 0.04 0.05 0.02 0 0 0.02 0 0.01 0.02 0.01 0 0.02 

Fe203  2.65 2.74 2.84 2.63 2.94 2.33 2.64 1.99 2.28 2.43 2.43 2.42 2.43 

FeO 26.62 25.66 24.92 28.67 28.03 27.79 28.5 29.78 29.12 28.44 28.56 27.29 27.81 

MnO 0.53 3.5 3.92 0.52 1.79 2.97 0.55 1.03 0.35 1.15 0.56 2.68 0.64 

MgO 3.31 2.31 2.14 3.66 2.64 2.2 4.06 2.8 3.85 2.69 3.4 2.34 3.37 

CaO 9.16 8.59 9.16 6.5 7.2 7.45 6.57 6.74 6.52 7.59 7.3 7.86 7.56 

Na20 0.02 0.02 0 0.02 0.04 0.03 0.02 0.01 0.03 0.02 0.04 0.03 0.03 

K20 0 0 0 0.01 0.01 0 0 0 0 0 0.01 0 0.03 

Total 100.92 100.83 100.77 99.57 99.86 100.12 100.7 100.36 100.64 99.87 100.41 100.22 99.75 

Si 5.883 5.888 5.891 5.898 5.886 5.939 5.907 5.93 5.907 5.91 5.911 5.918 5.904 

Ti 0.01 0.002 0.011 0.008 0.016 0.016 0.002 0.004 0.008 0.013 0.024 0.015 0.006 

Al 3.905 3.893 3.85 3.88 3.857 3.818 3.874 3.899 3.906 3.868 3.854 3.852 3.9 

CrI,  0 0.004 0.006 0.002 0 0 0.002 0 0.002 0.002 0.001 0 0.002 

0.314 0.327 0.34 0.316 0.355 0.282 0.314 0.239 0.271 0.293 0.29 0.291 0.291 

Fe 3.497 3.404 3.31 3.833 3.76 3.728 3.757 3.968 3.844 3.807 3.787 3.648 3.707 

Mn 0.07 0.471 0.528 0.07 0.244 0.404 0.073 0.139 0.047 0.157 0.075 0.363 0.086 

Mg' 0.774 0.545 0.506 0.872 0.631 0.525 0.955 0.665 0.906 0.641 0.804 0.559 0.8 

Ca4  1.541 1.46 1.558 1.113 1.238 1.28 1.11 1.151 1.102 1.302 1.24 1.346 1.292 

Na 0.005 0.006 0 0.007 0.012 0.009 0.007 0.004 0.008 0.007 0.012 0.008 0.008 

K 0 0 0 0.002 0.003 0 0 0.001 0 0.001 0.002 0.001 0.006 

Catsum 15.999 16 16 16.001 16.002 16.001 16.001 16 16.001 16.001 16 16.001 16.002 

Catcharge 47.998 47.998 48 48.003 48.005 48.003 48.003 48.001 48.003 48.003 48.001 48.002 48.003 

13.15879 9.2687075 8.573365 14.809783 10.744083 8.8428499 16.20017 11.227419 15.358535 10.851532 13.613275 9.448952 13.593883 

Alm* 59.452567 57.891156 56.082684 65.098505 64.021795 62.792656 63.731976 66.993078 65.163587 64.448959 64.121233 61.663286 62.990654 

Sp 1.1900714 8.0102041 8.94612 1.1888587 4.1546058 6.8047836 1.2383376 2.3467837 0.7987452 2.6578636 1.269895 6.1359026 1.4613424 

Uv** 0 0.097229 0.1464129 0.0487329 0 0 0.0487924 0 0.048852 0.0489476 0.0245098 0 0.0487448 

And" 7.6361868 7.9484686 8.2967301 7.6998051 8.6290715 6.9543773 7.660405 5.8693517 6.6194431 7.1708272 7.1078431 7.1393523 7.0923714 

Gro** 18.562385 16.784234 17.954688 11.154315 12.450445 14.605333 11.120319 13.563368 12.012837 14.821871 13.863245 15.612507 14.813004 

**Uv: 100 Cr/ (Fe 3  + Ti + Cr + Al'6 ), And: 100 Fe3  (Fe 3+  +Ti + Cr + Al 61), Gro: [lOOCa /(Mg + Fe 2+ 
 + Mn + Ca)] - (And + Uv) 



Chlorite data 
Block 9J 

Sample N4-147 (near block at D) - chapter 4, table 7.2 N4-132A (at B) - chapter 4, table 7.2 

Analysis no. 60 76 103 104 105 106 107 108 120 270 271 278 279 

Description core 60 rim? 76 adj PB1  -;> -> -> -> 	> -> -> -> > -> -> -> furthest from IPB after px? chl chi chi chi 

S02 28.61 29.16 28.81 29.13 28.88 29.6 29.26 29.62 29.48 29.68 29.86 3036 29.72 

Ti02  0 0.01 0.01 0.01 0.01 0 0.01 0 0.02 0.01 0.07 0 0 

A1203  20.3 20.55 20.15 20.72 20.69 19.4 20.57 19.51 17.05 18.65 18.49 18.43 18.57 

Cr203  0 0.03 0.02 0.02 0.02 0.02 0.03 0.05 0 0.01 0.02 0.01 0 

Fe203  0.64 0 0.36 0 0.51 0.44 0.01 0.4 1.76 1.08 1.34 0.89 1.45 

FeO 5.49 6.23 6.13 5.9 5.82 5.64 6.04 5.44 3.53 6.29 6.01 6.31 6.05 

MnO 0.28 0.28 0.29 0.29 0.32 0.28 0.31 0.28 0.28 0.17 0.18 0.19 0.21 

MgO 29.51 28.85 29.3 29.63 29.65 30.27 29.83 30.42 29.55 29.94 30.37 29.69 30.19 

CaO 0.05 0.04 0.03 0.02 0.02 0.03 0.04 0.04 0.39 0.06 0.04 0.32 0.02 

Na20 0.03 0.02 0.02 0.02 0.03 0.02 0.02 0.01 0.45 0.02 0.01 0.25 0.01 

K20 0 0 0.01 0.01 0.01 0 0.02 0.01 0 0.01 0.01 0.01 0 

Total 84.91 85.17 85.13 85.75 85.96 85.7 86.14 85.78 82.51 85.92 86.4 86.46 86.22 

Chemcast results: data run with C = 20, 0 = 28 
Si 5.612 5.701 5.65 5.653 5.601 5.75 5.658 5.742 5.93 5.783 5.784 5.879 5.771 

