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ABSTRACT 

The Aden volcano is the easternmost of six 

structurally similar volcanoes of Miocene-Pliocene age 

situated on the southern coast of Arabia. The activity of 

the volcanoes is closely associated with the opening of the 

Red Sea and the Gulf of Aden. 

The deep dissection, small size and excellent exposure 

enable six stratigraphical-structural units to be defined. 

Over 100 new chemical analyses confirm the transitional 

character of the lavas between typical alkalic and tholeiitic 

associations. Rock types found range from basalts through 

abundant hawaiites to peralkaline rhyo].ites. Despite a 

period of activity of 1.5 Ma, good chemical coherence exists 

between the lavas of all the stratigraphical-structural units 

and. suggests they possess close genetic links. Mineralogical 

trends are also well-defined. 

Petrographic, chemical and mineralogical data show 

that the trachyandesitic lavas of the Shamsan Ca].dera Sequence 

display a systematic variation with topographic height of 

the lava within the caldera, such that the most sa].ic lavas 

are overlain by progressively more basic lavas. This 

sequence is believed to represent, in inverted order, the 

magmatic variation in a compositionally-zoned high-level magma 

chamber immediately prior to eruption. Overflow lavaa 

enhance the data. The increase in modal proportions of the 

phenocryst phases with depth in the postulated magma chamber 

is consistent with a crystal fractionation origin. The 

variation exhibited by the feldspars indicates that 



fractionation has not been straightforward and that the 

mechanism of "compensated crystal settling" has been 

responsible for much of the variation observed. 

A possible mechanism explaining the existence of a 

Daly gap in the ].avas of the Aden volcano is proposed in the 

light of the data from the Main Cone-Shanisan volcanic cycle. 

The earlier Main Cone Series produced predominantly basic 

lavas with a few trachytic and rhyolitic representatives. 

The immediately succeeding Shainsan Caldera Sequence produced 

only trachyandesites. The order of eruption into the caldera 

was such that intermediate lavas would have been the last to 

be erupted in the cycle. Failure of the cycle to reach 

completion produced a Daly gap. Completion of the cycle 

would, it is believed, have closed the Daly gap and produced 

a frequency distribution of rock types consistent with 

crystal fractionation theory. 

The well-defined major and trace element trends 

indicate that most of the variation displayed by the Aden 

lavas can be satisfactorily explained in terms of low-

pressure fractionation of the observed phenocryst phases 

from a transitional olivine basalt parental magma. Anomalous 

trends displayed by A1203, Ba and Sr suggest that plagioclase 

2iled to fractionate in the hawailtic lavas. The hawailtic 

ub-groups are believed to have been produced by varying 

degrees of "selective fractionation" of the ferro-magnesian 

'nerals. The reluctance of plagioclase phenocrysts in the 

hawaiites to fractionate is attributed to the iron-enrichment 

tilElt hf 5 Oc;CJ.' 3  t tIO 	 tict 	ci' the den series. 
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INTRODUCTION 
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"It is not I believe generally known 
to English geologists, that we have 
now within the limits of the British 
Dominions perhaps the finest example 
of extinct volcanic action." 

This was the introduction to the first scientific 

communication on the Aden volcano and was written by 

Frederick Burr in 1842. 1 hilst his praise of the locality 

might by present standards be considered overlavish, it is 

true that in the 130 years that have passed since his state-

ment, that region of the earth around the Aden volcano has 

been the subject of a large amount of geological and geo-

physical research. 

1.1 REGIONAL SETTING 

The town of Aden within the People's Democratic 

Republic of Yemen (formerly the Aden Protectorate) in southern 

Arabia, lies on the northern coast of the Gulf of Aden 

(Fig. 1.1) about 200 km east of the southern end of the 

Red Sea. 

As Burr (1842) recognised, the town of Aden is built 

on the slopes of an extinct central-vent stratovolcano. This 

• 	 1.3 the easternmost of six extinct volcanoes which 

3i::re me Aden Volcanic Series (Blanford, 1869). The six 

•ntres, all of which are deeply dissected, extend linearly 

rom Aden in the east through Little Aden, Ras Imran, Jebel 

Jam Birka, Jebel Khariz, to Jebel At Turbah on the Red Sea, 

- 	W ALL i 
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by a narrow, low lying isthmus 1000 in in width, which is 

composed of unconsolidated sediments. The peninsula 

measures approximately 9 km by 5 kin, and has an area of 

about 29 ka. The highest point on the peninsula is that 

of Shamsan South (553 in) which forms part of the Jebel Shamsan 

horseshoe. This horseshoe is the most prominent topographic 

feature of the peninsula, having several of the highest peaks, 

among them being Turkish Fort (527 in) and Signal Station 

(531 in). A number of ridges radiate from the Jebel Shamsan 

horseshoe and terminate in prominent headlands on the coast. 

The most prominent of these ridges passes through Amen Khal 

(305 in) and terminates at Steamer Point on the west of the 

peninsula (Fig. 1.3). 

Men experiences temperatures of up to 43°C  (109°F) 

and temperatures less than 16 0C (60°F) have never been 

recorded. Being on the coast, Aden is susceptible to heavy 

r::..d morning mists. 	The mean annual rainfall is 

;euE::rL1y 1e85 than two inches, but has on occasions been as 

ugh as five inches. On such years the difference can 

•enerally be attributed to a single violent storm. The rate 

of evaporation is high, as a consequence of which no perennial 

S 	 Jnia oitable and climate such as this 

i:LLLL 	e 	:LL 	 given rise to a high rate of 

erosion which has produced the deep dissection observed at 

t s 	..' 	... . 	. 

Lie geology of the south-western Arabian peninsula has 

'crihd rentiv by Greentood and B1e•c1ey (197) and 
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Geukena (1966) and is here summarised. 

The oldest rocks exposed in the region consist of a 

series of orthogneissea of granitic and granodioritic compo-

sition which are Precambrian in age. Four types of magmatic 

granites are recognised to which Greenwood and Bleackley (1967) 

ascribed ages ranging from Precambrian to Tertiary. 

Two sedimentary formations, the Kohian Formation of 

middle to lower Jurassic age, and the Amren Group of upper 

Jurassic age overlie the metamorphic basement unconformably. 

Beydoun (1960) reported the existence of Cretaceous 

sediments overlying the Jurassic unconformably. In some 

localities the Cretaceous is found directly overlying the Pre-

cambrian basement. 

In the lower Tertiary, a widespread marine transgression 

':ov€rsd south-eastern Arabia, whilst in the west, volcanic 

ctivity gave rise to the extensive Yemen Trap Series. 

leickley(1967) reserve the term 'Trap Series' 

Tr triO volcanic rocks that occur exclusively in the south-

,,, st of Arabia. They clearly distinguish them from the 

:t volcanic rocks that belong to the Aden Volcanic 

• .'he Yemen Trap Series consists of large volumes of 

ikali basalts with intercalated andesites, trachytes and 

yolites. The lavas cover an area of approximately 3600 
2 	are exposed in two regions;- 

north-west and north of A1'Anad extending 

omen between Sanah and Al Kirsch 

to the north and north-west of Jebel Khariz, again 



Basement is exposed between these two regions. 

Greenwood and B1ekley (1967) estimated the average 

thickness of the Yemen Trap Series to be 800-900 m increasing 

to 1050 m in places. 

Although it is clear that the bulk of the Trap Series is 

Tertiary in age (Lipparini, 1954), Wlsaman et al. (1942) 

reported the presence of Trap basalts intercalated with 

Cretaceous sediments in North Yemen. 

Following a period of quiescence in the mid—Tertiary, 

further activity in the upper Tertiary gave rise to the Aden 

Volcanic Series. 

1.4 PREVIOUS RESEARCH ON THE ADEN VOLCANO 

The general structure of the Aden volcano was outlined 

by Burr (184) and Mallet (1871) who between them identified a 

caldera sequence contained within an earlier core-forming 

series of lavas with dips of up to 150  away from the caldera. 

Underlying these two series is an older sequence of lavas 

which dip radially from a focus in the Ma'alla region further 

north (Fig. 1.3). 

The age of the Aden and associated volcanoes was 

suggested by Blanford (1869) as being post—Tertiary, although 

Shukri and Basta (1960) favoured an upper Cretaceous or lower 

Tertiary age for the volcanoes. However the bulk of strati—

graphic evidence clearly indicates an upper Tertiary age for 

the Aden Volcanic Series (Greenwood and Bleackley, 1967, and 

others). Radiometric age determinations using the potassium/ 

argon method were carried out by D.C. Rex of the Oxford Age 

Determination Unit for the Jebel Khariz, Little Aden and Aden 



volcanoes. The results indicate a maximum age for the Aden 

volcano of 6.5 + 0.6 m.y. and a minimum age of 5.0 + 0.5 m.y. 

The other volcanoes have similar ages although Jebe]. Khariz 

is slightly older. The volcanism is therefore of upper 

Miocene to Pliocene age (Dickinson et al., 1969). 

Petrographic descriptions of the Aden lavas were given 

by Moh]. (1874), McMahon (1883),  Velain (1879), Roth (1881), 

Tenne (1893) and Bier (1907) and showed the volcano to have a 

wide variety of rock types, ranging from basalts through 

andesites, trachytes and pitchstones to pumice. 

The first six chemical analyses of the Aden lavas were 

published by Manas8e (1908) and confirmed the wide range in 

composition of the Aden lavas. The analyses show that the 

lavas are highly oxidised. 

The most recent comprehensive study of the Aden volcano 

is that by Cox et a].. (1969, 1970). 	This formed part of a 

wider study of the volcanoes of southern Arabia and the 

islands of the Red Sea (Gass at al., 1965; Gass and Mallick, 

1968; Gass et a].., 1973). 	Cox et a1. (1969) divided the 

Aden volcano into a series of stratigraphical-structural units 

(Map 1; in pocket at back), and as these units are adopted 

throughout this thesis, a brief description is given below. 

The Tawahi Series which is the oldest unit exposed 

comprises two sub-units, the older Amen Khal agglomerates and 

the younger Gold Mohur lavas (Map 1). The rocks of this 

series are only exposed in the western part of the peninsula 

and occupy an area of approximately 3 km 2 . 	The rocks are 

mainly rhyolitea with associated tuffs and agglomerates, 

although a few basic representatives are found in the Gold 
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Mohur lavas. 

The Tawahi Series is overlain unconforrnably by the 

Ma'alla Series, so termed by Cox et al. (1969) because its 

likely centre is in the vicinity of the present harbour 

(Fig. 1.3). 	It is probable that this sequence of lavas is 

equivalent to the older series identified by Mallet (1871). 

The Ma'alla lavas are of intermediate and salic composition 

and are restricted to an outcrop of about 1 km2 . 

The formation of the Tawahi and Ma'alla Series was 

probably followed by a period of erosion, after which a major 

cone-building episode produced the Main Cone Series. The 

lower part of this series comprises mainly trachybasalts, 

and these are overlain by a less voluminous series of inter-

bedded agglomerates, trachytes and rhyolites. The Main Cone 

Series covers an estimated 9 km 2 . 

Following the development of the Main Cone Series, a 

phase of caldera formation gave rise to the Shamsan caldera, 

which is centred on the Main Cone Series and has a diameter 

of 3 km at the present level of erosion. The rocks of the 

Shamsan Caldera Sequence are trachyandesitic and trachytic in 

composition and the volume of material emplaced into the 

caldera was evidently sufficient to cause overflows. These 

are found as veneers overlying the lavas of the Main Cone 

Series beyond the limits of the caldera walls. 

The smaller but concentric Tawe]a caldera formed within 

the Shamsan caldera at a later stage in the evolution of the 

volcano. It has a diameter of 2 km and consists mainly of 

a heterogeneous mass of xenolithic trachyte. Overlying the 
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trachyte a single basalt flow with associated tuffs and a 

small vent agglomerate occupy the hill at Spion Kop in the 

centre of the caldera. Cox et al. (1969) considered the 

Spion Kop vent to be the youngest remaining volcanic feature 

of the Aden volcano, with the possible exception of the Amen 

Khal Parasitic Centre in the west of the peninsula. This 

centre which can only be positively dated as post-Main Cone 

produced predominantly basic lavas of basaltic, trachybasa].tic 

and mugearitic composition. 

It is therefore seen that the only basaltic rocks 

exposed on the Aden volcano were erupted in these late 

(Amen Khal and Spion Kop) stages of the development of the 

volcano. 

Intrusive rocks occur mainly as dykes and in general 

are the most sa].ic rocks found. Two main dyke swarms are 

evident (Map 1), one of which is pre-Main Cone in age and may 

have a radial distribution relative to a postulated eruptive 

centre for the Tawahi Series near Ras Hed.juff (Map 1). In 

the eastern region of the peninsula a further series of dykes 

have a radial distribution about the two concentric calderas. 

These dykes intrude the Shamsan lavas but are truncated by 

the rocks of the Tawe].a caldera. Cox et al. (1969) pointed 

out the difficulty in deciding the precise field relations of 

some of the larger rhyolitic masses within the Tawahi Series. 

Some are clearly intrusive, others more questionably so, on 

account of the gradational contacts with the surrounding rocks. 

Cox et al. (1970) in a petrochemical study of the Aden, 

Little Aden and Ras Imran volcanoes established the peralkaline 
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character of the three volcanoes. Gass and Mallick (1968) 

found the Jebel Khariz and Jebe]. Umm Birka volcanoes to have 

the same character. The transitional character of the 

volcanoes between typical alkaline and tholeiitic associations 

was also clearly established. A gradual, though not entirely 

continuous, change in the chemistry of the lavas was also noted. 

1.5 TECTONIC SETTING OF THE ADEN VOLCANIC SERIES 

As a result of the recent research on sea-floor 

spreading (Vine and Matthews, 1963; Vine, 1966), the region 

around Aden has become of particular interest in that it is 

the site of the triple junction of three rift valleys, the Red 

Sea, the Gulf of Aden and the East African Rift. 

Laughton (1966) considered the Gulf of Aden to be under 

tension as a result of separation of Arabia from Africa with 

new oceanic crust forming between the continents. He con-

sidered the Gulf of Aden "central rough zone" to be a recently 

formed extension to the world-wide mid-ocean ridge system. 

The separation of Arabia from Africa is believed by 

Girdler (1958) and Beydoun (1970) to have started in Miocene 

times. Laughton (1966) obtained a pre-Miocene fit of Africa 

and Arabia by invoking a rotation of Arabia about eight degrees 

in a clockwise direction about its pole of rotation. He 

justified such a rotation by reference to the palaeomagnetic 

data of Irving and Tarling (1961) and the magnetic anomalies 

of Drake and Girdler (1964). This reconstruction successfully 

linked up the geological boundaries on both land masses and 

also connected the erosional feature of the Wadi Hadramaut on 

the Arabian coast with a similar feature found on the Horn of 

Africa. 
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The pre-..Miocene fit of Arabia in Africa places the Aden 

Volcanic Series in the area presently occupied by the Afar 

triangle. 	Cloos (1942) and Wissman et al. (1942) saw this 

as an objection to a drift origin for the Red Sea and the 

Gulf of Aden. They preferred a continental horst and 

graben development. Recent accounts by Laughton et al. 

(1970), Girdler (1970) and Beydoun (1970) all date the volcanic 

rocks in the Afar triangle as post.-Miocene and the problem 

of an overlap of the two continents does not arise. 

The development of the Red Sea and the Gulf of Aden 

is considered by McKenzie (1970) to be the result of the 

motion of at least four crustal plates, Arabia, north—west 

Indian Ocean, Africa west of the Rift, and Africa east of 

the Rift. 

From the foregoing discussion, little doubt seems to 

exist that the Red Sea and the Gulf of Aden are recent 

structures formed by the separation of Arabia from Africa. 

The volcanism associated with the Aden Volcanic Series is 

almost certainly related to this event. The age of volcanism 

is such that it appears to be more closely associated with 

the process of separation of the two land masses rather than 

the subsequent drift. 

1.6 PRESENT RESEARCH 

Volcanological research has to date concentrated 

largely upon the alkaline and tholeiitic associations. The 

increasing frequency with which transitional associations are 

being discovered prompts greater attention being paid to such 

sequences. 
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The object of the present research is therefore to 

examine in detail one of the comparatively small transitional 

volcanic centres which had previously been subjected to 

detailed field studies, but which was considered worthy of 

a more detailed geochemical and petrological study than was 

currently available (Cox et al., 1969, 1970). 

To this end chemical analyses of a further 116 samples 

from the Aden volcano have been carried out. Both major 

and trace element determinations have been made along with 

essential mineralogical analyses and petrographic studies. 

No field work was undertaken in the present study. 

Where reference to the field is required, the data of Cox 

et a).. (1969) has been freely used. Many other points of 

information and access to original field slips have been 

supplied by Dr. K.G. Cox to whom the writer is indebted. 
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2.1. INTRODUCTION 

Many of the petrographic features of the lavas from 

the Aden volcano were outlined at an early date by Mallet 

(1871), McMahon (1883) and others. Recent detailed mapping 

and sampling of the Aden Volcanic Series by Gass et al. (1965) 

has enabled more detailed work to be carried out. 

A differentiated series of lavas and intrusions ranging 

from basalts through trachybasalts, trachyandesites and 

trachytes to rhyolites was found on the Aden, Little Aden and 

Ras Imran volcanoes by Cox et al. (1969). A similar sequence 

was found on the Jebe]. Khariz and Jebel Uinm Birka volcanoes by 

Gass and Mallick (1968). Individual rock groups vary in 

abundance. Thus, whilst basalts are comparatively rare on 

the Aden volcano, they are abundant at Jebel Khariz. 

In this chapter the petrography of the lavas from the 

Aden volcano is examined more closely. 

2.2. NOMENCLATURE AND CLASSIFICATION OF ROCK TYPES 

The nomenclature used to describe differentiated rock 

sequences is still based essentially upon three trends 

established over the last forty years largely as a result of 

the work of Kennedy (1933). 

Kuno (1968) defined the differentiation trend of 

tholeiitic magmas as: 

THOLEIITIC BASALT -* ANLESITE ) DACITE 0 RhYOLITE. 

The term tholeiite is used here in the sense of Yoder and 

Tilley (1962) to define a rock which possesses hypersthene and 

sometimes quartz in the C.I.P.W. norm. Similarly Kuno (1968) 

defined the alkaline association of lavas as: 
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ALKALI BASALT —P HAWAIITE —P MUGEARITE —, TRACHYTE —P ALK. 
RHYOLITE 

Rock types within this sequence are undersaturated with respect 

to Si02  and contain normative nepheline (Yoder and Tilley, 

1962). The third well-established trend, the calc-alkaline 

association is restricted to orogenic and Island arc regions 

and is not discussed here. 

It Is now realised that sequences intermediate to 

alkaline and tholeiitic associations also exist. These are 

defined by Yoder and Tilley (1962) as olivine tholelitic and 

contain both olivine and hyperethene in the norm. Chayes 

(1972) considered that such rocks fell in a population low 

between the bimodal distribution representing more abundant 

alkalic and tholeiltic rocks. However with the increasing 

number of descriptions of transitional series such as the 

Aden volcano it is more likely (Manson, 1967; Cox, 1972) that 

the basalt population is unlmodal. Petrologists still however 

persist in the use of established terms. Unless a system of 

names Is to be erected to describe transitional rock types, 

the problem arises as to which, if any, of the terms in 

general use can be applied to transitional series. 

A total alkalies vs. S1 2  variation diagram is commonly 

used to distinguish differentiation paths of igneous rock 

suites (Macdonald and Katsura, 1964). Fig. 2.1 shows the 

trends of typical alkallc and tholeiitic rock sequences on 

such a diagram. Also plotted with reference to their source, 

are a number of rock types defined in the literature. The 

transitional character of the lavas of the Aden volcano Is 

clearly seen in Fig. 2.1. 



FIG. 2. 1. 

Variation diagram of S10 2  vs. total alkali 

content of analysed specimens from the Aden 

volcano. Solid line indicates the boundary 

between Hawaiian tholeiitic and alkaline 

series (after Macdonald and Katsura, 1964). 
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Cox et al. (1970), impressed by the alkalic affinity 

of the basic lavas of the Aden volcano, use the term hawaiite 

as defined by Macdonald (1960) to describe these rocks. 

Although the average hawailte (Macdonald, 1949) is slightly 

richer in total alkalies than Aden samples of similar S1 2  

content, no other appropriate rock type plots near this cloud 

of analyses and consequently the term hawaiite is considered 

suitable to describe these samples. 

A number of the Aden specimens in Fig. 2.1 plot close 

to the average alkali basalt of Kuno et al. (1957), and might 

therefore be considered basalts. Petrographically however, 

they do not resemble basalts, and contain normative andesine. 

They are therefore classed as hawaiites. 

Fig. 2.1 shows that the average mugearite (Nockolds, 

1954) is markedly richer in alkalies than all but one of the 

Aden specimens. The spread between the average mugearite, 

the type mugearite and the average Scottish rnugearite indicates 

the term is not well defined. The specimens classified as 

mugearites in Fig. 2.1 do however fit the definition of 

Muir and Tilley (1961). 

The divergence of typical tholeiitic and alkalic trends 

with an increase in Si0 2  and total alkalies magnifies the 

problem of terminology in intermediate and salic rock types. 

Thus the term berunoreite (Tilley and Muir, 1964), used to 

describe rocks of intermediate composition in alkaline sequences, 

is not applicable to the Aden specimens. The more general 

terms trachyandesite, trachyte and rhyolite are used therefore 

to describe the more salic Aden rooks. The prefix basic - 

is attached to some of the rocks to account for their lower 



20 

Si02  content and generally more basic appearance. 

The system of nomenclature used to describe the main 

petrographic groups in the Aden transitional series is: 

BASALT - HAWAIITE -. MUGEARITE -+ BASIC TRACHYANDESITE -* 

TRACHYTE - RHYOLITE 

Cox et al. (1970; unpublished data) classified specimens 

according to their petrographic features. The mugearites were 

characterised by well-developed flow structures, shown by the 

alignment of groundmass feldspar laths. Subsequent chemical 

analysis has placed many of these mugearites in the hawaiitic 

field (Fig. 2.1) and in some cases very close to the basaltic 

field. It is clear that a classification solely based on 

petrography is not entirely satisfactory, and these anomalous 

mugearites are re-classified as hawaiites. Similarly some of 

the trachybasalts of Cox et al. (unpublished data) plot in the 

basic trachyandesjte field of Fig. 2.1. They also are re-

classified. 

2.3. GENERAL PETROGRAPHY 

The main petrographic features of the rock types present 

in the Aden volcano are described below. Individual petro-

graphic data on each chemically analysed specimen are tabulated 

in Appendix C. 

2.3.1 Basalts 

True basaltic rocks are rare on the Aden volcano and 

were erupted at a late stage in the evolution of the volcano. 

The lack of basalts is not however considered significant. 

Abundant olivine basalts are present on the petrographically 

similar Jebel Khariz volcano (Gass and Mallick, 1968). It is 
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considered by Cox et al. (1969) that basaltic magmas were 

involved in the evolution of the Aden volcano, but were not 

erupted in large quantities. 

The basalts erupted from the Amen Khal Parasitic Centre 

and the Tawela Caldera Series differ markedly. Those from 

Amen Khal are markedly porphyritic (approx. 20% by volume) and 

contain olivine, cuinopyroxene and plagioclase phenocrysts. 

All three phenocrysts are equally abundant. The Tawela basalts 

are only mildly porphyritic (7-12% by volume) and contain 

olivine and clinopyroxene phenocrysts with only minor amounts 

of phenocrysta]. plagioclase. 

Olivine phenocrysts in both basalts are similar in 

composition (Fo70) and are found up to 2 mm in size. The 

olivine has undergone alteration to iddingsite, although only 

the rims and larger cracks have been affected. 

Pyroxenes are diopsidic in composition. Those from 

the Tawela basalts are large (up to 1 cm ) and are fragmented 

and rounded. 

Plagioclase (An) phenocrysts from the Tawela basalts 

are small and unzoned and do not exceed 1% by volume. The 

plagioclase phenocrysts In the Amen Khal basalts are larger 

and are zoned. They possess more basic cores (An80 ) than 

the Tawela basalts. Composition of the rims is approximately 

An 50* 

Ore phenocrysts are absent in the basalts. The ground-

mass of the Amen Khal basalts differs from that of the Tawela 

basalts in being finer grained and not as rich in ferro-

magnesian minerals. A mica present in the groundmass of the 

Tawela basalts as an interstitial phase has been positively 

identified as phiogopite. 
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2.3.2 Hawaiites 

The stratigraphically lower portion of the Main Cone 

Series is composed largely of hawaiites. They are also found 

in the Tawah.t and Amen Khal Series, and are therefore an 

important group of rocks in terms of volume. They are divided 

into five sub-groups according to phenocryst assemblage 

(Table 2.1). Whilst the mineralogy of the five groups is 

similar, the petrographic features are generally characteristic. 

The type 1 hawailtes have plagioclase of labradoritic 

composition as their only major phenocryst phase. A few 

small completely iddingaitised olivine micro-phenocrysts are 

also present. Clinopyroxene and ore phenocrysts are generally 

absent. Most of the plagioclase phenocrysts are not strongly 

zoned, the cores having compositions of about An 55and  the 

rims An. Some however are strongly zoned, and in such cases 

possess considerably more calcic cores (An80 ) which are clearly 

not in equilibrium with the groundmass. Such phenocrysts are 

often somewhat resorbed. The characteristic feature of the 

type 1 hawaiites is the groundmaas which is very dark in colour 

and sometimes opaque on account of the numerous small ore 

granules present. Often the groundmass is an opaque black 

glass. When crystalline the groundmass minerals are seen to 

be olivine, pyroxene, plagioclase and the abundant ore mineral. 

The type 2 hawalites are similar to the type 1 rocks in 

having large plagioclase phenocrysts up to 1 cm long. The 

composition of the plagioclase is similar but it is generally 

less abundant in the type 2 rocks. Minor amounts of pheno-

crystal olivine and ore further distinguish the two types. 

The main difference again lies In the groundinass which in the 



TABLE 2.]. 

Phenocryst assemblages of the five hawailtic 

sub-groups. 

Trace quantities are in parentheses. 

HAWAIITE TYPE 1. Plagioclase (+ Olivine) 

HAWAIITE TYPE 2. Plagioclase (+ Olivine + Ore) 

HAWAIITE TYPE 3. Plagioclase + Olivine + Pyroxene. 

HAWAIITE TYPE 4. Plagioclase + Olivine + Pyroxene (+ Ore) 

HAWAI ITE TYPE 5. Aphyric. 

23 



24 

type 2 hawalites is always crystalline and is less dense 

due to a lower proportion of ore granules. Groundmass 

mineralogy is similar to the type 1 hawalites. 

Type 3 hawalites are notably richer in ferro-magnesian 

minerals than type 1 and 2 hawaiites. The olivine phenocrysts 

are generally less altered and are found up to 1 mm in length. 

Clinopyroxene phenocrysts distinguish type 3 rocks from types 

1 and 2. The plagioclase phenocrysts on the other hand are 

smaller and are seldom larger than 2 mm. They are as abundant 

as the type 2 plagioclases but are slightly more sodi..c in 

composition. Phenocrysts of ore are rare. The groundmass 

consists of olivine, pyroxene, plagioclase and ore. 

Type 4 hawaiites are distinctly more basic in appearance 

than types 1-3. Pyroxene is a comparatively abundant pheno-

cryst phase and this characterises the type 4 rocks. The 

pyroxenes are augitic in composition and are more iron-rich 

than those in the basalts. The olivine and pyroxene pheno-

cryats are larger (up to 2 mm ) than in types 1-3. Plagio-

clase phenocrysts are markedly less abundant in the type 4 

hawaiites. They are smaller (up to 2 mm) and, like the 

type 3 rocks have a composition in the range An 450. Although 

the groundmass assemblage of the type 4 hawaiites is the same 

as in the other groups, it is markedly richer in pyroxene. 