Ti4  0 0.001 0.001 0.001 0.002 0 0.001 0 0.003 0.002 0.01 0 0 

AI 4.694 4.736 4.656 4.737 4.73 4.44 4.688 4.457 4.042 4.283 4.221 4.205 4.25 

Cr 0 0.005 0.003 0.003 0.003 0.003 0.005 0.007 0 0.001 0.003 0.002 0 

Fe 0.095 0 0.053 0 0.075 0.064 0.002 0.059 0.267 0.158 0.195 0.129 0.212 

Fe 0.901 1.019 1.005 0.957 0.945 0.916 0.978 0.882 0.593 1.026 0.973 1.022 0.983 

Mn 0.047 0.046 0.049 0.047 0.053 0.047 0.05 0.046 0.048 0.028 0.029 0.032 0.034 

Mg* 8.629 8.41 8.566 8.57 8.575 8.765 8.6 8.791 8.861 8.697 8.77 8.571 8.74 

Ca 0.01 0.007 0.007 0.004 0.004 0.006 0.008 0.009 0.084 0.012 0.009 0.067 0.005 

Na 0.012 0.006 0.009 0.006 0.011 0.008 0.008 0.005 0.174 0.008 0.004 0.093 0.003 

0.001 0 0.003 0.003 0.002 0.001 0.004 0.002 0 0.004 0.003 0.001 0.001 

Catsum 20.001 19.931 20.002 19.981 20.001 20 20.002 20 20.002 20.002 20.001 20.001 19.999 

Catcharge 56.002 56.001 56.006 56.001 56.003 55.998 56.005 56 56.005 56.004 56.002 56.002 55.998 

1IPB = inner pyroxene band dafter px? = chlorite possibly a breakdown product of pyroxene chI = chlorite from unspecified location 



Chlorite data 
Block 9J continued 

Sample N4-132A (near block at B) continued 
Analysis no. 280 283 298 299 300 301 302 329 330 338 357 360 

Description chi chi chi chi chi chi chi chi chi chi chi chi 

Si02  29.9 30.09 30 30.19 30.2 30.04 30 30.35 30.02 31.09 30.05 30.17 

TiO2  0 0 0 0.01 0.01 0 0 0 0 0 0.01 0 

A1203  18.72 18.34 17.93 17.97 18.06 18.24 18.22 17.95 17.98 17.51 17.88 17.63 

Cr203  0 0 0 0 0 0.08 0.11 0.13 0.07 0.13 0.03 0.05 

Fe203  1.5 1.16 1.66 1.26 1.29 1.2 1.65 0.57 1.49 0 1.12 1.01 

FeO 6.19 6.49 5.7 6.08 6 6.25 5.66 6.59 5.86 7.02 6.11 6.22 

MnO 0.19 0.18 0.17 0.18 0.16 0.17 0.22 0.16 0.18 0.17 0.15 0.18 

MgO 30.36 30.2 30.61 30.51 30.64 30.35 30.64 30.31 30.53 30.56 30.36 30.3 

CaO 0.02 0.05 0.03 0.03 0.02 0.05 0.02 0.06 0.02 0.07 0.06 0.05 

Na20 0 0.01 0.01 0.01 0 0 0.01 0 0.01 0.01 0 0.01 

K20 0.01 0.02 0 0.01 0 0 0.01 0.01 0 0.02 0 0.01 

Total 86.89 86.54 86.11 86.25 86.38 86.38 86.54 86.13 86.16 86.58 85.77 85.63 

Chemcast results: data run with C = 20, 0 = 28 
(Ji 	 Si4  5.766 5.827 5.827 5.856 5.845 5.823 5.799 5.896 5.83 6.005 5.86 5.896 

Ti4  0 0 0.001 0.001 0.001 0 0.001 0 0 0 0.001 0 

Al 4.253 4.185 4.104 4.108 4.121 4.168 4.151 4.11 4.116 3.987 4.11 4.059 

Cr 0 0 0.001 0 0 0.013 0.017 0.02 0.01 0.019 0.005 0.008 

Fe 0.218 0.169 0.243 0.185 0.187 0.175 0.241 0.084 0.218 0 0.164 0.148 

Fe 0.998 1.051 0.925 0.986 0.972 1.013 0.915 1.071 0.951 1.135 0.996 1.016 

Mn 0.031 0.029 0.028 0.03 0.026 0.028 0.035 0.027 0.03 0.027 0.025 0.029 

Mg 8.727 8.719 8.864 8.824 8.843 8.772 8.83 8.777 8.838 8.801 8.826 8.826 

Ca 0.004 0.011 0.006 0.005 0.004 0.009 0.005 0.012 0.004 0.014 0.012 0.01 

Na 0 0.005 0.002 0.003 0 0 0.005 0.001 0.003 0.004 0 0.004 

0.003 0.004 0 0.003 0.001 0 0.003 0.004 0.001 0.005 0.001 0.003 

Catsum 20 20 20.001 20.001 20 20.001 20.002 20.002 20.001 19.997 20 19.999 

Catcharge 56 55.999 56.004 56.003 55.999 56.004 56.005 56.005 56.002 56.001 56 55.998 



Chlorite data 
Block 8Ea 

Sample E6-217B (silica undersaturated block) - table 7.3 E5-207B 

Analysis no. 7 8 13 16 20 28 29 34 39 42 63 108 110 111 

Description in amph4  in amph by amph 	by amph chi in amph in amph with ccb chi chi after px? chi by ep' by amph 

Si02  27.23 27.48 27.05 27.35 28.43 26.91 27.08 26.64 27.31 26.36 26.62 26.27 26.73 26.63 

Ti02  0.01 0.02 0 0 0.18 0.02 0.03 0 0.02 0 0.09 0.02 0.03 0.01 

A1203  18.51 18.97 19.08 18.79 18.83 18.5 18.71 18.82 18.25 18.54 18.96 17.13 17.42 17.36 

Cr203 0.03 0.02 0.04 0.02 0.09 0.01 0.01 0.02 0.01 0.02 0.1 2.59 1.34 1.6 

Fe203  1.39 1.87 1.09 1.48 0 1.95 1.99 1.61 1.97 1.82 1.27 2 1.58 1.85 

FeO 17.12 15.04 17.33 16.85 19.52 16.3 16.02 18.67 15.75 18.52 18.59 16.86 16.56 17.17 

MnO 0.31 0.23 0.34 0.3 0.38 0.31 0.24 0.35 0.26 0.3 0.4 0.29 0.16 0.29 

MgO 21.4 23.01 21.15 21.74 20.94 21.63 22.02 19.96 22.27 19.8 19.98 20.75 21.3 20.84 

CaO 0.01 0 0.01 0.02 0.12 0.02 0.03 0.03 0.03 0.06 0.1 0.04 0.01 0.03 

Na20 0.02 0.02 0.02 0.01 0.02 0.01 0.02 0.02 0.02 0 0.01 0.01 0.01 0 

K20 0 0.01 0 0.01 0.01 0 0 0.01 0.01 0.01 0.02 0 0.01 0.01 

Total 86.03 86.67 86.11 86.57 88.52 85.66 86.15 86.13 85.9 85.43 86.14 85.96 85.15 85.79 

Chemcast results: data run with C = 20, 0 = 28 
Si.. 5.635 5.585 5.592 5.614 5.746 5.584 5.575 5.562 5.631 5.554 5.552 5.509 5.609 5.578 

Ti4  0.002 0.003 0 0 0.027 0.003 0.005 0 0.003 0 0.014 0.003 0005 0.002 

Al 4.514 4.544 4.649 4.546 4.485 4.524 4.539 4.631 4.435 4.604 4.661 4.234 4.308 4.286 

Cr 0.005 0.003 0.007 0.003 0.014 0.002 0.002 0.003 0.002 0.003 0.017 0.429 0.222 0.265 

Fe 0.217 0.286 0.169 0.229 0 0.305 0.309 0.253 0.306 0.288 0.199 0.316 0.25 0.292 