Type 5 hawalites are the most abundant sub-group of 

hawaiites in the Main Cone and Amen Khal Series. They are 

characteristic in being virtually aphyric, seldom containing 

more than 1% phenocrysts. Olivine, pyroxene, plagioclase 

and ore are present in all the specimens. The olivine is 

invariably altered to iddingsite and, like the pyroxenes, 
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seldom exceeds 0.1 mm in size. Plagioclase crystals are 

slightly larger (up to 0.5 min) and possess a distinct 

andesine composition. Compared to the other groups, the 

type 5 hawaiites, with the exception of two specimens, are 

not markedly vesicular. Some of the specimens termed type 5 

hawaiites in this thesis were formerly termed mugearites by 

Cox et al. (unpublished data). Such specimens generally 

possess the flow structure that Cox et al. (1970) considered 

a characteristic of the mugearites. This re-grouping there-

fore means that a flow structure is no longer characteristic 

of the mugearites. 

Table 2.2 summarises the major differences between the 

five hawaiitic sub-groups. Plagioclase is ubiquitous, the 

distinction in type being made largely on the presence or 

absence of other phases and to a lesser extent upon their 

modal proportions. 

2.3.3 Mugearites 

Mugearites are not as abundant as hawaiites in the Aden 

volcano and only 9 specimens have been examined in this study 

compared to 40 hawailtes. All the mugearites possess a well-

developed flow structure with one exception. This specimen 

was collected from an intrusion and possesses a sub-ophitic 

texture. With one exception the mugearites are virtually 

aphyric and superficially resemble some of the type 5 hawaiites. 

They are distinguished however by having greater proportions 

of plagioclase and smaller proportions of olivine and pyroxene 

than the hawaiites. As Cox et al. (1970) pointed out, the 

Lnera1ogy of the mugearites is similar to that of the hawailtes. 



TABLE 2.2 

Mean modal content of the phenocryst phases of the five hawailtic 
sub—groups. Figures are corrected for the vesLcle content. 

No. of 	 Modal Proportions (Vol. %) 
Specimens 

Hawaiite 	 Olivine Pyroxene Plagioclase 	Ore 	Vesicle 

Type 1 	 7 	Trace 	- 	 30% 	 - 	10% 

Type 2 	 7 	Trace 	- 	19% 	Trace 	7% 

Type 3 	 2 	 1.5% 	1% 	29% 	 - 	2% 

Type 4 	 6 	 1% 	 4% 	9% 	Trace 	5% 

Type 	 13 	 - 	- 	 - 	 - 

ro 
0' 
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The plagioclase is however slightly more sodic (An 40)in 

the mugearites and the olivine and pyroxenee are probably 

slightly richer in iron than in the hawaiites. 

2.3.4 Basic trachyandesites 

This term is introduced to describe a group of rocks 

which cannot be termed mugearites on account of their higher 

Si02  content nor trachyandesites on account of their obvious 

basic character. The basic trachyandesites are moderately 

to strongly porphyritic and contain larger amounts of olivine 

and pyroxene phenocrysts than most of the more basic hawaiites 

and mugearites. Feldspar however is still the main phenocryst 

phase, and is found up to 30% in some specimens. Ore pheno-

crysts reach their greatest abundance in this group of rocks. 

Whilst the comparatively large amounts of ferro-magnesian 

minerals give this group of rocks their basic appearance, the 

darker colour of the olivine and the light-green colouration 

in the pyroxenes show them to be markedly richer in iron than 

the hawalitic and mugearitic ferro-magnesian minerals. Two 

feldspars are found in the basic trachyandesites. Normally 

zoned plagioclase phenocrysts of An 50-35 
 composition are found 

co-existing with small amounts of alkali feldspar phenocrysts 

of calcic anorthoclase composition. Apatite appears in this 

group of rocks as a minor phenocryst phase. In some specimens 

a tendency exists for the phenocrysts to be glomeroporphyritic. 

ithough olivine, pyroxene, feldspar, and ore are all 

:uUilu in the 1ir.ie-;rained groundmasses of these rocks, feldspar 

is the most abundant. This factor probably gives the basic 

chyandesites their comparatively high SlO., content. 
11 
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2.3.5 Trachyande sites 

The trachyandesites are similar to the basic trachy-

andesites in being moderately to strongly porphyritic. The 

majority of rocks classified as trachyandesites are found 

within the Shamsan caldera. The modal content of the 

individual phenocryst phases of the Shainsan trachyandesites 

is variable and is discussed in detail in Chapter 5. 

Olivine and pyroxene phenocrysts continue the trend 

of iron-enrichment observed in the more basic rock types. 

Olivine phenocrysts (ca. Fo50 ) are small and are present up 

to 1.5%. Generally they have not undergone the same degree 

of alteration to iddingaite as the more basic olivines. The 

co-existing pyroxenes are ferro-augitic, being light-green in 

colour, and are present in similar quantities to the olivine. 

Both alkali feldspar and plagioclase are found as phenocrysts 

in approximately equal quantities. The former is a calcic 

anorthoclase, and the latter is identified as a potassium-rich 

oligoclase. Although these phases are optically distinguish-

able, they very probably have similar chemical compositions. 

An ore phenocryst phase is also present, in amounts generally 

less than 1% by volume. Apatite reaches its greatest 

abundance as a minor phenocryst phase in the trachyandesites, 

where it is usually enclosed in the other phenocryat phases. 

Most of the trachyandesites display the glomeroporphyritic 

texture first noted in the basic trachyandesites. 

The majority of the trachyandesites possess crystalline 

groundmasses containing olivine, pyroxene, alkali feldspar, 

plagioclase and ore. Some of the thinner flows, especially 

those from within the Shamsan caldera, contain a light green- 
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brown glassy groundinass. Sometimes tiny feldspar microlites 

are present in the glassy groundmasses. 

2.3.6 Trachytes 

Trachytic rocks are less abundant than trachyandesites, 

and are found as both flows and intrusive masses. Although 

some trachytes are aphyric, as a group they are mildly 

porphyritic. 

Small olivine phenocrysts (ca. Fo10 ) co-exist with iron-

rich somewhat acmitic pyroxenes which are distinctly green 

in thin section. The dominant feldspar phenocryst in the 

trachytes is calcic anorthoclase. A potassium-rich oligo-

clase is also present but Is rare. The feldspars are 

generally small, square In cross-section and euhedral. Ore 

minerals are present as rare micro-phenocrysts. Although less 

abundant than in the trachyandesites, apatite is still found 

as a minor phenocryst phase. 

The groundmass of the trachytes, when not glassy, 

consists largely of flow-orientated laths of alkali feldspar 

with minor amounts of iron-rich olivine and pyroxene. An 

ore mineral Is not always present in the groundmass. A flow 

structure is also displayed by the glassy groundznasses. 

2.3.7 Rlwo].ites and Cornendites 

Cox et al. (1970) reserve these terms for rocks with 

more than 15% normative quartz and no modal plagioclase pheno-

crysts. The two groups are distinguished by the presence or 

absence of normative acmite, the rhyolites being those 

specimens with no acmite. This group are most commonly found 

as intrusive bodies, but some rhyolitic flows are found in the 
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upper unit of the Main Cone Series. Comendites appear to 

be more abundant than rhyolites. 

Most of the specimens are devoid of ferro-magnesian 

minerals with the exception of the occasional fayalitic 

olivine and sodium-rich pyroxene, the latter phase being 

identified by its obvious light green-dark green pleocb.roism. 

The feldspar, which makes up the bulk of the rock, is 

anorthoc].ase in composition, but is no longer a calcium-rich 

variety. In most of the specimens there is no clear 

distinction between a groundmass and phenocryst assemblage 

on account of the small variation in size of the feldspar 

crystals. Whilst an opaque phase is occasionally found in 

the rhyolites and coxnandites, apatite is absent. Interstitial 

quartz is found in some of the rocks, and in one specimen 

A858, quartz is present as a phenocryst phase. An interstitial 

alkali amphibole such as riebeckite-arfvedsonite is also found 

in some of the specimens. Fluorite is a constant accessory, 

and Lamare (1930) reported the presence of aenigmatite in the 

rhyolites and coinenditea. Its presence was not detected in 

this study and it must therefore be exceedingly rare. 

2.4. DISTRIBUTION OF ROCK TYPES 

The distribution of rock types within the stratigraphical-

structural units of the Aden volcano is shown in Table 2.3. 

Immediately evident from this table is the tendency for 

specific rock types to be concentrated in certain of the strati-

graphical-structural units. It is seen that the Main Cone 

Series is composed mainly of hawaiitic lavas with a few 



TABLE 2.3 

tztribution 01 the 116 specimens of this study throughout the Aden volcano according to rock 
type and atratigraphical-structural unit. Figures in parentheses refer to the specimens 

examined by Cox et al. (1970) 

Stratigraph.tcal- 
Structural 

Unit 	TAWAHI MA' ALLA MAIN CONE SHAMSAN TAWELA AMEN KHAL INTRUSIONS MISCELLANEOUS TOTAL 
Rock 
Type 

BASALT 5 	4 +(l) 9+(1) 
HAWAIITE TYPE 1 1 6 +(2) 7+ (2) 

TYPE  3 3 1 7+(0) 
TYPE  1 1 2+(0) 
TYPE 5 1 6+(0) 
TYPE 5 9+(2) 4+(i) 13+(3) 

MUGEARITE 1 4+(].) 1 1+(1) 7+(2) 
BASIC 
TRACHYANDESITE 2 1 	7 1 	 1 12+(0) 
TRACHYAN]DESITE 3 	3 25 + (3) 6 	 2 39+ (3) 
TRACHYTE 1+(1) 	1 1 2+(2) 	(1) 	1 l+(1) 7+(5) 
RHYOLITE 
COMENDITE (2) 	(1) 2+(].) 5+(2) 7+(6) 

TOTAL 	 7+(3) 	9+(l) 	31+(6) 	27+(5) 	6+(1) 17+(2) 	15+(4) 	4+(0) 	116+(22) 

31 
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subordinate rhyolites. The Shamsan Caldera Sequence, on the 

other hand, is composed largely of trachyandesites. The 

large proportion of specimens representing these two series 

reflects the extent of their outcrop. The almost complete 

exposure on the Aden peninsula is an aid in preventing biased 

sampling with respect to rock type. As the initial field 

study was undertaken with no specific petrological aim, Cox 

(personal communication) considers that the sampling in the 

field was comparatively unbiased. The distribution of 

specimens within Table 2.3 is therefore believed to be fairly 

representative of the entire volcano. 

2.5. MODAL ANALYSES 

Modal analyses were carried out on all 116 specimens 

that were selected for the present study. They are presented 

in Appendix C. 

The principles of modal analysis are covered in detail 

by Chayes (1956), and are not discussed here. An approximate 

mode for the phenocryst content of a specimen can be obtained 

from one thin section and this is satisfactory for most 

petrological work. A greater degree of precision and 

accuracy in modal determinations is however required when 

crystal extract calculations are being attempted. Such is 

the case in the Shamsan Caldera Sequence, and to a smaller 

extent, the entire series. The problem was partially over-

come by carrying out modal analyses on up to six thin sections 

of a specimen. This has enabled modal contents to be quoted 

with a greater degree of confidence. 



CHAPTER 3 

33 

CHEMICAL VARIATION WITHIN THE DIFFERENTIATED SERIES 
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3.1. INTROLUCTION 

The lavas of the Aden volcano are at present 

represented in the literature by 30 chemical analyses 

(Manasse, 1908; Shukri and Basta, 1960; Cox et a].., 1970). 

They show the lavas to have a wide variation in major element 

chemistry. 

An additional 116 analyses of the lavas and intrusions 

of the Aden volcano are presented in this thesis, the specimens 

being the remainder of those collected by Gass et al. (1965). 

The locality of each analysed specimen is shown in Map 1, the 

distribution of the samples by rock type and stratigraphical-

structural units having been presented in Table 2.6. 

Previous trace element data for the entire Aden 

Volcanic Series is restricted to that listed by Cox et al. 

(1970) and Gass and Mallick (1968). Determinations of ten 

trace elements in the 116 specimens analysed were carried out. 

The results of these chemical analyses are presented in 

Appendix B, Tables 1-8 along with their C.I.P.W. norm. 

Analytical methods used and estimates of precision 

and accuracy are given in Appendix A. 

3.2. CHOICE OF INDEX OF DIFFERENTIATION 

Chemical variation in an igneous rock series Is 

usually displayed by plotting individual oxides against an 

index of differentiation. Indices such as those of Kuno 

et al. (1957), Thornton and Tuttle (1960) and Coombs (1963) 

are widely accepted by many writers and their use has been 

considered in this thesis. They are however rejected on the 

following grounds. 
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The indicator ratio of Coombs (1963),  in using 

normative hypersthene, quartz and cLiopside, is highly 

susceptible to oxidation effects. However, even if 

secondary oxidation is absent or is removed by recalculation 

of the FeO and Fe203  contents, the ratio is only useful as an 

initial indicator. From the value obtained un a suite of 

basic rocks, it is possible to predict the path of any 

subsequent differentiation. In Aden the trend is well 

established and the ratio is of little use. 

The Differentiation Index of Thornton and Tuttle (19o0) 

is also rejected because it is affected by th degree of 

oxidation undergone by the sample. 	Cox et aJi. (1970) also 

raise the objection to the Differentiation Index in that it 

takes no account of the normative acmite content of peralkaline 

rocks that are found on Aden. 

The main objection to the Solidification Index of 

Kwio et al. (1957) is the difficulty in interpreting the 

variation of any specific chemical parameter ELgainst another. 

Also to be considered is the built in correlaion that must 

exist, when the Solidification Index, or indeed any compound 

index, is plotted against an element which lB itself part of 

the indeE. 

In view of the wide range in S10 2  vai4es in the Aden 

rocks, and the invariable absence of quartz a a phenocryst 

phase, Cox et al. (1970) considered Si0 2  as asuitable differen-

tiation index which avoids any of the objecticns to be found 

in compound indicators. Variation diagrams represented in 

this thesis are therefore straightforward Harker diagrams. 
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3.3. CHEMICAL VARIATION WITHIN THE LAVAS 

Table 3.1 demonstrates the wide chemic 

displayed by the lavas and intrusions of the A 

The large number of chemical analyses now a 

the variation within the lavas to be examined 

variation 

n volcano. 

ble enables 

om a 

statistical standpoint. 