Fe' 2.962 2.556 2.996 2.892 3.299 2.829 2.757 3.259 2.716 3.262 3.242 2.957 2.907 3.009 

Mn 0.054 0.04 0.06 0.052 0.065 0.055 0.042 0.062 0.045 0.054 0.071 0.052 0.028 0.052 

Mg' 6.601 6.972 6.518 6.653 6.309 6.691 6.758 6.212 6.845 6.219 6.213 6.487 6.663 6.508 

0.002 0 0.002 0.004 0.026 0.004 0.007 0.007 0.007 0.014 0.022 0.009 0.002 0.007 

Na 0.008 0.008 0.008 0.004 0.008 0.004 0.008 0.008 0.008 0 0.004 0.004 0.004 0 

K* 0 0.003 0 0.003 0.003 0 0 0.003 0.003 0.003 0.005 0 0.003 0.003 

Catsum 20 20 20.001 20 19.982 20.001 20.002 20 20.001 20.001 20 20 20.001 20.002 

Catcharge 56.002 55.998 56.003 55.999 55.998 56.003 56.006 56 56.002 56.002 56 55.999 56.003 56.004 

4  i amph = chlorite within an amphibole crystal "by amph = chlorite adjacent to an amphibole crystal 

bwith cc = chlorite adjacent to (retriogressive) carbonate 'by ep = chlorite adjacent to epidote 



Chlorite data 
Block 8Ea continued 

Sample E5-19813 (talc + chlorite + amphibole) - table 7.3 

Analysis no. 168 169 170 180 181 182 183 184 185 186 187 188 

chi chi with mgt chi by amph with tc with mgt by tc+amw by tc by amph chi by amph 
Description 
S102  28.29 28.04 27.72 27.46 28.32 27.99 27.59 27.78 27.5 27.15 27.49 28.27 

Ti02  0 0 0.01 0 0 0.01 0 0 0 0 0.02 0.01 

A1203  16.37 16.66 16.56 16.74 17.07 16.48 17 14.92 17.22 17.03 17.02 14.63 

Cr203  1.24 1.39 1.78 1.86 0.99 2.1 1.26 2.81 1.51 1.25 1.4 2.31 

Fe203  1.8 1.77 1.94 2.23 1.43 0.93 1.84 1.82 1.38 2.56 1.29 0.65 

FeO 13.64 14.21 13.86 13.63 14.4 14.29 13.73 14.76 15.1 13.39 15.14 16.27 

MnO 0.13 0.14 0.19 0.16 0.15 0.16 0.14 0.18 0.18 0.15 0.19 0.17 

MgO 24.33 23.82 23.71 23.65 23.91 23.61 23.68 23.04 22.84 23.52 22.7 22.33 

CaO 0.02 0.03 0.03 0 0.04 0.01 0 0.03 0.01 0.01 0.01 0.17 

Na20 0 0 0 0.02 0.02 0.02 0.02 0.02 0.01 0.01 0.02 0.02 

K20 0.01 0.01 0.02 0.01 0.01 0.02 0 0 0 0.01 0.01 0 

Total 85.83 86.07 85.82 85.76 86.34 85.62 85.26 85.36 85.75 85.08 85.29 84.83 

Chemcast results: data run with C = 20, 0 = 28 

Si 5.789 5.742 5.7 5.651 5.767 5.763 5.692 5.795 5.677 5.623 5.705 5.946 

Ti4  0 0 0.002 0 0 0.002 0 0 0 0 0.003 0.002 

Al 3.948 4.021 4.013 4.06 4.097 3.999 4.133 3.668 4.19 4.157 4.163 3.627 

Cr 0.201 0.225 0.289 0.303 0.159 0.342 0.206 0.464 0.246 0.205 0.23 0.384 

Fe 0.277 0.273 0.301 0.345 0.219 0.144 0.286 0.286 0.214 0.398 0.201 0.103 

Fe 2.335 2.434 2.383 2.346 2.453 2.461 2.369 2.575 2.606 2.319 2.628 2.861 

Mn * 0.023 0.024 0.033 0.028 0.026 0.028 0.025 0.032 0.032 0.026 0.033 0.03 

Mg 7.422 7.272 7.268 7.256 7.259 7.247 7.282 7.165 7.029 7.262 7.023 7.001 

Ca 0.004 0.007 0.007 0 0.009 0.002 0 0.007 0.002 0.002 0.002 0.038 

Na 0 0 0 0.008 0.008 0.008 0.008 0.008 0.004 0.004 0.008 0.008 

0.003 0.003 0.005 0.003 0.003 0.005 0 0 0 0.003 0.003 0 

Catsum 20.002 20.001 20.001 20 20 20.001 20.001 20 20 19.999 19.999 20 

Catcharge 56.005 56.002 56.004 55.999 55.998 56.004 56.003 56 56 55.997 55.997 56.002 

with mgt = chlorite adjacent to magnetite 	with tc = chlorite adjacent to talc 	 "by tc+am = chlorite adjacent to talc and amphibole 



Chlorite data 
Block 8Ea continued Block 4K7 

Sample E5-195 (tc+carb) - table 7.3 K7-247 (around chromite in amphibole) - chapter 7 

Analysis no. 228 	272 136 138 144 145 146 

Description by carb' 	tc-mix' by Cr by Cr by Cr by Cr by Cr 

Sb 2  28.89 	31.3 25.8 25.89 26.12 26.34 26.15 

Ti02  0 	0.01 0.02 0.02 0.01 0 0.01 

A1203  17.05 	15.74 17.1 17.01 17.25 17.84 17.6 

Cr203  1.41 	1.22 2.89 2.4 1.85 1.44 1.38 

Fe203  0.73 	0 1.88 1.95 2.04 1.55 1.78 

FeO 9.78 	10.38 17.11 17.96 15.74 17.14 17.35 

MnO 0.04 	0.05 0.19 0.31 0.1 0.14 0.16 

MgO 27.08 	27.7 20.2 19.67 21.26 20.64 20.31 

CaO 0.11 	0.07 0.03 0.02 0.01 0.02 0.01 

Na20 0.01 	0.03 0.01 0.02 0.01 0.01 0.01 

1<20 0.01 	0.02 0.01 0 0.01 0.02 0.02 

Total 85.11 	86.52 85.24 85.25 84.4 85.14 84.78 

Chemcast results: data run with C = 20, 0 = 28 
Si 5.814 	6.171 5.471 5.51 5.532 5.548 5.546 

Ti4  0 	0.002 0.003 0.003 0.002 0 0.002 

Al 4.044 	3.657 4.274 4.266 4.306 4.429 4.399 

Cr 0.224 	0.19 0.485 0.404 0.31 0.24 0.231 

Fe 0.111 	0 0.3 0.312 0.325 0.245 0.285 

Fe 1.646 	1.711 3.034 3.196 2.787 3.019 3.076 

Mn 0.007 	0.008 0.034 0.056 0.018 0.025 0.029 

Mg 8.124 	8.141 6.386 6.24 6.712 6.481 6.421 

Ca 0.024 	0.015 0.007 0.005 0.002 0.005 0.002 
Na* 0.004 	0.012 0.004 0.008 0.004 0.004 0.004 