Table 3.2 shows the standard deviation, the variance, 

and the proportion of the total variance contributed by each 

of the majcr elements, calculated on the 116 chemical analyses 

of this udy. It is seen that Si02  contributes the greatest 

proportion to the total variance, thus confirming from a 

statistical standpoint the choice of 8102 as a suitable index 

of differentiation when the entire series is considered. 

More than 94% of the total variance is contr1tutedbf four 

major elements - S10 2, CaO tot Fe and MgO. MnO and the 

trace elements contribute little to the total variance. 

If the calculation of the variance is restricted to 

the basic rocks (here defined as those with Si 

than 54%), the major contributor to the total 

MgO (Table 3.3). Whereas over the entire ser 

CaO have the greatest variance, in the basic r 

possess the largest variance. The four major 

to the total variance are the same in each ca 

different priorities. The difference in van 

Tables 3.2 and 3.3, is attributed to the propo 

elements in the bulk chemistry of any crystal 

responsible for the variation in the lavas in 

portions of the entire evolutionary series. 

2 values less 

ariance becomes 

es 8102  and 

cks MgO and FeO 

contributors 

• but have 

nee seen in 

tions of 

xtract that is 

1ff erent 



TABLE 3.1 

Range of concentration displayed by each major and trace 
element analysed in the Aden volcano. 

Major elements in wt.%. 	Trace elements in p.p.ni. 

Minimum 	Maximum 	Range 
Value 	Value 

s102  46.0 70.3 24.3 

T102  0.27 3.9 3.6 

2°3 
12.3 17.6 5.3 

Fe203  2.0 15.8 13.8 

FeO 0.1 9.5 9.4 

MnO 0.05 0.32 0.27 

MgO 0.1 10.3 10.2 

CaO 0.9 11.0 10.1 

Na20 2.3 6.2 3.9 

K20 0.8 5.3 4.5 

H20 0.3 3.2 2.9 

P20 5 
0.0 1.3 1.3 

total Fe (as Fe203 ) 2.2 17.6 15.4 

Ba 240 2300 2060 
Cu 0 150 150 
Nb 35 250 215 
Rb 20 165 145 
Sr 35 1450 1415 
Th 1 30 29 
V 0 630 630 
Y 20 150 130 
Zn 55 250 195 
Zr 105 940 	i 835 
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Total 
Variance 

61.46 

1. 13  

1.13 

12.86 

TABLE 3.2 

Analysis of the variance in the major elements based on 
the 116 samples from the Aden volcano. 

a 02 

7.245 52. 492 

T102  0.983 0.966 

Al2  03  0.981 0.962 

tot Fe 3.314 10.980 

MnO 0.053 0.0028 

MgO 2.442 5.963 

CaO 3.339 11.152 

Na20 1.082 1.170 

K20 1.132 1.261 

H20 0.601 0.361 

25 
0.268 0.072 

6,98 

13.06 

1.37 

1.50 

0.42 

0.08 

Total 
	

99.99 

Negligible. 



TABLE 3.3 

Analysis of the variance of the major elements' within the 
basic rocks. Based on 41 specimens of Si02  < 54%. 

Total 
a 	 a 2 	 Variance 

3i02  1.639 2.686 15.61 

T1 2  0.596 0.356 2.07 

1203 1.206 1.454 8.45 

tot Fe 1.774 3.146 18.28 

MnO n. d. n. d. n.d. 

MgO 2.559 6.547 38.05 

CaO 1.464 2.144 12.46 

Na20 0.630 0.396 2.30 

K20 0.518 0.268 1.56 

H20 0.407 0.166 0.96 

0.207 0.043 0.25 

Total 99.99 
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3.4. CORRELATION BETWEEN THE ELEMENTS 

Correlation coefficients between all 21 elements in 

the 116 specimens analysed in the present study are shown 

in Table 3.4. Examination of this matrix revals that many 

of the elements show good correlation with each other. 

Notably high correlations exist between S10 2  and K2o(+ 0.95), 

S102  and Na20 (+ 0.90) and TiC2  and total Fe (+ 0.95). High 

correlations are also found between many of the trace elements, 

in particular Zr and Rb (+ 0.94) and Nb and V (-0.82). The 

oxides MnO, A1 203  and H20 are characteristic I  in being 

associated with poor correlation coefficienta. 

Chayes (1960, 1962 and 1964) demonstratd that 

correlation coefficients between parameters involved in a 

constant sum, such as major elements in chemical analyses, 

are affected by what he termed the constant sum factor. 

This factor, when applied to negative correlation coefficients 

between elements possessing a high variance, such as Si0 2  vs. 

CaO (-0.97), S102  vs. Ti02  (-0.91) and Si02  vs. total Fe 

(-0.92), will produce a substantial decrease in value of 

the correlation coefficients. It was also demonstrated that 

positive correlations by similar reasoning were underestimated, 

and that due allowance could therefore be made for this. 

When elements contribute little to the total variance, both 

negative and positive correlations are not markedly affected 

by the constant sum effect. Chayes (1960) considered the 

beat choice of indicator of differentiation to be a parameter 

which was not involved in the constant sum at all. 
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TABLE 3.4 

Correlation matrix for the major and trace elements of the Aden lavas. 

Based on the 116 chemical analyses of this study. 

Sb 2  

5102 	1.0 Ti02  

Tb 2  -0.91 1.0 A1
203 

Al 203  -0.02 -0.03 1.0 tot Fe 

tot Fe -0.92 0.95 -0.15 1.0 MnO 

MnO 	-0.03 0.10 -0.27 0.23 1.0 MgO 

MgO 	-0.77 0.54-0.11 0.55-0.15  1.0 CaO 

CaO 	-0.97 0.84 0.10 0.82 -0.08 0.85 1.0 Na20 

Na20 	0.90 -0.75 0.06 -0.73 0.22 -0.88 -0.94 1.0 K 2  0 

1(20 	0.95 -0.83 -0.14 -0.81 0.00 -0.83  -0.98 0.88 1.0 H 
2 
 0 

H 
2  0 
	-0.36 0.26 -0.20 0.26 -0.14 0.28 0.30  -0.44 -0.29 1.0 P 

2 
 0 5 

P205  -0.75 0.85 -0.09 0.84 0.21 0.33 0.62 -0.55 -0.61 0.22 1.0 Ba 

Ba 	0.77 -0.68 -0.14 -0.62 0.21 -0.68 -0.79 0.78 0.75 -0.31 -0.48 1.0 Ca 

Ca 	-0.74 0.60 -0.01 0.64 -0.17 0.66 0.76 -0.78 -0.69 0.32 0.44 -0.60 1.0 Ni; 

Nb 	0.91 -0.79 .0.16 -0.74 0.15 -0.82 -0.94 0.90 0.93  -0.36 -0.54 0.72 -0.69 1.0 Rb 

Rb 	0.94 -0.83 -0.16 -0.82 -0.05 -0.79 -0.95 0.84 0.98 -0.19 -0.64 0.70 -0.64 0.92 1.0 Sr 

Sr 	-0.50 0.44 0.09 0.41 0.07 0.34 0.47 -0.44 -0.48 0.44 0.39  -0.40 0.22 -0.51 -0.47 1.0 Th 

Th 	0.75 -0.67 -0.06 -0.67 -0.10 -0.62 -.0.76 0.68 0.75 -0.17 -0.54  0.42 -0.56 0.73 0.77 -0.32 1.0 V 

V 	-0.85 0,84 -0.02 0.80 0.00 0.68 0.86 -0.82 -0.84 0.22 0.56 -0.67 0.66 -0.82 -0.83 0.36 -0.72 1.0 Y 

0.69 -0.56 -0.17 -0.54 O.16 -0.68 -.0.72 0.64 0.78 -0.20 -0.37 0.50 -0.41 0.72 0.74 .-0.44 0.63 -0.63 1.0 Zn 

070 -0.56 -0.30 -0.48 0.22 -0.75 -0.78 0.74 0.78 -0.12 -0.37 0.59  -0.48 0.81 0.76 -0.37 0.59 -0.61 0.76 1.0 Zr 

-fl.7 	-fl.15 -').75 -O.C'i 	-.2/ 	 r' 	7 -n.-7 	fl7/ 	 r) 	7 	C,i- -O. ' 	l' _1 	'' 
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3.5.1 VARIATION DIAGRAMS: MAJOR ELEMENTS 

The intention at this point in the thesis is to 

demonstrate the overall chemical variation it the Aden lavas, 

for which Sb 2  is a suitable differentiation index. It is, 

however, evident from the preceding discuzsin on variance 

that MgO Is a more suitable index of differentiation if only 

the basic rocks of the series are being considered. The 

basic rocks are discussed in detail in Cnapter 7 using MgO 

as a differentiatiOn index. 

Variation diagrams of the classical Hrker type are 

presented for the major elements in Fig. 3.1. 

The representation of the lavas of the different 

stratigraph.tcal-structural units by different symbols shows 

the tendency for specific rock types to be concentrated in 

particular units, thus confirming from a chemical standpoint 

the petrographic groupings of Table 2.6. 

It can easily be seen that the Main Cone Series is made 

up of dominantly basic rocks with 3i0 2  values in the range 

46.5%-54%, with a few salle flows with Si0 2  values of about 

65-66%. similarly, the Shamsan Caldera Sequence comprises 

a fairly compact series of intermediate lavas with Si0 2  

values in the range 59%-67%. The most basic of the rocks 

in the Aden volcano, are restricted to the Taw.ela Caldera 

Sequence and the Amen Khal Parasitic centre, although more 

salle rock types are also found in these two units. 

The older stratigraphical units are represented by 

fewer analyses on account of their greater degree of erosion 

and subsequent covering by more recent flows. The Tawahi 

Series, however, does appear to have lavas of similar 



FIG. 3. 1. 

Major element variation throughout the 
entire series of lavas and intrusions. 

t. % plot. 

Tawahi Series 

A 	a'alla Series 

• = Main Cone Series 

0 = hamsan Caldera Sequence 

• = Tawela Caldera Series 

0 = Mien Khal Series 

+ 
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composition to those of the Main Cone Series, in that both 

basic and salic lavas are to be found. The Ma'a].la Series 

which immediately succeeded the Tawahi Series, on the other 

hand, appears to be represented by rock types of intermediate 

composition. 

Fig. 3.1 also shows that almost all the intrusive 

rocks in the Aden Volcano are very rich in SiO and are, 

on the whole, the most salic group of rocks in the volcano. 

Perhaps the most noticeable feature of the chemical 

variation shown in Fig. 3.1 is the good chemical coherence 

between S102  and the other major elements. In many cases 

the variation is linear, as is predicted by the correlation 

coefficients in Section 3.4. It is therefore apparent that 

although the stratigraphical units of the Aden volcano were 

erupted over a period of 1.5 m-y., they clearly retained 

their chemical coherence over that time. 

Although correlation between SiO 2  and other elements 

is good, there is a tendency for the plots of the analyses 

to be more diffuse at the low 8102  end of each trend. 

Fig. 3.1 shows that Ti02, tot Fe, MgO, CaO and P 2  0  5  are 

continually being depleted as the S1 2  content of the lavas 

rises. In the case of MgO there is a marked inflection in 

the trend at a S102  value of approximately 50%. Similarly, 

the P205  content of the basalts is low at 0.3-0.4% and 

rises rapidly over a small range in S10 2  to 0.8-1% in the 

hawailtes. A similar feature is exhibited in the T102  trend, 

where T102  is low at 1.5% in basalts and rises rapidly to 

3-4% in the hawailtes. 
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It is also apparent from Fig. 3.1 that the S10 2  

content of the few basalts is higher than many of the 

hawalites. A differentiation trend with falling SiO2  levels 

similar to this has been noted for the Skaergaard intrusion 

(Wager and Deer, 1939). 

Na20 and K20 increase in concentration with 

The rise in K 2  0 is constant throughout the range in 5i02  

values, whereas Na 20 rises to a maximum at about 60% Si0 2  

and is thereafter approximately constant. 

Although A1203  has a major, roughly linear trend at 

approximately 15% A1203, the reason for the low correlation 

coefficient with Si02  in Table 3.4 is seen in Fig. 3.1 to be 

due to a strong cross-trend at Si02  values 47-52% at which 

A1203  content varies between 12% and 18. 

The remaining major elements, H 2O and MnO are both 

present in small amounts, and in the case of 1120+  shows no 

distinct trend as is signified by a correlation coefficient 

with Si02  of -0.36. MnO shows no correlation with Si0 2  

whatsoever, although it does appear to be concentrated in 

the trachyandesites of the Shamsan Caldera Sequence. 

3.5.2 VARIATION DIAGRAMS: TRACE ELEMENTS 

The variation of the trace elements over the range of 

S102  values is presented in Fig. 3.2. The trace elements 

contributing negligibly to the total variance within the 

series, can be assessed from a petrogenetic standpoint, with-

out consideration of the constant sum factor (Chayes, 1960). 

Fig. 3.2 shows, in similar manner to Fig. 3.1, that 

each stratigraphical-structural unit tends to have a character-. 



FIG. 3. 2. 

Trace element variation throughout 

the entire series of lavas and intrusions. 

Trace elements in p.p.m. S10 2  in V:t.. 

Symbols as in Fig. 3.1. 
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istic range in values for the trace elements. The trace 

elements have a good correlation against SiO2' ui particular 

Nb, Rb and Zr. 

The bulk of barium concentrations are in the range 

250-1300 p.p.m. Values outside this range are found 

notably in the most saJic rocks where a range from 150 p.p.m. 

up to 2500 P.P.M. is found. Barium levels rise continually 

with Si02  and not, as Cox et al. (1970) suggest, to a maximum 

in the intermediate rocks. 