K 0.003 	0.005 0.003 0 0.003 0.005 0.005 

Catsum 20.001 	19.912 20.001 20 20.001 20.001 20 

Catcharge 56.002 	56 56.002 56 56.004 56.003 56.002 

'by carb = chlorite adjacent to carbonate 1 tc-mix = chlorite intermixed with talc 

by Cr = chlorite adjacent or near to chromite 



Chlorite data 
Block 6K7 

Sample K8-267 (silcia undersaturated block) - table 7.2 

Analysis no. 137 139 148 178 202 205 217 220 225 261 263 268 

Description mid 137 rim 137 core 148 by px by px by px in px by px m 225 after gt? by ep by ep 

S102  27.16 26.4 25.43 26.82 26.69 27.14 23.49 30 24.21 25.66 24.08 25.76 

Ti02  0.01 0 0.03 0.02 0 0.01 0.02 0.01 0.05 0 0.02 0.03 

A1203  18.95 18.57 18.25 18.81 18.85 19.56 15.59 17.49 17.38 17.94 17.8 18.9 

Cr203  0.01 0.01 0 0.01 0 0.03 0.05 0.05 0.02 0.03 0 0 

Fe203  0.69 2.17 2.35 1.74 0.53 2.16 9.2 0 5.92 2.71 2.06 1.71 

FeO 20.73 21.46 20.55 16.72 22.35 16.82 12.09 20.84 13.91 23.35 29.15 24.6 

MnO 0.11 0.17 0.15 0.05 0.19 0.06 0.17 0.25 0.05 0.36 0.51 0.15 

MgO 19.4 18.31 17.81 21.47 17.91 21.91 20.83 18.16 20.67 16.24 11.25 15.83 

CaO 0.04 0.03 0.07 0.02 0.05 0.01 0.11 0.34 0.01 0.09 0.1 0.11 

Na20 0.02 0.01 0.01 0.02 0.01 0.02 0.03 0.08 0.02 0.03 0 0.02 

K20 0 0.01 0.01 0 0.01 0.01 0.01 0.86 0.02 0.01 0.02 0.02 

Total 87.12 87.14 84.66 85.68 86.59 87.73 81.59 88.08 82.26 86.42 84.99 87.13 

Chemcast results: data run with C = 20, 0 = 28 
5.631 5.536 5.487 5.565 5.622 5.5 5.201 6.145 5.278 5.513 5.45 5.491 

Ti 0.002 0 0.005 0.003 0 0.002 0.003 0.002 0.008 0.001 0.003 0.005 

Al 4.631 4.589 4.641 4.598 4.68 4.672 4.069 4.223 4.465 4.544 4.749 4.747 

Cr 0.002 0.002 0 0.002 0 0.004 0.008 0.008 0.003 0.005 0 0 

Fe 0.108 0.342 0.382 0.272 0.084 0.329 1.533 0 0.971 0.438 0.351 0.274 

Fe 3.593 3.763 3.708 2.901 3.937 2.851 2.238 3.571 2.537 4.196 5.519 4.386 

Mn 0.02 0.03 0.028 0.009 0.034 0.011 0.032 0.043 0.009 0.065 0.098 0.027 

Mg 5.997 5.725 5.728 6.64 5.624 6.619 6.875 5.545 6.716 5.201 3.797 5.031 

Ca 0.009 0.007 0.016 0.004 0.012 0.002 0.025 0.074 0.002 0.021 0.025 0.026 

Na 0.007 0.003 0.004 0.007 0.006 0.006 0.015 0.031 0.006 0.013 0.002 0.009 

K 0 0.003 0.001 0 0.001 0.003 0.002 0.226 0.004 0.003 0.006 0.004 

Catsum 20 20 20 20.001 20 19.999 20.001 19.868 19.999 20 20 20 

Catcharge 56 55.999 56.002 56.003 56.001 55.998 56.003 56.004 55.999 55.999 55.998 56 



Chlorite data 
Matrix 

Sample N3-103 (near block Si) - chapter 3, table 7.3 

Analysis no. 503 505 507 508 509 510 511 522 530 532 

Description Si-rich Si-rich Si-rich Si-rich Si-rich Si-rich Si-rich Si-rich chi Si-rich 

Si02  31.23 31.85 30.79 31.43 31.55 32.17 33.16 31.1 29.7 30.92 

Ti02  0 0 0 0 0 0 0 0 0 0 

A1203  13.28 12.29 14.35 13.19 12.55 13.12 13.44 13.75 18.46 14.18 

Cr203  0.7 0.6 0.36 0.87 0.9 0.98 0.87 0.57 0.11 0.85 

Fe203  2.31 2.15 2.8 2.63 0.43 1.87 1.04 2.71 0.85 3.31 

FeO 5.21 5.75 5.5 4.62 6.32 5.25 5.78 4.9 5.64 4.48 

MnO 0.07 0.08 0.08 0.08 0.08 0.07 0.08 0.04 0.06 0.08 

MgO 31.37 31.52 31 32.02 30.76 32.32 32.92 31.58 30.4 31.83 

CaO 0.05 0.05 0.05 0.03 0.04 0.03 0.02 0.04 0.02 0.03 

Na20 0.02 0 0.02 0 0.01 0 0.01 0.01 0.01 0.01 

K20 0 0 0.01 0 0 0 0.01 0.01 0.01 0.01 

Total 84.24 84.29 84.96 84.87 82.64 85.81 87.33 84.71 85.26 85.7 

Chemcast results: data run with C = 20, 0 = 28 
Siq, 6.219 6.348 6.094 6.203 6.398 6.279 6.347 6.154 5.805 6.056 

Ti 0 0 0 0 0 0 0 0 0 0 

AI 3.116 2.887 3.347 3.068 2.999 3.017 3.031 3.207 4.253 3.273 

Cr 0.11 0.094 0.056 0.135 0.144 0.151 0.131 0.089 0.017 0.131 

Fe 0.345 0.322 0.417 0.391 0.065 0.275 0.149 0.403 0.125 0.489 

Fe 0.867 0.959 0.909 0.763 1.071 0.858 0.926 0.81 0.921 0.734 

Mn 0.012 0.014 0.013 0.013 0.013 0.012 0.013 0.006 0.01 0.013 

Mg 9.312 9.365 9.145 9.421 9.3 9.403 9.393 9.315 8.859 9.294 
Ca* 0.011 0.011 0.01 0.006 0.008 0.006 0.005 0.008 0.005 0.006 

Na 0.007 0 0.006 0 0.002 0 0.004 0.005 0.002 0.002 

0.001 0 0.002 0 0.001 0 0.002 0.002 0.003 0.003 

Catsum 20 20 19.999 20 20.001 20.001 20.001 19.999 20 20.001 

Catcharge 56.001 55.999 55.998 56 56.003 56.003 56.001 55.998 56 56.002 



White mica data for block 9J 
Block 9J Block 9J 

Sample N4-117A (block centre) - chapter 4 N4-147 (block edge/chlorite contact) - chapter 4 

Analysis no. 294 296 352 353 355 356 371 46 47 78 79 80 81 

Description in amph adj qz+ab c 352 tip 352 c 354 tip 355 incl in qz c 46 146 m/r 78 r 78 C 80 r 81 