Copper values range from zero in the salle rocks to 

about 150  p.p.m. in the basaltic rocks. A marked inflection 

in the trend however keeps the copper concentration low over 

the greater range of the lavas. Not inunediatly apparent in 

the copper trend is that the true basalts tend to have lower 

copper concentrations than the hawaiitic rocks, 

Niobium concentrations range from 30 	in the 

true basalts, to 250 P.P.M. in the highly sallo intrusive 

rocks. The increase is continuous and indicates a reluctance 

of Nb to enter into the minerals of the basic rocks. Similar 

conclusions can be drawn for the trace elements Rb, Th, Y. Zn 

and Zr, all of which are enriched in the more éalic rocks. 

The other trace elements which show depletion with 

respect to rising Sio2  values are Sr and V. 	].though some- 

what variable, Sr levels tend to remain constant at about 

350-400 p.p.in. over a S10 2  range of 45951%, 	Thereafter a 

teady drop in concentration to about 40 p.p.m. in the 

slic intrusions occurs. Vanadium shows a rapid drop from 

4D0-500 p.p.m. in the basic rocks, to 200 p.p.m. at the 50% 

level and thereafter a more gradual depletion to zero 
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in the rocks of about 63% S10 2  

When a trace element Increases with SiO 2 0  the basalts 

generally have the lowest concentration of the trace element 

concerned. In cases where a trace element dec'eases with 

increasing Si02, the hawaiitic lavas have, in general, higher 

values than the true basalts. This effect is more marked 

in the Tamela basalts than in the Amen Khal baslts. 

3.6. VARIATION IN A.F.M. 

Fig. 3.3. shows the trend of the Aden volcano in the 

total Iron-MgO-total Alkalies diagram. The trend is 

essentially that found by Cox et a].. (1970) and Gass and 

Mallick (1968) for four of the volcanoes of the Aden 

Volcanic Series. The trend, however, is perhaps better 

defined by restricting the data to a single volcanic centre, 

and is certainly more complete. Again the transitional 

character of the Aden volcano relative to typical tholeiitic 

and alkaline provinces, is seen. The trend of a typical 

calc-alkaline province is also shown for further comparison. 

Compared to the Skaergaard trend (Wager and Deer, 1939),  the 

Aden volcano has not undergone the same degree of iron en-

richment. The broadening of the trend however, indicates 

that some of the lavas have undergone more iron enrichment 

than others. It is clear however that the Aden volcano has 

undergone at least as great a degree of alkali enrichment as 

many of the other well-known igneous sequences. I  

• 7. 	• P.W. NORMS 

Ihe norms of all analysed specimens are presented  with 

t i 	are 	in 	O1Ci. -:, 	iD1efl i-3. 



FIG. 3.3 

A.F.M. plot for the Aden lavas. 

Symbols as in Fig. 3.1. 

A - wt.% Na20 + K 2  0 

F Wt.% Fe as FeO 

M \it.% MgQ 

Skaergaard Trend (after Wager and 
Deer, 1939) 

- Hawaiian Tholeiitic Trend (after Macdonald 
and Katsura, 1964) 

- Thingmuli Trend (after Carmichael, 1964) 

- Cascades Trend (after Carmichael, 1964) 

Hawaiian Alkalic Trend (after MacdonF1c 
T,tura, 1 	L) 
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of the norm, the oxidation state of each analysis has been 

recalculated to a value considered more realistic of the 

magma from which the lavas were derived. The basic rocks, 

in this context defined as those with Si0 2  values less than 

58%, were reduced to an oxidation ratio of .24% by weight, 

and the more sa].ic rocks to a less reduced state of 31%. These 

values are based on the oxidation ratio of the least oxidised 

of the basic and salic rocks respectively. They were also 

selected in preference to the absolute value of, 1.5% Fe203  

advocated for basic rocks by Coombs (1963) on account of the 

large variation in iron content throughout the Series. The 

norms show the distinctly olivine tholeiitic character of 

the analyses, the term olivine tholeiite being used in the 

sense of Yoder and Tilley (1962) in which the basic rocks 

are olivine and hypersthene normative. The basic lavas of 

Little Aden (Cox et al., 1970), Jebel Khariz and Jebel Umm 

Birka (Gass and Mallick, 1968) are, on the other hand, mildly 

nepheline normative, and are more clearly transitional than 

those of the Aden volcano. 

A lower A1203/total alkalies ratio in the salic lavas 

of Jebel Khariz, Jebel Uznm Birka and the LittleAden volcanoes, 

creates normative acmite at the expense of albite and gives 

to a greater proportion of peralkaline (Shand, 1927) lavas 

than in the Aden volcano. 

In the Aden volcano, only two specimens, ,A876A and 

A819 are nepheline normative. Although not petrographically 

different from other specimens, the former is very low in 

A120 and the latter possesses a high total a1klies content. 

They are clearly atypical and do not lie close to the trends 

displayed in the variation diagrams. 
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3.8. FREQUENCY DISTRIBUTION OF CHEMICAL DATA 

The histograms shown in Figs. 3.4 and 3.5 present the 

frequency and distribution of the analysed specimens within 

the range of each element. The data includes all 116 spec i- 

mens analysed in this thesis and also the 22 analyses presented 

by Cox et al. (1970). Several earlier analyse8 presented by 

Manasse (1908) and Shukri and Basta (1960) are excluded from 

these diagrams, as the specimens cannot be positively allotted 

to any of the stratigraphical-atructural units of Cox et al. 

(1970). 

Distribution patterns vary from element to element. The 

A1203 , and to a lesser extent the MnO, Th and Y, have uni-

modal distributions with modes of 14.5%, 0.24% 9  10 p.p.m. and 

40 p.p.m. respectively. The distributions of the other 

elements however, is generally bimodal, the two modes being 

distinctly seen in the S1021  FeO, Na20, K20, Ba and Rb 

distributions, and less clearly in the other major and trace 

elements. 

The bimodal distribution of the elements In volcanic 

sequences Is well known and much discussed. Although 

discussion tends to be based on Si0 2  distribution only, this 

feature, known as the Silica or Daly gap Is also seen In the 

distribution of other elements. This feature is discussed 

In Chapter 6 using the Aden volcano as a model. 

( 
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MINERALOGY 
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4.1 INTRODUCTION 

Variation in mineral chemistry within igieous 

provinces has been used repeatedly by petrologists to assess 

the role that fractional crystallisation and other mechanisms 

of igneous differentiation have played in produing the 

large variation in rock types to be found. 

A more detailed study of the chemistry of the minerals 

present in the Aden lavas, than had hitherto been attempted, 

has therefore been carried out. 

Mineral compositions were determined by lectron 

microprobe techniques, which enabled the strong zoning dis-

played in many of the feldspar phenocrysts to b examined. 

Most of the analyses presented are those of phe1kocryst compo-

sitions, although some groundxnass feldspar compositions were 

also obtained. 

Details of the analytical procedure are given in 

Appendix A. The analyses used to compile the bbreviated 

tables in this chapter are presented in Appendi D. 

4.2 OLIVINE 

With the exception of the few olivine basalt flows, 

olivine is a comparatively minor phenocryst phase in the 

Aden lavas, seldom being present in amounts greater than 1% 

by volume. It is common in the groundmass of the more basic 

lavas, but is invariably altered to iddingsite. 

Olivine compositions were determined in tour specimens 

and are presented in Table 4.1 along with the nHmber of ions 

per four oxygen atoms. The analyses outline tile  chemical 

variation in the olivines throughout a greater art of the 



TABLE 4.1 

Olivine analyses from the Aden lavas. 

Key to Table 4.1 

Analysis No. 

(1) A916. Olivine basalt from Spion Kop, 
Tawela Caldera Series. 	Fresh 
unzoned phenocryst with altered 
rims and cracks. 	Mean of 2 
analyses. 

A823.  Trachyandesite overflow from 
Shamsan Caldera Sequence. 
Partially altered unzoned 
phenocryst. 	Mean of 2 analyses. 

A798. Trachyandesite from upper unit 
of Shaxnsan caldera. 	Partially 
altered unzoned phenocryst. 
Mean of 2 analyses. 

A762. Trachyandesite from middle unit 
of Shamsan caldera. 	Partially 
altered unzoned phenocryst. 
Mean of 2 analyses. 



TABLE 4.1 

(1) (2) (3) (4) 

Si02  38.25 34.94 33.07 32.11 
T1 2  0.04 0.06 0.07 0.07 

0.02 0.01 0.01 0.02 
FeO 25.20 40.80 50.91 51.36 
MnO 0.56 1.57 2.12 2.47 
MgO 36.30 23.26 13.38 13.00 
CaO 0.25 0.33 0.35 0.39 
Na20 0.02 0.03 0.02 0.00 
1(20  000 0.00 0.00 0.00 

Total 100.64 101.00 99.93 99.42 

Number of ions on the basis of 4 oxygens 

Si 1.004 0.993 1.0].4 0.993 
Ti 0.001 0.001 0.002 0.002 
Al 01001 0.000 0.000 0.001 
Fe 0.553 0.970 1.305 1.328 
Mn 0.013 0.038 0.055 0.065 
Mg 1.421 0.986 0.611 0.599 
Ca 0.007 0.010 0.011, 0.013 
Na 0.001 0.002 0.001 0.000 

Z 1.00 0.99 1.02 1.00 
X 2.00 2.01 1.98 2.01 

Atomic % 	Mg 71.5 49.4 31.0 30.1 
Fe+Mn 28.5 50.6 69.0 69.9 

56 
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Aden series of lavas. 

It is probable that the olivine analysis from the 

olivine basalt A916 represents the most magnesi in olivine 

at Fo72  to be found in the lavas. Optical det ?rrninations 

by Cox et al.(1970) suggested a slightly more m ine sian 

composition at Fo80. These magnesian o1ivines are large (up 

to 2 mm) and are comparatively fresh. Only th margins and 

wider cracks of the phenocrysts have been alterd to 

iddingsite. 

Although present in the hawalites and muearites, the 

absence of olivine analyses from these rocks reflects their 

state of alteration. The olivine phenocrysts in the trachy-

andesites are however less altered and are seen (Table 4.1) 

to be markedly richer in iron than the olivine hendcrysts 

in the olivine basalts. None of the olivine p enocrysts 

analysed displayed any evidence of chemical zoning. 

Olivine analysis in specimens more salic than the 

trachyandesite A762 was prevented by the comparative scarcity 

of small phenocrysts. On optical grounds however, they have 

compositions approaching that of fayalite (Cox et al., 1970) 

and therefore continue the trend of iron enrichment observed 

in the more basic portion of the Aden series. A fayalitic 

composition for the olivines in the trachytic lavas is con-

firmed by the absence of MgO in some of the bulk analyses. 

A strong chemical coherence (correlatior coefficient = 

+ 0.99) exists between the FeO and MnO contentfi of the 

olivines (Table 4.1). This feature is well established in 

ferromagnesian minerals (Deer et al., 1963). The absolute 



concentration of MnO in the .den olivines is hoever greater 

by a factor of two than the typical concentrations listed by 

Peer et al. (1963). 

Calcium is the only other element to be oundin 

appreciable amounts in the Aden olivines. A2 i4iougb  concen-

trations are low compared to the other elements the calcium 

content does appear to rise with increasing i 

:;imilar behaviour was noted in the Skaergaard 

'eager and Deer (1939). 

The inability of microprobe techniques 

the two oxidation states of iron does not mark 

analysis of olivines as Fe203  levels are genera 

iron content in the analysed Aden olivines is t 

to be in the ferrous state, despite the proximi  

content. 

vines by 

distinguish 

y affect 

y low. The 

refore assumed 

of some of 

the analysed points to large areas of iddingsit. 

Deer et al. (1963) presented a range of 
	

ositions 

within which lddingsite is considered (Wilshire 1958)  to lie. 

Fe603  content is in the range 25-60% with a mean of 35%. FeO 

content is low and never rises above 2%. Combined water lies 

in the range 6-11% with a mean of 9%. The satisfactory 

totals obtained for the analyses in Table 4.1 indicate an 

absence of H2O and little, if any, oxidation of FeO to Fe 203 . 

Clearly no cryptic chemical changes of the type envisaged 

by Wilshire (1958) are occurring in the opticaly fresh 

olivine adjacent to iddingsite. 

The alteration of olivine to iddingaite is generally 

considered to be a deuteric effect and Edwards (1938)  and 

Sheppard (1962) both described olivines in whic overgrowths 
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of fresh olivine are found surrounding iddingsilised pheno-. 

crysts. It is probable therefore that the hig i Fe203  content 

of many of the Aden lavas is attributable to the deuteric 

alteration of olivine to iddingsite and not to the original 

composition of the magma. 

4.3 PYROXENE 

A total of twenty-seven pyroxene analyses from nine 

specimens of the Aden lavas were carried out. iThey are 

presented in Appendix D, Table 2. The essential variation 

found in these analyses is presented in Table 4.2. The 

formula of each analysis calculated on the basis of six oxygen 

atoms, and the atomic % proportions of Ca:Mg:Fe + Mn are also 

presented. 

With one exception, all the analysed specimens contain 

calcium-rich clinopyroxenes. Orthopyroxenes and other 

calcium-poor pyroxenes are totally absent from the Aden lavas. 

Using the nomenclature of Poldervaart and Hess (191) 9  the 

pyroxenes in the more basic lavas are classified as augites, 

although the trachyandesitic specimens possess ¶ugites which 

lie to the iron-rich side of the field. The t]rachytic 

specimen A880 however clearly contains a ferro-äugite. 

As with the co-existing olivines, the iron content of 

the sodium-poor pyroxenes is expressed in Table 4.2 as FeO. 

However a small amount of the iron present is probably in 

the ferric state in order to balance the charge deficiency 

created by the presence of sodium in the pyroxene lattice. 

In the sodium-rich pyroxene (Table 4.2, analysi 9) all the 

iron present requires to be in the ferric state in order to 



TABLE 4.2 

Pyroxene analyses from the Aden lavas. 

Key to Table 4.2 

Analysis No. 
 A9l6. 
 A80].. 

 A869. 
 A823. 

 A798. 
 A786. 

 A762. 
 A880. 

 A858. 

Olivine basalt. Augite, phenocryst. 