Si02  53.79 52.65 53 53.37 53.24 53 52.6 51.31 49.33 50.62 51.43 51.48 50.41 

T102  1.11 0.39 0.36 0.37 0.34 0.44 0.05 0.06 0.07 0.11 0.08 0.08 0.07 

A1203  9.41 28.66 30.52 28.71 29.04 28.03 31.54 29.38 28.77 25.86 26.9 27.51 27.29 

Cr203  0 0.04 0.01 0.01 0.02 0.01 0.01 0.03 0.04 0.02 0 0.01 0 

Fe203  6.19 0 0 0 0 0 0 0 0 0.92 0 0 0 

FeO 0 1.27 0.74 0.99 0.66 1.19 1.09 1.68 1.86 1.3 1.9 2.09 1.87 

MnO 0.08 0.01 0.01 0.02 0.01 0.03 0 0.05 0.05 0.05 0.03 0.03 0.01 

MgO 14.06 4.71 4.34 4.89 4.87 4.92 3.39 4.52 4.45 4.26 4.28 4.09 4.07 

CaO 0.24 0 0.01 0.01 0.01 0 0 0.01 0.01 0.1 0.03 0.01 0.01 

Na20 8.13 0.42 0.72 0.47 0.6 0.42 0.58 0.25 0.25 0.32 0.2 0.19 0.25 

K20 0.03 9.44 8.64 9.21 8.93 9.22 9.02 9.14 9.56 10.61 9.14 9.01 8.52 

Total 93.04 97.59 98.35 98.05 97.72 97.26 98.28 96.43 94.39 94.17 93.99 94.5 92.5 

Chemeast results: data run with C = 14, 0 = 22 
- 

	
Si., 7.302 6.769 6.708 6.805 6.792 6.824 6.676 6.682 6.608 6.839 6.875 6.841 6.825 

Ti4  0.113 0.038 0.034 0.036 0.033 0.043 0.005 0.006 0.007 0.011 0.008 0.008 0.007 

Al 1.506 4.343 4.553 4.314 4.366 4.253 4.718 4.509 4.542 4.118 4.238 4.309 4.354 

Cr 0 0.004 0.001 0.001 0.002 0.001 0.001 0.003 0.004 0.002 0 0.002 0 

Fe 0.632 0 0 0 0 0 0 0 0 0.093 0 0 0 

Fe 0 0.137 0.078 0.106 0.07 0.128 0.116 0.183 0.208 0.147 0.213 0.232 0.212 

Mn 0.009 0.001 0.001 0.002 0.001 0.003 0 0.006 0.005 0.005 0.003 0.004 0.001 

Mg 2.845 0.903 0.819 0.93 0.926 0.944 0.642 0.877 0.888 0.859 0.852 0.811 0.822 

Ca * 0.035 0 0.001 0.001 0.001 0 0 0.001 0.001 0.014 0.004 0.002 0.002 

Na 2.14 0.105 0.177 0.116 0.148 0.105 0.143 0.063 0.064 0.084 0.053 0.048 0.066 

0.005 1.548 1.395 1.498 1.453 1.514 1.461 1.518 1.634 1.829 1.558 1.528 1.472 

Catsum 14.587 13.848 13.767 13.809 13.792 13.815 13.762 13.848 13.961 14.001 13.804 13.785 13.761 

Catcharge 43.997 44.004 44 44.001 44.001 43.999 44.001 44.003 44 44.002 44.001 44.003 44.002 

a(Par) =X(Na*)  0.981651 0.063521 0.112524 0.071827 0.092385 0.064855 0.089152 0.039823 0.037669 0.043591 0.032817 0.030418 0.042857 

a(Mu) = X(K) 0.002294 0.936479 0.88684 0.927554 0.906991 0.935145 0.910848 0.959545 0.961742 0.949144 0.964706 0.968314 0.955844 

Si/Al 4.848606 1.5586 1.473314 1.577422 1.555657 1.604514 1.415006 1.481925 1.454866 1.660758 1.622227 1.587607 1.567524 



Carbonate data (for chapter 7) 
Block 8Ea 

Sample E6-21713 (Si undersat. block) E5-195 (talc + carbonate zone) 

Analysis no. 15 	59 62 234 239 245 246 258 259 260 261 275 281 282 283 

Description Retrogressive calcite Calcite Calcite Calcite 	Calcite Calcite Calcite Calcite Calcite Calcite Calcite Calcite Calcite 

Si02  0.07 	0.07 0.04 0.04 1.71 0.39 0.52 0.31 0.09 0.46 0.04 0.02 0.91 0.28 0.04 

Ti02  0 	0 0.03 0 0 0.01 0 0 0 0.02 0 0.01 0.01 0 0 

A1203  0.06 	0.04 0.05 0.02 0.16 0.07 0.05 0.09 0.02 0.11 0.03 0.02 0.15 0.07 0.02 

Cr2O3  0.05 	0.02 0 0 0.01 0 0.01 0.04 0 0.2 0 0.02 0.04 0.02 0.02 

Fe203  0 	0 0 0 0 0 0 0 0 0 0 0 0 0 0 

FeO 0.92 	0.53 0.47 0.05 1.04 2.32 2.36 4.14 0.02 7.37 0.12 0.19 0.62 0.24 0.06 

MnO 0.75 	0.13 0.18 0.36 0.1 0.17 0.29 0.18 0.04 0.45 0.17 0.15 0.16 0.22 0.09 

MgO 0.62 	0.21 0.22 0.89 1.64 2.02 5.42 0.7 0.71 2.22 1.4 1.38 1.66 1.08 1.35 

CaO 57.46 	53.55 53.78 54.69 53.68 49.34 49.11 51.08 52 49.16 50.56 51.22 52.44 52.69 50.95 

Na20 0 	0.02 0.01 0 0.03 0.01 0.02 0.01 0.02 0.04 0.02 0.01 0.02 0.03 0 

K20 0 	0.01 0.01 0.02 0.02 0.01 0.02 0.02 0.01 0 0.01 0.01 0.02 0.01 0.01 

Total 59.93 	54.58 54.79 56.07 58.39 54.34 57.8 56.57 52.91 60.03 52.35 53.03 56.03 54.64 52.54 

Chemcast results: data run with C = 2, 0 = 4 
Si4  0.002 	0.002 0.001 0.001 0.053 0.013 0.016 0.01 0.003 0.014 0.001 0.001 0.03 0.01 0.001 

Ti 0 	0 0.001 0 0 0 0 0 0 0.001 0 0 0 0 0 

Al 0.002 	0.002 0.002 0.001 0.006 0.003 0.002 0.004 0.001 0.004 0.001 0.001 0.006 0.003 0.001 

Cr 0.001 	0.001 0 0 0 0 0 0.001 0 0.005 0 0.001 0.001 0.001 0.001 

FeJ* 0 	0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Fe 0.024 	0.015 0.013 0.001 0.027 0.066 0.062 0.115 0.001 0.193 0.004 0.006 0.017 0.007 0.002 

Mn' 0.02 	0.004 0.005 0.01 0.003 0.005 0.008 0.005 0.001 0.012 0.005 0.004 0.004 0.006 0.003 

Mg' 0.029 	0.011 0.011 0.044 0.076 0.102 0.252 0.035 0.037 0.104 0.074 0.072 0.081 0.054 0.071 

Ca 1.918 	1.962 1.962 1.94 1.779 1.795 1.642 1.817 1.953 1.647 1.912 1.914 1.827 1.907 1.92 

Na 0 	0.001 0.001 0 0.002 0.001 0.001 0.001 0.001 0.002 0.001 0.001 0.001 0.002 0 

0 	0 0 0.001 0.001 0 0.001 0.001 0 0 0.001 0 0.001 0 0 

Catsum 1.996 	1.998 1.996 1.998 1.947 1.985 1.984 1.989 1.997 1.982 1.999 2 1.968 1.99 1.999 

Catcharge 3.999 	4.002 3.997 3.998 4.003 3.998 4 4.001 4 4.001 3.999 4.003 4.001 4.002 4.002 



Carbonate data (for chapter 7) 
Block 8Ea continued 

Sample E5-195 (talc + carbonate zone) continued E5-195 (talc + carbonate zone) continued 

Analysis no. 284 288 289 348 349 351 226 227 230 231 235 247 250 251 252 

Description Calcite Calcite Calcite Calcite 	Calcite Calcite Dolomite Dolomite Dolomite Dolomite Dolomite Dolomite Dolomite Dolomite Dolomite 

Si02  0.12 0.15 0.32 0.81 0.27 0.04 0.04 0.07 0.23 1.61 0.17 0.25 0.02 0.02 0.04 

TiO2  0 0 0 0 0 0.01 0.01 0 0.01 0 0.01 0.01 0.01 0.01 0.01 

A1203  0.05 0.03 0.02 0.01 0.04 0.01 0.02 0.01 0.04 0.02 0.01 0.01 0.01 0.01 0.01 

Cr203  0.04 0.02 0.04 0 0.02 0.01 0.03 0.02 0 0 0.01 0.03 0.02 0 0.01 

Fe203  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

FeO 0.12 2.07 3.95 7.42 0.59 0.21 1.05 2.99 0.9 0.92 1.07 0.81 2.76 2.7 2.83 

MnO 0.05 0.31 0.2 0.35 0.09 0.07 0.18 0.27 0.33 0.31 0.24 0.44 0.26 024 0.26 

MgO 0.49 0.94 6.97 1.51 5.7 0.78 20.63 21.52 20.97 20.55 20.7 21.57 19.89 19.92 19.68 

CaO 534 53.11 44.72 51.22 50.38 54.89 28.78 29.82 29.76 27.81 29.13 29.22 29.23 29.41 29.51 

Na20 0.01 0.01 0.03 0 0.01 0.01 0.01 0.01 0 0.01 0 0 0.04 0.03 0 

K20 0.01 0.01 0 0.03 0.01 0.03 0.02 0.01 0.02 0.01 0.01 0 0.01 0.02 0.02 

Total 54.29 56.65 56.25 61.35 57.11 56.06 50.77 54.72 52.26 51.24 51.35 52.34 52.25 52.36 52.37 

Chemcast results: data run with C = 2, 0 = 4 
Si4  0.004 0.005 0.01 0.025 0.009 0.001 0.001 0.002 0.007 0.05 0.005 0.008 0.001 0.001 0.001 

Ti4  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Al 0.002 0.001 0.001 0 0.002 0 0.001 0 0.002 0.001 0 0 0 0 0 

Cr 0.001 0.001 0.001 0 0.001 0 0.001 0.001 0 0 0 0.001 0.001 0 0 

Fe 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Fe 0.003 0.057 0.106 0.19 0.016 0.006 0.028 0.075 0.023 0.024 0.028 0.021 0.073 0.071 0.074 

Mn4* 0.001 0.009 0.005 0.009 0.002 0.002 0.005 0.007 0.009 0.008 0.006 0.012 0.007 0.006 0.007 

Mg 0.025 0.046 0.332 0.069 0.267 0.039 0.979 0.958 0.966 0.947 0.971 0.988 0.932 0.931 0.921 

Ca 1.957 1.875 1.533 1.681 1.695 1.949 0.982 0.954 0.985 0.921 0.982 0.962 0.984 0.988 0.993 

Na 0.001 0.001 0.002 0 0.001 0.001 0.001 0.001 0 0.001 0 0 0.002 0.002 0 

0 0 0 0.001 0 0.001 0.001 0 0.001 0 0 0 0 0.001 0.001 

Catsum 1.994 1.995 1.99 1.975 1.993 1.999 1.999 1.998 1.993 1.952 1.992 1.992 2 2 1.997 

Catcharge 3.998 4.001 4 3.999 4.006 3.998 4 4 4.001 4.004 3.994 4.001 4.001 3.999 3.995 



Carbonate data (for chapter 7) 
Block 8Ea continued 

Sample E5-195 (talc + carbonate zone) continued 

Analysis no. 253 254 256 257 262 265 266 267 270 273 274 279 280 290 291 

Description Dolomite Dolomite Dolomite Dolomite Dolomite Dolomite Dolomite Dolomite Dolomite Dolomite Dolomite Dolomite Dolomite Dolomite Dolomite 

Si02  0 0.07 0.01 0.03 0 0.7 0.08 0.04 0.06 0.04 0.07 0.09 0.03 0.79 0.02 

TiO2  0.01 0.01 0 0 0 0 0 0.01 0 0.02 0.02 0.01 0 0 0 

A1203  0 0.01 0.02 0.01 0 0.16 0.01 0.02 0.01 0 0 0.11 0.01 0.08 0 

Cr203  0.02 0.01 0.03 0.04 0 0.06 0.04 0.02 0.01 0 0.02 0.02 0.03 0.05 0 

Fe203  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

FeO 2.96 2.66 2.09 1.52 2.82 1.04 1.43 1.11 1.16 1.62 2.75 3.89 2.02 0.91 0.86 

MnO 0.21 0.25 0.35 0.23 0.26 0.4 0.16 0.36 0.15 0.21 0.27 0.34 0.29 0.33 0.29 

MgO 21.14 19.91 20.85 20.39 19.57 20.77 20.97 20.88 20.78 21.21 19.73 19.63 20.24 21.64 21.44 

CaO 28.72 29.59 29.38 29.45 29.39 29.89 29.58 30.27 29.88 29.73 29.4 31.1 29.41 29.32 29.76 

Na20 0 0.02 0 0 0.01 0.02 0.02 0 0.01 0.01 0.01 0.01 0.01 0.03 0.03 

1<20 0.01 0.01 0.01 0.01 0 0 0 0.01 0.01 0.01 0 0.02 0 0.01 0 

Total 53.07 52.54 52.74 51.68 52.05 53.04 52.29 52.72 52.07 52.85 52.27 55.22 52.04 53.16 52.4 

Chemcast results: data run with C = 2, 0 = 4 
Si- 0 0.002 0 0.001 0 0.021 0.003 0.001 0.002 0.001 0.002 0.003 0.001 0.024 0.001 

Ti 0 0 0 0 0 0 0 0 0 0.001 0.001 0 0 0 0 

Al 0 0 0.001 0 0 0.006 0 0.001 0 0 0 0.004 0 0.003 0 

Cr' 0.001 0 0.001 0.001 0 0.001 0.001 0.001 0 0 0.001 0.001 0.001 0.001 0 

Fe 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Fe 0.076 0.07 0.054 0.04 0.075 0.026 0.037 0.029 0.03 0.042 0.072 0.098 0.053 0.023 0.022 