Basalt. Augite, phenocryst. 

Basic trachyandesite. Augite, phenocryst. 
Trachyandesite. Augite, phenocryst. 
Trachyandesite. Augite, phenocryst. 
Trachyandesite. Augite, phenocryst. 
Trachyarideaite. Augite, phenocryst. 
Trachyte. Ferroaugite, microphenocryst. 

Comendite. Acmite/Aegirifle, microphenocryat. 



TABLE 4.2 

(1) (2) (3) (4) (5) (6) (7) (8) (9) 
S10 2  50.90 50.13 51.15 50.82 51.37 51.07 50.10 50.49 S10 2  52.14 
T1 2  0.71 1.26 0.85 0.70 0.71 0.54 0.48 0.47 T1 2  4.08 

203 2.70 2.94 1.50 1.28 0.97 0.81 0.81 0.77 A1 203  0.10 

FeO 6.03 9.55 14.02 14.01 15.14 16.18 16.87 21.00 Fe203  27.40 

MnO n. d. 0.32 0.69 0.83 0.93 1.05 1.13 1.43 MnO 1.22 

MgO 15.91 14.09  13.91  12.76 11.81 10.84 10.50 6.99 MgO 0.03 

CaO 20.95 20.42 17.24 18.35 18.14 19.14 18.45 19.21 CaO 0.82 

Na20 0.22 0.45 0.29 0.34 0.45 0.32 0.39 0.43 Na20 13.36 

Total 97.42 99.16 99.65 99.09 99.52 99.95 98.73 100.79 99.15 
Number of ions on the basis of 6 oxygens. 

Si 1.92 1.89 1.94 1.95 1.97 1.97 1.96 1.98 Si 2.00 
A1(Iv) 0.08 0.11 0.06 0.05 0.03 0.03 0.04 0.02 A1(IV) - 

A1(VI) 0.04 0.02 0.01 0.01 0.01 0.01 - 0.02 A1(Vi) 0.01 

T12+  0.02 0.04 0.02 0.02 0.02 0.02 0.01 0.01 Ti 0.12 
Fe  0.19 0 .30 0.45 0.45 0.49 0.52 0.55 0.69 Fe 3  0.79 
Mn - 0.01 0.02 0.03 0.03 0.03 0.04 0.05 Mn 0.04 
Mg 0.90 0.79 0.79 0.73 0.68 0.62 0.61 0.41 Mg 0.00 
Ca 0.85 0.83 0.70 0.75 0.75 0.79 0.77 0.81 Ca 0.03 
Na 0.02 0.03 0.02 0.03 0.03 0.02 0.03 0.03 Na 0.99 
Z 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 Z 2.00 

c,X,Y 2.02 2.02 2.01 2.01 2.01 2.01 2.01 2.02 W,X,Y 1.98 
Mg 46.4 40.9 40.3 37.2 34.9 31.6 31.0 20.9. 
Fe + Mn 9.8 16.1 24.0 24.5 26.7 28.1 29.9 37.8 
Ca 43.8 43.0 35.7 38.3 38.5 40.3 39.1 41.3 
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balance the charge deficiency and is therefore expressed 

as Fe203 . 

Table 4.2 shows that as the Aden lavas become more 

salic, solid solution changes occur within the pyroxenes, 

magnesium being progressively replaced by ferrois iron. MnO 

concentrations in the pyroxenes are, as in the co-existing 

olivines, higher than typical values reported by Deer et al. 

(1963) by a factor of about two. As in the olivines, a very 

high correlation (correlation coefficient + 0.99) is found 

between the iron content of the pyroxenes and Ma0. 

Fig. 4.1 shows the variation in composition of the 

sodium-poor pyroxenes in terms of the three endLmembers Ca, 

Mg and Fe + Mn. Also shown for comparison are the pyroxene 

trends in several well-known igneous series. The trends 

displayed by the Black Jack sill (Wilkinson, 1956) and the 

Garbh Eilean sill (Murray, 1954) are characteristic of 

alkalic sequences, whereas the trends displayed by the 

Thulean Province (Carmichael, 1960) and Skaergard (Muir, 

1951; Brown, 1957; Brown and Vincent, 1963) are of 

tholeiitic character. Clearly the Aden pyroxeiea correspond 

more closely to the tholeiitic trends, and in particular to 

the Thulean Province in having no co-existing calcium-poor 

pyroxenes. 

Coombs (1963) demonstrated a relationship between magma 

type and normative composition of the c1inopyr6xene. He 

found that pyroxenes in alkalic sequences were iephe1ine 

normative, whereas tholeiitic pyroxenes contained considerable 

hypersthene + olivine, or even minor normative quartz. On 



FIG. 4. 1. 

Ca:Mg:Fe + Mn proportions (atomic %) of 

the analysed sodium-poor Aden pyroxenes. 

Tie-lines shown between co-existing 

olivines and pyroxenes. 

• = Pyroxenes 

o = Olivines 

Black Jack teschenite sill (Wilkinson, 1956). 

- Garbh Eilean sill (Murray, 1954). 

- British and Icelandic Tertiary Acid Glasses. 
(Carmichael, 1960). 

- - - - Skaergaard clinopyroxene trend (Muir, 1951). 
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this basis Table 4.3 confirms the tholeiitic character of 

the Aden pyroxenes. 

The tie-lines shown in Fig. 4.1 relate the compositions 

of co-existing olivines and pyroxenes. Throughout the series, 

the pyroxenes have a higher 4g/Fe + Mn ratio than the co-

existing olivines. The parallelism of the tie-lines and 

the systematic change in composition of both paaes suggests 

they crystallised in equilibrium with one another. 

Aluminium and titanium concentrations are within the 

limits quoted by Deer et al. (1963) and Brown (1967) and show 

(Table 4.2) a systematic decrease in concentration as the 

iron content of the pyroxenes increases. 

The distribution of aluminium and titanium between 

tetrahedral and octahedral sites in the clinopyroxene lattice 

has been discussed by Kushiro (1960) and Le Bag (1962) both 

of whom noted the tendency for aluminium in tetrahedral co-

ordination to decrease during the fractionation of Skaergaard 

(Brown and Vincent, 1963), Stillwater (Hess, 1960) and other 

magmas. A similar trend is displayed (Table 442) by the 

Aden pyroxenes. 

The effect of temperature and pressure on the A1203  

content of pyroxenes is still not clearly understood (Brown, 

1967). Clark et al. (1962) showed that increased pressures 

favour the entry of Ca-Tschennak's molecule (CaA.1 2Si06 ) 

into the pyroxene lattice, but Hyt8nen and Scha1rer (1961) 

also showed that diopside can accommodate 12-159 Al 203  in its 

structure at atmospheric pressure. Clearly high pressure 

need not be necessary to explain high A1 203  content in 

pyroxenes. However the generally low A1203  content of the 
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TALLE L,3 

C.I.P.W. norms of analysed pyroxenes. Analysis numbers correspond to those in Table 4.2. 

(i) (2) (3) (4) (5) (6) (7) (8) (9) 

- - - - - - - - 7.10 

- 0.01  - - - - - - - 

4.02 20.51 15.60 18.04 12.98 13.08 12.96 0.08 

79.78 77.85 68.48 73.26 74.79 78.93 77.76 81.42 - 

6.33 9.81 4.04 4.60 1.32 3.06 4.38 0.93 - 

0.06 - - 0.06 0.06 0.12 - - 0.24 

1.91 3.84 2.48 3.18 3.78 2.90 3.38 3.58 0.30 

6.52 6.07 2.79 1.83 0.62 0.91 0.47 0.22 - 

1.38 2.42 1.63 1.47 1.39 1.11 0.93 0.90 

- 

- 

- - - - - - - 81.11 

10.17 
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Aden pyroxenes does strongly suggest crystallisation in a 

low—pressure environment. 

The titanium content of the Aden pyroxenes bears a 

strong positive correlation to the bulk TiO 2  content of the 

lavas and suggests that the Ti0 2  content of the pyrpxenes is 

largely a function of the available Ti0 2. The overall low 

Ti02  concentrations in the pyroxenes again emphasises their 

tholeiitic character. Table 4.2 shows that throughout the 

Aden series, sufficient aluminium is available to fill 

completely all the vacant tetrahedral sites without requiring 

any allocation of titanium to those Bites. 

The pyroxenes in the basic and intermediate Aden lavas 

are seen (Table 4.2) to have generally low sodium contents 

which do not vary markedly. However it is clear from the 

pyroxene composition in the comendite A858, that sodium 

enrichment in the pyroxenea of the more salic peralkaline 

lavas, first recognised by Prior (1903), is extreme. The 

sodic pyroxene (Table 4.2, analysis 9) corresponds closely to 

the pure end—member acmite. The degree of sod.tum enrichment 

in the proxenes of these peralkaline lavas is far greater 

than the classical pera].kaline locality of Pantélleria 

(Carmichael, 1962) and is probably more comparable to the 

alkali suite of rocks from Sakhalin, Japan (Yagi, 1953). 

4.4 FELDSPAR 

Feldspar is ubiquitous as both a phenocryst and ground—

mass phase in the Aden lavas and is believed to have played 

a significant r6le in the evolution of the Aden lavas. A 

total of 72 microprobe analyses of feldspars from 12 specimens 
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representative of the range of rock types present in the Aden 

lavas were carried out. These analyses are presented in 

Appendix B, Table 3. 

Table 4.4 is a condensed form of these analyses and 

was obtained by averaging similar compositions from the same 

specimen. The large compositional variation within the 

feldspars is immediately apparent, ranging from bytownite of 

An83  composition in the basaltic lavas, to anoz+thoclase of 

0r34Ab65An1  composition in the comenditic lava&. The trend 

appears to be continuous with no apparent gaps in composition. 

Deer et al. (1963) showed the larger proportion of 

iron present in feldspars to be in the ferric state and that 

along with Ti02  it substitutes for aluminium in the tetra-

hedral sites of the feldspar lattice. The iron content of 

the feldspars in Table 4.4 is therefore expressed as Fe 203 . 

The minor oxides present in the feldspars, T102  Fe203  and 

MgO generally contribute less than 1% by weight to the total 

of the analyses. The latter two oxides do however display 

distinct trends. The tendency for iron to be present in 

greater quantities in the plagioclases than in the alkali 

feldspars may be a reflection of its ability to replace 

aluminium in the feldspar lattice. Similarly the tendency 

for MgO to be present, albeit in small concentrations, in the 

calcic plagioclases, yet absent in the anorthoclases may 

reflect its ability to replace calcium in the feldspar lattice. 

The molecular proportions Anorthite - Albite - Orthoclase 

of each analysis in Table 4.4 are presented in Fig. 4.2. The 

well-established tendency (Deer et al., 1963)  of sodic 



TABLE 4.4 

Feldspar analyses from the Aden lavas. 

Key to Table 4.4. 

Analysis No. 

A916. Olivine basalt. Byto'wnite, phenocryst. 
A916. Olivine basalt. Bytownite, groundmass. 
A801. Basalt. Bytownite, phenocryst core. 
A801. Basalt. Labradorite, phenocryst rim. 
A825. Hawaiite, type 1. Labradorite, phenocryat core. 
A825.  Hawalite, type 1. Labradorite, pheocryst rim. 
A825. Hawailte, type 1. Bytownite, large resorbed 

xeflocryst. 
A852. Hawailte, type 2. Labradorite, phenocryst core. 
A852. Hawaiite, type 2. Labradorite/Andesine, 

phenocryst rim. 
A869. Basic trachyandesite. Labradorite, phenocryst 

core. 
11 A869. Basic trachyandesite. Andesine, phenocryst rim. 
12 A823. Trachyandesite. Oligoclase, phenocryst core. 
13 A823.  Trachyandesite. Oligoclase, phenocryst rim. 
14 A823.  Trachyandesite. Aridesine, xenocryst core. 
15 A798. Trachyandesite. Oligoclase, phenocryst core. 
16 A798. Trachyandesite. Anorthoclase, phenocryst rim. 
17 A798. Trachyandesite. Anorthoclase, phenocryst core. 

R8) A798. Trachyandesite. Anorthoclase, phenocryst rim. 
9) A798. Trachyandesite. Anorthoclase, groundinass. 

(20) A786. Trachyandesite. Oligoclase, homogeneous 
phenocryst. 

M
21 A786. Trachyandesite. Oligoclase, phenocryst core. 

A786. Trachyandesite. Oligoclase, phenocryst 
A786. Trachyandesite. Anorthoclase, groundmasE 
A786. Trachyandesite. Oligoclase, groundmass. 
A762. Trachyandesite. Oligoclase, phenocryst c 
i762. Trachyandesite. Oligoclase, phenocryst 
A880. Trachyte. Anorthoclase, phenocryst co' 
A880. Trachyte. Anorthoclase, phenocryst rim.  
A880. Trachyte. Anorthoclase, microphenocry - 
A860. Trachyte. Anorthoclase, groundinass. 
A858. Comendite. Ariorthoclese, homogeneou 
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TABLE 4.4 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) 

5102 49.52 50.42 46.88 54.72 53.t2 55.13 48.53 54.54 56.03 54.11 58.74 61.56 ol.19 57.52 61.97 
T102  0.07 0.10 0.07 0.10 0.13 0.21 0.07 0.14 0.14 0.10 0.12 0.14 0.10 0.11 0.07 

31.17 30.40 32.72 27.o7 28.19 27.05 32.00 27.74 27.14 27.13 24.90 23.o2 24.12 25.67 23.42 
Fe203  0.81 0.84 0.0 0.52 0.09 0.93 0.75 0.64 0.71 0.51 0.t2 0.52 0.5b 0.58 0.40 
MgO 0.04 0.03 0.08 0.05 0.09 0.11 0.07 0.10 0.07 0.05 0.04 0.02 0.02 0.02 0.01 
CaO 14.75 14.15 1t). t,,  2 10.2 11.59 10 - 46 lo.07 10.60 9.44 10.71 7.34 5.44 5.70 8.01 5.Ou 
Na20 3.03 3.30 1.82 5.16 4.59 5.14 2.38 4.98 5.22 5 .25 6.73 7.59 7.17 .53 7.95 

0.27 0.30 0.09 0.44 0.41 0.55 0.15 0.53 0.0 0.41 0.82 0.8u 0.92 0.52 1.14 

Total 99.66 99.54 99.08 99.31 99.31 99.5s 100.02 99.47 99.35 98.27 99.37 99.75 99.78 98.96 100.02 

No. of ions oil the bathls of 32 oxygens 

Si 9.117 9.256 8.704 9.962 9.800 10.032 8.90u 9.926 10.21 9.948 10.61 11.036 10.992 10.436 11.044 
Al 6.764 6.578 7.16 5.936 6.072 5.302 6.92 5.952 5.828 5.578 5.314 4.99 5.108 5.49 4.918 
Ti 0.009 0.014 0.01 0.014 0.018 0.028 0.01 0.02 0.02 0.014 0.016 0.018 0.014 0.010 0.01 
Fe 0.112 0.116 0.084 0.072 0.094 0.128 0.104 0.088 0.098 0.07 0.084 0.07 0.07u 0.08 0.054 

Mg 0.010 0.008 0.022 0.022 0.024 0.03 0.02 0.028 0.02 0.014 0.01 0.006 0.006 0.000 0.002 
Ca 2.910 2.784 3.346 2.072 2.27 2.04 3.16 2.106 1.842 2.11 1.42 1.044 1.098 0.556 0.9b6 
Na 1.080 1.174 0.o56 1.822 1.626 1.314 0.846 1.758 1.844 1.572 2.5c 2.638 2.498 2.298 2.746 
K 0.062 0.07 0.022 0.102 0.096 0.125 0.036  0.124 0.14 0.096 0.188 0.190 0.21 0.12 0.26 

2 16.00 15.90 15.90 15.98 15.98 1..99 15.94 15.99 1C.1 1.91 16.02 16.11 16.19 16.02 16.03 x 4.06 4.04 4.05 4.02 4.02 4.01 4.06 4.02 3.55 4.09 3.97 3.68 3.81 3.96 3.97 

An T1.8 69.1 83.3 51.8 56.9 51.3 78.2 52.8 48.2 51.7 35.8 26.9 28.8 39.2 24.3 
Ab 2b.7 29.1 16.3 45.6 40.8 45.6  20.9 44.1 48.2 45.9 59.6 68.1 65.8 57.8 69.3 
Or 1.5 1.7 0.5 2.5 2.4 3.2 0.9 3.1 3.6 2.4 4.7 5.1 4.4 3e0 0.5 



cib1e 4.4 (Contd.) 

(ic) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) 

65.68 64.74 63.94 65,80 6.25 61.16 63.28 65.48 62.39 61.17 62.81 63.9:3 64.50 64.88 65.92 67.27 
T1 2  0.09 0.12 0.11 0.14 0.09 0.08 0.06 0.09 0.07 0.06 0.08 0.07 0.08 0.07 0.10 0.02 

20.77 21.75 21.58 21.03 22.45 23.61 22.68 22.19 23.03 23.89 22.43 22.02 21.16 21.16 20.09 19.48 
Fe203  0.9 0.40 0.38  0.51 0.16 0.37 0.37 0.56 0.49 0.41 0.39 0.37 0.49 0.47 0.82 0.28 
MgO 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.03 0.05 0.02 0.01 0.01 0.01 0.00 0.00 
CaO 2.20 3.13 3.02 2.49 3.81 5.55 4.17 2.85 4.75 5.35 3.67 3.49 1.87 1.83 1.21 0.22 
Na20 8.48 8.j7 8.34 8.53 8.57 7.76 8.25 8.44 8.15 7.90 8.46 7.04 8.45 8.80 8.05 7.52 
K 2  0 2.63 2.12 2.16 2.37 1.24 0.83 1.07 1.63 0.98 0.95 1.55 1.96 2.49 2.70 4.03 5.58 

Total 100.35 100.64 99.54 100.87 100.57 99.36 99.88 101.24 99.89 99.84 99.41 99.2 99.05 99.92 100.22 100.37 

No. of ions on the basis of 32 oxygens 

Si 11.t5 11.42 11.426 11.614 11.354 10.982 11.284 11.526 11.128 10.91 11.222 11.604 11.578 11.514 11.736 11.98 
Al 4.342 4.534 4,546 4.376 4.676 4.996 4.766 4.604 4.84 5.022 4.724 4.708 4.476 4.426 4.216 4.088 
Ti 3+ 

0.012 0.016 0.014 0.018 0.012 0.011 0.008 0.012 0.01 0.008 0.01 0.01 0.01 0.01 0.014 0.002 
Fe 6.0u6 0.054 0.052 0.068 0.022 0.05 0.05 

4 
0.074 0.066 0.056 0.052 0.05 0.066 0.062 0.11 0.038 

Mg 0.002 0.002 0.002 - - - - - 0.008 0.014 0.006 0.002 0.002 0.002 - - 

Ca 0.418 0.594 0.578 0.47 0.722 1.068 0.796 0.538 0.908 1.022 0.702 0.484 0.36 0.348 0.23 0.042 
Na 2.916 2.87 2.89 2.92 2.936 2.702 2.852 2.88 2.818 2.752 2.93 2.68 2.94 3.028 2.778 2.596 
K 0.596 0.478 0.492 0.534 0.28 0.19 0.244 0.366 0.222 0.216 0.354 0.454 0.57 0.612 0.916 1.254 

Z 16.07 16.06 16.04 16.08 16.06 16.04 16.].]. 16.22 16.04 16.00 16.01 16.37 16.13 16.01 16.08 16.11 
X 3.93 3.94 3.96 3.92 3.94 3.96 3.89 3.78 3.96 4.00 3.99 3.63 3.87 3.99 3.92 3.89 

An 10.6 15.1 14.6 11.8 18.3 27.0 20.5 14.2 23.0 25.6 17.6 13.3 9.3 8.7 5.9 1.1 
Ab 	M11  74.3 72.6 72.0 74.5 74.6 68.2 73.3 76.2 71.3 69.0 73.4 74.2 76.0 76.0 70.8 66.8 
Or 15.1 12.1 12.4 13.6 7.1 4.8 6.3 9.7 5.6 5.4 8.9 12.5 14.7 15.3 23.4 32.2 

r. 
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plagioclases to be richer in the orthoclase molecule than 

calcic plagioclases is well-exhibited. 

The sequence of feldspar crystallisatior is seen from 

Fig. 4.2 and Table 4.4 to be:- calcic plagioc1ae only in the 

basalts and hawailtes, changing to sodic plagio4lase and calcic 

anorthoclase over a short range of trachyandesi1ic compositions, 

and changing again to the crystallisation of on feldspar 

only (dalcium-poor anorthoclase) in the most sa]ic lavas. 

That the feldspar phenocrysts are often strongly 

zoned is evident from Table 4.4. In most case the zoning 

is of a normal type, calcic cores being enclosed by sodic 

rims. In the phenocrysts of anorthoclase comp9sition,zoning 

with respect to potassium is also displayed. 4n example of 
mild reversed zoning is seen in the trachyandesite A823 

(Table 4.4, analyses 12 and 13).  Zoning in th feldspar 

phenocrysts appears to be more marked in the rocks of 

intermediate composition. Little zoning of thi plagioclase 

in the basalt A916 is evident (Table 4.4, analy es 1 and 2) 

and the anorthoclase phenocrysts in the comendi e A858 

(Table 4.4, analysis 31) are remarkably homogen ous. 

The cores of the zoned feldspar phenocrgts are clearly 

not in equilibrium with the surrounding groundmss. In the 

trachyandesite A798  phenocrysts containing a potassium-rich 

oligoclase core (Table 4.4, analysis 15) and a 6a1cic anortho-

clase rim (Table 4.4, analysis 16) co-exist with discrete 

comparatively homogeneous calcic anorthoclase pkienocrysts 

(Table 4.4, analyses 17 and 18). This suggests a period of 

two-feldspar crystallisation has been superseded by crystal-

lisation of a single alkali feldspar, a feature common in 
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igneous rocks (Buddington, 1939) and consideredby Tuttle 

and Bowen (1958) to be enhanced by fractional c'ysta11isation 

of the feldspar. That a period of two-feldspar crystal-

lisation has occurred in the trachyandesitic 1a1as is evident 

from the analyses obtained from co-existing grondmass laths 

of potassium-rich oligoclase and calcic anortholase (Table 

4.4, analyses 23 and 24). The compositions of the feldspars 

in the trachyandesitic and trachytic lavas are omewhat 

varied, and clearly further data are required to elucidate 

what is evidently a complex crystallisation history. 

Many of the lavas, in particular the ha,aiites, 

contain large and usually partially resorbed feldspar crystals. 

One such crystal (Table 4.4, analysis 7) is mar1edily more 

calcic (Au 78 ) than the co-existing phenocrysts hich have 

compositions in the range An51-An57  and which ptrograph.ical1y 

appear fresh and unresorbed. The large resorbd crystals 

are clearly xenocrystal and were probably derivd from more 

basic rnaterial than the hawaiitic host rock. 

xenocrystal material is rimmed with feldspar of 

of the co-existing fresh unresorbed phenocrysta. 

4.5 ORE MINERALS 

A small number of chemical analyses of 

minerals in the Aden lavas were carried out. 

presented in Appendix D, Table 4. Microprobe 

other cases 

composition 

ore 

are 

ysis of 

ore minerals is complicated by the inability of the technique 

to distinguish the two oxidation states of iron. Carmichael 

(1967) formulated a set of rules for distributing the total 

iron content of a microprobe analysis between FeO3  and FeO. 
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These rules have been applied to the analyses o the Aden 

ore minerals and the modified analyses are presented in 

Tables 4.5 and 4.6 which show respectively the compositions 

of the rhoinbohedral ilmenites and titaniferous magnetites. 

The terminology used to describe the two opaque mineral 

phases present in the Men lavas is that proposd by 

Buddington et al. (1963). 

A study of the ore minerals such as was carried out 

by Buddington and Lindsley (1964) and Carmicha4. (1967) is 

beyond the scope of this thesis. Clearly further data 

would be required for such a study, which would in any case 

be complicated by the present oxidation state of the ore 

minerals. 

Even after correction for a theoretical Fe203  content 

using the rules of Carmichael (1967), most of t] ie analyses 

(Tables 4.5 and 4.6) still have low totals. This is attri-

buted to further secondary oxidation. The occurrence of co-

existing oxidised iron-titanium oxides and  higly altered 

olivines, such as in the Aden lavas, is considered by 

Haggerty and Baker (1967) to confirm the suggesion that 

processes of oxidation are the prime cause of high-temperature 

deuteric alteration. 

The behaviour of the minor elements in the two opaque 

phases further distinguishes them. The A1 203  content of 

the rhombohedral ilmenites is, as would be expected from 

Deer et al. (1963),  lower than in the co-existing spinel 

phase. Conversely MgO concentrations are higher in the 

ilmenites than in the titaniferous magnetites, although the 



TABLE .5 

Ilmenite analyses from the Aden lavas. 

Key to Table 4.5. 

Analysis No. 

A869. 

	

	Basic trachyandesite. ilmenite, 
homogeneous phenocryst, oxidised. 

A823. 	Trachyandesite. Ilmenite, lamellae 
in titaniferous magnetite (Table 4.6, 
analysis i). 

A823. 

	

	Trachyandesite. I].menite, homogeneous 
phenocryst, oxidised. 

A798. 

	

	Trachyandesite. Ilmenite, homogeneous 
phenocryst, unaltered. 



TABLE 4.5 

(1) (2) (3) (4) 

S102  0.02 0.13 0.01 0.02 

T1 2  48.82 48.69 48.71 50.65 

0.15 0.24 0.15 0.10 

Fe203  4.69 7.03 7.34 2.72 

FeO 42.99 38.33 39.06 43.20 

?fri0 0.85 1.06 1.13 1.33 

MgO 1.21 2.53 2.02 1.23 

CaO 0.03 0.01 0.01 0.05 

Total 98.76 98.02 98.43 99.30 

Numbers of ions on the basis of 6 oxygens 

Si .001 .007 .001 .001 
Ti 1.875 1.853 1.996 1.928 
Al .008 .014 .010 .006 
Fe 3  .180 .267 .300 .102 
Fe 2+  1.836 1.622 1.779 1.828 
Mn .037 .045 .052 .057 
Mg .092 .191 .164 .093 
Ca .002 .000 .000 .002 

(Ti+si) 46.5 46.5 46.4 48.0 
Mo].. (A1+Fe3 ) 4.7 7.0 7.2 2.7 
Prop. (Fe Fe 	+Mn 488 46.5 46.4 49.3 

+ Mg+Ca) 
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TABLE 4.6 

Titaniferous magnetite analyses from the Aden lavas. 

Key to Table 4.6. 

Analysis No. 

A823. Trachyandesite. Titaniferous 
magnetite, contains i].menite 
lamellae (Table 4.5 9  analysis 2). 

A798. Trachyandesite. Titanomagnetite, 
homogeneous phenocryst, unaltered. 

A786. Trachyandesite. Titanornagnetite, 
homogeneous phenocryst, oxidised. 

A762. Trachyande site. Titanomagnetite, 
homogeneous phenocryst, unaltered? 