Mn 0.006 0.007 0.009 0.006 0.007 0.01 0.004 0.009 0.004 0.006 0.007 0.009 0.008 0.008 0.008 

Mgz, 0.97 0.927 0.961 0.957 0.923 0.939 0.969 0.959 0.964 0.971 0.924 0.879 0.947 0.97 0.985 

0.947 0.99 0.973 0.993 0.996 0.971 0.982 0.999 0.997 0.978 0.99 1.001 0.989 0.944 0.983 

Na 0 0.001 0 0 0.001 0.001 0.001 0 0.001 0.001 0.001 0.001 0.001 0.002 0.002 

0 0 0 0 0 0 0 0 0 0 0 0.001 0 0 0 

Catsum 2 1.997 1.999 1.998 2.002 1.975 1.997 1.999 1.998 2 1.998 1.997 2 1.975 2.001 

Catcharge 4.001 3.997 4 3.999 4.003 3.998 4 4.002 3.999 4.003 4.002 4.003 4.002 4 4.002 



Magnetite data from the talc-chlorite and talc-carbonate zones of block 8Ea (chapter 7) 
Talc-carbonate zone Talc-chlorite zone 

Sample E5-198B 
E5-195 

Analysis no. 189 190 191 192 193 194 195 196 197 232 240 241 

Si02  0.75 6.64 0.14 0.49 0.46 0.51 0.35 0.15 0.8 0.26 0.07 0.19 

Ti02  0 0 0 0 0 0 0.05 0.17 0 0.02 1.14 0.03 

A1203  0.2 0.08 0.07 0.03 0.06 0.09 0.46 0.39 0.13 0.06 0.08 0.14 

Cr203  1.08 9.95 9.46 1.12 0.41 0.89 22.13 39.89 1.48 1.52 0.92 17.13 

Fe203  61.27 41.65 57.58 63.29 64.37 63.36 39.86 22.29 61.25 63.2 62.23 48.22 

FeO 28.99 32.21 30.06 29.69 29.63 29.4 26.99 27.26 29.67 28.44 30 28.72 

MnO 0.06 0.54 0.47 0.03 0.04 0.05 1.46 1.67 0.05 0.03 0.04 0.78 

MgO 0.22 3.55 0.11 0.14 0.13 0.18 0.21 0.19 0.15 0.18 0.04 0.36 

CaO 0.44 0.14 0.02 0.06 0.17 0.21 0.46 0.16 0.21 0.54 0.42 0.12 

Na20 0 0.02 0 0.02 0.03 0.03 0.03 0.05 0 0.05 0.01 0.01 

K20 0 0 0 0.01 0 0 0.01 0.01 0 0.02 0 0.01 

Total 93.01 94.78 97.91 94.88 95.3 94.72 92.01 92.23 93.74 94.32 94.95 95.71 

Chemcast results: data run with C = 3, 0 = 4 

Si4  0.031 0.253 0.006 0.02 0.019 0.021 0.014 0.006 0.033 0.011 0.003 0.008 

Ti4  0 0 0 0 0 0 0.002 0.005 0 0.001 0.035 0.001 

Al 0.01 0.004 0.003 0.001 0.003 0.004 0.022 0.019 0.006 0.003 0.004 0.007 

Cr 0.035 0.299 0.292 0.036 0.013 0.029 0.718 1.282 0.048 0.049 0.029 0.538 

FeJ* 1.894 1.193 1.694 1.925 1.949 1.928 1.231 0.682 1.881 1.931 1.893 1.44 

Fe 0.996 1.025 0.983 1.004 0.997 0.994 0.926 0.926 1.013 0.966 1.014 0.953 

Mn 0.002 0.017 0.016 0.001 0.001 0.002 0.051 0.058 0.002 0.001 0.001 0.026 

Mg 0.014 0.201 0.006 0.008 0.008 0.011 0.013 0.012 0.009 0.011 0.002 0.021 

Ca 0.019 0.006 0.001 0.003 0.007 0.009 0.02 0.007 0.009 0.024 0.018 0.005 

Na 0 0.002 0 0.002 0.002 0.002 0.002 0.004 0 0.004 0.001 0.001 

0 0 0 0.001 0 0 0.001 0.001 0 0.001 0 0.001 

Catsum 3.001 3 3.001 3.001 2.999 3 3 3.002 3.001 3.002 3 3.001 

Catcharge 8.003 8 8.003 8.001 7.999 8.001 8 8.004 8.003 8.006 8.001 8.003 



Magnetite data (for chapter 7) 
Talc-carbonate zone conitnued 

Sample E5-195 continued 

Analysis no. 242 	243 263 264 268 269 277 278 285 286 292 350 

Si02  0.49 	0.37 0.04 0.1 0.03 0.05 0.04 0.05 0.02 0.03 3.96 6.36 

Ti02  0.01 	0.02 0.06 0.02 1.36 1.46 0.96 1.33 1.03 0.96 0.01 0 

A1203  0.51 	0.15 0.02 0.02 0.05 0.09 0.04 0.06 0.07 0.07 0.29 0.08 

Cr203  2.99 	1.21 5.16 0.62 3.72 0.28 1.56 6.62 0.24 1.9 0.04 0.01 

Fe203  59.59 	63.06 62.49 64.36 58.91 62.45 63.1 56.45 63.46 61.86 46.77 43.48 

FeO 29.19 	29.48 30.13 28.96 29.9 30.12 30.52 30.61 30.16 29.98 27.1 28.27 

MnO 0.04 	0.05 0.1 0.04 0.07 0.05 0.02 0.02 0.05 0.06 0.09 1.62 

MgO 0.17 	0.18 0.14 0.08 0.03 0.04 0.02 0.14 0.04 0.02 0.85 1.98 

CaO 0.16 	0.09 0.05 0.17 0.45 0.47 0.21 0.08 0.23 0.36 0.71 0.77 

Na20 0 	0 0.04 0.03 0.03 0.02 0.01 0.01 0 0 0.13 0.05 

K20 0.01 	0 0 0 0.01 0.02 0.02 0.01 0.01 0.01 0.1 0.03 

Total 93.16 	94.61 98.23 94.4 94.56 95.05 96.5 95.38 95.31 95.25 80.05 82.65 

Chemcast results: data run with C = 3, 0 = 4 

Si4  0.02 	0.015 0.002 0.004 0.001 0.002 0.002 0.002 0.001 0.001 0.184 0.28 

Ti4  0 	0.001 0.002 0.001 0.041 0.044 0.029 0.04 0.031 0.029 0 0 

Al 0.025 	0.007 0.001 0.001 0.002 0.004 0.002 0.003 0.003 0.003 0.016 0.004 

Cr 0.097 	0.039 0.159 0.02 0.119 0.009 0.049 0.21 0.008 0.061 0.002 0 

Fe 1.838 	1.923 1.836 1.972 1.796 1.897 1.89 1.704 1.926 1.876 1.632 1.441 

Fe 1.001 	0.999 0.984 0.986 1.013 1.017 1.016 1.027 1.017 1.011 1.051 1.041 

Mn 0.001 	0.002 0.003 0.001 0.002 0.002 0.001 0.001 0.002 0.002 0.004 0.06 

Mg* 0.01 	0.011 0.008 0.005 0.002 0.002 0.001 0.008 0.002 0.001 0.059 0.13 

Ca 0.007 	0.004 0.002 0.007 0.02 0.02 0.009 0.003 0.01 0.016 0.035 0.036 

Na 0 	0 0.003 0.002 0.002 0.002 0.001 0.001 0 0 0.012 0.004 

K 0.001 	0 0 0 0.001 0.001 0.001 0.001 0.001 0.001 0.006 0.002 

Catsum 3 	3.001 3 2.999 2.999 3 3.001 3 3.001 3.001 3.001 2.998 

Catcharge 7.999 	8.003 8.001 7.999 7.996 7.999 8.003 7.999 8.002 8.001 8.002 7.995 



Appendix V 

Appendix V: Constructing log(a)-log(a) plots from 

thermodynamic data 

The method of construction of log(a)-log(a) plots in the NAMSH and CNMASH 

systems from the thermodynamic data in the data set of Holland and Powell (1998), 

as achieved in chapter 9 using the program Wintherm, is outlined below. 

As stated in chapter 9, reactions between aluminium bearing phases were assumed to 

conserve aluminium. For aluminium-free phases, however, saturation surfaces were 

calculated from consideration of the hydrolysis reactions of individual minerals. 

Thus, for example, the relevant aluminium-conserving reaction between the phases 

glaucophane and clinochlore is: 

Na2Mg3Al2Si8O22(OH)2  + 2 Mg + 4 H20 

= M95AI2Si3O10(OH)8  + 2 Na + 5 SiO + 2 1T 

and the relevant hydrolysis reaction for diopside may be written as: 

CaMgSi206  + 4 H = Ca + Mg + 2 Si02  + 2 H20 

The equilibrium constants, K, for any reaction of the form 

bB + cC = dD + eE 

may be written as 

K = {a(D)d a(E)el 

[a(B)b a(C)'] 
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Appendix V 

where a(X) is the activity of X. The equilibrium constants for the two reactions 

given above, therefore, may then be written as: 

K = [a(clin) a(Na)2  a(SiO2)5  a(H)21 

[a(gl) a(Mg)2  a (H20)4] 

and 

K = [a(Ca) a(Mg) a(Si02)2  a(H20)1 

[a(di) a(H)4] 

respectively. 

If logarithms are taken of both sides of the above equations, the resulting equations 

may be rearranged to 

log[a(Mg)/a2(H)] = log[a(Na)/a(H)] + 2.5 log a(Si02) + 0.5 log a(clin) 

- 0.5 log a(gl) - 2 log a(H20) - 0.5 log K 	[A21] 

and 

log[a(Mg)/a2(H)] = -log[a(Ca)/a2(H)} —2 log a(Si02) + log a(di) 

- 2 log a(H20) + log K 	 [A22] 

respectively. These equations are of the form y = mx + c where, in this case, y = 

log{a(Mg)/a2(H)] and x = log[a(Na)/a(H)], log[a(Ca)Ia2(H)] or log a(Si02). 

These equations, however, may be used to plot any two of these variables at fixed 

values of the others as was done in chapter 9 (see also Manning, 1998). 

To utilise equations of the above form, however, the equilibrium constant, K, must 

be known for each reaction. The equilibrium constant of any reaction may be 

calculated from the relevant thermodynamic data as follows. 



Appendix V 

AGr = -RT1nK 

where AG, is AG of reaction at the relevant pressure and temperature, R is the gas 

constant (= 8.314 kJ moI K') and T is the temperature in Kelvin. 

AG = AGf  (products) - AGf  (reactants) 

where AGf  is AG of formation from the elements at the relevant pressure and 

temperature. 

AGf  of any product or reactant at a given P and T may be calculated from AGf  at a 

reference P and T (usually 1 bar and 298K) via the reaction: 

AGf(p2,T2) = AGf(pI,TI) + J 
1 P2 
pl Vp,-2dP - S(pl,TI)(T2 - Ti) + f TI

T2  C(pI,(1 - T2/T)dT 

(see e.g. Fletcher 1993, p327) where V is molar volume, S is entropy, Cp is heat 

capacity, P1 and Ti are the reference pressure and temperature, and P2 and T2 are 

the pressure and temperature for which AGf  is required. 

Various empirical equations have been suggested to calculate the dependence of V as 

a function of T and P (e.g. Helgeson, 1981; Berman, 1988), those used by Holland 

and Powell (1998) for solid phases, from a reference state of (P1,T1) = (1,298) are: 

V(1,D = V(I, 298)  [1 + a° (T - 298) - 20 a°('JT - J298)] 

after Holland et al. (1996) and Pawley et al. (1996), where c& = a° (1 - iOtJT), and 

11P2 VdP = (VI,TKT / 3)[(i + 4PIKT)3"4  —1] 
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where KT is the bulk modulus at the relevant temperature, and KT = K298 (1 - 1.5 x 

10-4(T - 298)) (Holland and Powell, 1998). 

Similarly, a range of empirical equations has been suggested for calculating heat 

capacity, C, as a function of T (e.g. Helgeson etal., 1981 and references in Fletcher 

1993, p313). The heat capacity polynomial used by Holland and Powell (1998) is: 

CP  = a + bT + cT 2  + dY05  

Values for AGf(1 ,298), S(1298), V( l, 298),  a°, 1(298, a, b, c and d, for all reactants and 

products used for the modelling described in chapter 9, are contained in the data set 

of Holland and Powell (1998). From these, AGf(15,500)  (or at other appropriate P and 

T) for all reactants and products were calculated by the program Wintherm. From 

these, Wintherm calculates AG and log K for the relevant reactions, and thus data on 

activity-activity relations using equations of type A21 and A22 above, with 

appropriate activities specified. From these data, log(a)-log(a) plots were 

constructed. 

Notes on Wintherm 

When using Wintherm, a single reaction, between two solid phases, is considered at 

any one time and the reaction components are specified by the user. The user may 

input activity data on components for the reaction under consideration, and must 

specify the PT conditions of interest. Which reaction components are to be used as 

dependent and independent variable and the range of the independent variable must 

also be specified. In the present case, activities were calculated from electron 

microprobe data for the minerals observed in block 9J, using activity models 

summarised in section 9.2.3, and these were input into the program. Other mineral 

activities were left at the default setting of 1. This assumes that the mineral phases 

are pure; but leaving the unknown mineral activities set to 1 also gives the least 
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restricted ranges of log(a) for the observed minerals, whose activities are known, 

keeping the stability fields of these minerals to a maximum. 

The activity of H in the 9J system is unknown, therefore, log[a(Mg)/a2(J{)] and 

log[a(Na)/a(H)] were plotted as opposed to Iog[a(Mg)] and log[a(Na1 )]. To plot 

log[a(Mg)/a2(H)] and log[a(Na)/a(H)] requires leaving the activity of H at unity 

in the modelling program so that, for example 1og[a(Mg)/a2(1{)] = log[a(Mg)/12] 

= log[a(Mg)]. The exception to this method of calculating appropriate data for 

log(a)-log(a) plots is log[a(Si02(aq))] which is obtained directly from the output data 

(see above). 
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