A880. Trachyte. Titaniferous magnetite, 
contains ilmenite laniellae, oxidised. 
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TABLE 4.6 I  

(1) (2) (3) (4) (5) 

ÜSP basis (Carmichael, 1967) 
S102  0.15 0.08 0.12 0.10 0.04 
T102  20.13 23.54 25.47 22.75 2.05 

203 1.45 0.89 1.36 1.12 0.54 
Fe203  27.01 22.46 15.73 23.39 63.23 
FeO 46.42 50.04 51.70 49.42 30.65 
MnO 1.15 1.19 1.38 1.31 1.28 
MgO 1.36 1.13 0.46 0.87 0.38 
CaO 0.00 0.00 0.25 0.04 0.00 

Total 98.27 99.33 96.47 99.00 98.17 

ILM basis (Carmichael, 1967) 
Fe 203  41.15 38.21 32.79 38.54 64.70 
FeO 34.23 35.87 36.34 35.79 29.39 
Total 99.61 100.91 98.17 100.52 98.38 

Number of Ions on the basis of 32 oxygens 

Si 0.044 0.024 0.035 0.029 0.011 
Ti 4.562 5.294 5.892 5.138 0.479 
Al 0.514 0.312 0.492 0.393 0.194 
Fe 6.258 5.048 3.634 5.28 14.819 
Fe 2+  11.709 12.514 13.301 12.416 7.983 
Mn 0.294 0.300 0.359 0.332 0.337 
Mg 0.611 0.503 0.211 0.388 0.176 
Ca 0.000 0.000 0.081 0.013 0.000 

E Cations 23.99 24.00 24.01 23.99 24.00 

( 	 111 19.2 22.2 24.7 21.5 2.0 
Mo1.% 	A121Fe 28.2 22.3 17.2 23.6 62.6 

I,. Fe 	+Mn 52.6 55.5 58.1 54.8 35.4 
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MgO content of both phases drops with the increasing bulk 

content of the specimen. As with the olivines and 

pyroxenes MnO concentrations are significant although the 

same degree of correlation with FeO does not exist. 

Although data are sparse, there is an indication in 

Tables 4.5 and 4.6 that ilmenite compositions are mainly 

restricted to the more basic lavas. That this may be due 

to the overall availability of T10 21  is emphasised by the 

presence of a titanium-poor opaque phase in the titanium-poor 

trachyte A880. 

Both trachyandesitic specimens A823 and A798 appear to 

possess both discrete homogeneous ilmenite crystals and 

phenocrysts in which exsolution of a similarly composed 

ilmenite phase has occurred leaving a host of titanomagnetite 

composition. 

4.6 OTHER MINERALS 

Other minerals are present in the Aden lavas in minor 

amounts. 

Apatite is the most common accessory mineral, and is 

most abundant in the intermediate lavas where it is found as 

small hexagonal phenocrystal prisms, very often enclosed 

entirely in the feldspar and opaque mineral phenocrysta. 

Although no quantitative analyses of the apatites were 

carried out, semi-quantitative results indicate they are 

straightforward apatites containing little, if any, fluorine. 

One of the final eruptive products of the Aden volcano 

is represented by the olivine basalt A916. This specimen 

contains an abundant groundmaas mica which was originally 



76 

identified by Cox et a].. (1970) as biotite. 	Subsequent 

microprobe analysis has shown the mineral to be phiogopite. 

Phenocrysts of quartz are, with one exception, 

generally absent from the Aden lavas. The comenclite A858 

was found to contain a few small phenocrysts of quartz. 

These are pure and contain only minor quantities of other 

elements. 

Other accessory minerals present in the Aden lavas 

are:- fluorite, which is a common phase in the most ealic 

lavas; sodic amphibole, again found only in the peralkaJine 

lavas; and exceedingly rare aenigmatite. No analyses of 

these minerals are, as yet, available. 



CHAPTER 5 

77 

THE SHAMAN CALDERA SEQUENCE 



5.1 INTRODUCTION 

The chemical analyses presented by Cox et al. (1970) 

for the Aden volcano indicate that a substantial variation 

in chemistry exists within the lavas of the Shamsari caldera 

and its overflows. Although based on only four analyses, 

the chemical variation confirmed the petrographic evidence 

(Cox et al., 1969) that the lowermost lavas are more 

siliceous than overlying flows. 

The evenness with which the lava flows are distributed 

within the caldera indicates that filling of the caldera 

took place by a succession of non-violent eruptions of fairly 

fluid lava which, it is believed, was dertved from an under-

lying high-level magma chamber. Furthermore, the gradual 

chemical variation evident in the las suggests that they 

were derived from a chemically zoned magma chamber. The 

petrographic, chemical and mineralogical variation displayed 

by the lavas retained within the caldera walls may therefore 

be an inverted sequence of the variation that existed in the 

magma chamber immediately prior to eruption. 

The concept of a zoned magma chamber being the source 

for a suite of igneous rocks of variable composition is not 

new. Such sequences have been described from many parts 

of the world including Japan (Katsui, 1963),  New Zealand 

(Martin, 1965; Ewart, 1965), Oregon (Williams, 1942) 9  

Colorado (RattJ and Steven, 1964) 9  New Mexico (Smith and 

Bailey, 1966; Giles and Cruft, 1968) and Nevada (Quinlivan 

and Lipman, 1965; Lipman et al., 1966; Byers et al., 1968). 
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By comparison with the extensive ash-flows and 

ignimbrites, the Shanisan Caldera Sequence is of ,small 

volume, and the size of eruption has therefore little or no 

connection with the degree of variation to be observed. 

Indeed Lipman et al. (1966) and Lipman (1967) considered that 

the great majority of the extensive ash-flows are poorly 

sorted and compositionally homogeneous due to upwelling and 

turbulent emplacement, factors which do not appear to have 

affected materially the Shamsan lavas. 

A more detailed study of the Shainsan Caldera Sequence 

has therefore been undertaken to investigate any systematic, 

petrographic and mineralogical variation and to confirm and 

further define the chemical variation indicated by the work 

of Cox et al. (1970). 

5.2 GENERAL FEATURES OF THE SHAMAN CALDERA 

At its present erosion level, the Shamsan caldera has a 

diameter of just under 3 km and is roughly circular in outline. 

Rocks belonging to this sequence are found at the highest 

point on the Aden peninsi.ila, Shanisan South (553 m), and at 

all levels down to about 100 ni in the Ma'al]a escarpment. 

The Shainsan Caldera Sequence has been reduced in area by 

subsequent formation of the smaller but concentric Tawela 

caldera from 7 km2  to the present 3 km. 

Cox et al. (1969) divided the rocks of the caldera into 

three main units, each of which is made up of a number of 

individual lava flows. The boundaries of the three units 

are shown in Fig. 5.1 and the vertical extents in the cross-

sections of Fig. 5.2. 	The units are horizontally disposed 



FIG. 5.1 

Simplified map showing the outcrop of the 

four units of the Shamsan Caldera Sequence. 

Lines of cross-sections A-A', B-B', C-C' 

and D-D', presented in Fig. 5.2 are also 

shown. 
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FIG. 5.2 

Sections across the Shainsan caldera showing 

the vertical extent of the caldera sub—units 

and one of the overflow localities. 

Line of each section shown in Fig. 5.1. 

Vertical scale exaggerated by factor of about 1.5 

Key to each unit as in Fig. 5.1. 
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within the caldera, and have been unaffected by any post—

eruptive tectonic event. The caldera we].l is veneered in 

parts with layers of vitric tuff (Cox et a].., 1969). 

The lowest of the three main units comprises thick 

massive flows of trachytes which are generally poorly 

exposed. The maximum topographic height attained by this 

unit is approximately 180 m and only in the Ma'alla escarpment 

does the general topography drop below this level to expose 

these rocks. However, sampling in this region was difficult 

on account of the steepness of the escarpment (Cox, personal 

communication). 

The middle unit which comprises numerous thin trachy-

andesitic flows often with scoriaceous intercalations, is 

exposed as a capping to the Ma'alla trachytes, and also on 

the inner, comparatively gentle sloping sides of the Jebel 

Shamaan horseshoe. Flows within this unit have breached the 

caldera wall on at least one occasion, as is evidenced by the 

preserved overflow point on the south-west periphery of the 

caldera (Figs. 5.1 and 5.2). This unit has a total thickness 

of about 230 m. 

The uppermost unit is only found in the highest part of 

the Jebel Shamsan horseshoe from the west around to the south 

and, like the lowermost unit, cannot be accurately estimated 

in thickness, although it is likely that the Men volcano did 

not attain a height much greater than it possesses at present. 

The rocks in this unit are trachyandesites, like the rocks 

of the middle unit, but differ in that the flows are thicker 

and form large irregular tube-like and ball-like masses 

(Cox et al., 1969). 



The inward dip 01 the Shamsan caldera wall was measured 

directly in the Jebel Shainsan horseshoe by Cox et al. (1969) 

and is about 400.  Stratum contours at other parts in the 

south west of the caldera confirm this figure. However, 

Fig. 5.2, cross-section C-c' shows that the walls of the 

Shamsan and Tawe].a caldera intersect in the Khusaf Valley 

(Fig. 5.1). 	In this locality, the Shainsan wall has a dip 

of only 10° . This value, obtained at a lower topographic 

height than the measurements from the Jebel Shainsan area, 

probably indicates that the caldera is of comparatively 

shallow depth due to the levelling out of the ca].dera wall. 

5.3 OVERFLOW LAVAS 

The lavas classed as overflows from the Shamsan 

caldera are petrographically very similar to those retained 

within the caldera, in particular those that comprise the 

upper caldera unit. They overlie the uppermost lavas of 

the Main Cone Series, and are distinguished from them by 

being generally fresher in appearance. The overflows, 

according to Cox et al, (1969) differ from the flows within 

the caldera in showing a considerable development of block 

lava. 

Cross-sections B-B' and D-D' (Fig. 5.2) indicate that, 

despite erosion, overflows of at least 50 m thickness are 

still to be found. 	If, as Cox et al. (1969) stated, the 

entire volcano was at one time mantled by overflow material 

from the Shamsan caldera, a substantial volume has been sub-

sequently removed by erosion. 

No overflow of the lower trachytes has occurred, 
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presumably because the caldera walls at that time were of 

sufficient height to prevent this. An overflow of the middle 

unit of lavas is recorded by Cox et al. (1969) at 350 m (Fig. 

5.2, section B-B') in the south western periphery of the 

caldera, and it is probable that this is one of the first 

overflows that occurred from the caldera. Thereafter, as 

the caldera filled, it is likely that overflows became more 

frequent, until lavas were seldom retained within the 

caldera wall. If such overflows were derived from the same 

zoned magma chamber that, it is postulated, gave rise to the 

horizontal caldera flows, they should, as a collective group, 

be more basic than the upper flows within the caldera, which 

immediately pre-dated them. The period of time during which 

eruptions were both retained within the caldera, and able to 

overflow, should be marked by an overlap in composition. 

It is clear that no precise relationship can exist 

between the topographic height of an overflow and a postulated 

position within the magma chamber as, it is proposed, exists 

for the caldera specimens. However, it is probable that, 

where one overflow unit overlies another, it will exhibit 

similar characteristics to the caldera flows and be more basic 

than the underlying member. Such an hypothesis can be 

tested in the thick overflow unit in the south east near Ras 

Taih (Fig. 5.2, section D-D'). 	In this unit three specimens 

were collected, A849, A919 and A920, the first from near the 

top of the unit and the other two near the bottom. All are 

trachyandesites, but the latter two specimens, being overlain 

by the first, should be slightly more salic. The variation 

in chemistry of the overflows can therefore be assessed in 
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the same way as the variation in the sub-units of the volcanic 

sequence related to the Creede caldera described by RattS and 

Steven (1964). 

5.4 SPECIMEN COLLECTION 

A total of twenty specimens from within the Shainsan 

caldera walls and also a further nine specimens, considered to 

be overflows, were collected by Gass et al. (1965). All these 

specimens were selected for examination in the present study, 

although chemical analyses of four of them have already been 

presented (Cox et al., 1970 Table 3). 

The caldera specimens were collected in a number of 

vertical traverses up the sequence. The topographic height 

at which each specimen was collected is recorded to the nearest 

7.5 m (25 ft). The distribution of these specimens between 

the individual vertical traverses is shown in Fig. 5.3, and 

their precise localities within the caldera in Map 1. 

The two main vertical traverses in the west and south-

east are almost at opposite sides of the caldera, and there-

fore enable any lateral variation in the lavas to be monitored. 

The nine specimens classified as overflows were 

collected from all the major overflow outcrops. These out-

crops are restricted to the region east of the dentral point 

of the Shamsan caldera. 

5.5 ESTIMATE OF VOLUME OF PRODUCTS FROM THE SHAMSAN CALDERA 

The uncertainty with which the wall of the Shamsan 

caldera can be extended in space both upwards and downwards 

from its known position and angle of dip, places constraints 

on the precision with which an estimate of the volume of the 
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caldera can be made. 

The low angle of dip of the wall in the north where 

the topography is low, and the comparatively high angle of 

dip in regions of greater topographic relief, suggests a 

possible saucer-shape for the caldera (Fig. 5.2 0  cross-

section A-A'). If this hypothesis is accepted, it becomes 

apparent that the caldera is not much deeper than the present 

erosion level. As overflows were probably dominant at 

heights of more than 500 m, this places an approximate upper 

level for the caldera wall during the period of activity. 

A mean ca].dera diameter of 2.5 km in the region of the 

lowest unit, which has an estimated total thickness of 

about 210 m, gives a volume for the trachytes of about 1 kin 3. 

Similar calculations for the middle and upper units give 

volumes of 1.5 km3  and 2.0 km3  respectively, giving a total 

volume for the caldera of about 4.5 km 3. Assuming a mean 

depth of 100 in of overflows covered the entire volcano, a 

volume of about 3  kin3  of overflows were also erupted making 

the total volume of lava erupted from the Shamsan caldera 

approximately 7.5 km3 . 

5.6 PETROGRAPHY OF THE SHAMAN SEQUENCE 

The main petrographic features of the trachyandesites 

and trachytes comprising the Shainsan Caldera Sequence are 

outlined in Chapter 2. The petrographic variation within 

these specimens is discussed in this section and is largely 

based upon the modal analyses presented in Appendix C. 

Tables 4a and 4b. 

The flows within the lowest unit of the caldera sequence 



are easily distinguished from overlying units in possessing 

dark red glossy groundmasees which exhibit prominent flow 

structures. They are almost aphyric and possess only minor 

quantities of phenocrystal feldspar. The overlying thin 

trachyandesite flows which belong to the middle unit of lavas 

are mildly porphyritic and generally possess crystalline 

groundinasses rich in feldspar, although some flows still 

have glassy groundmasses showing they have been rapidly chilled. 

The lavas comprising the uppermost unit of the caldera sequence 

are notably richer in phenocrysts of all phases, and the mean 

phenocryst size is also generally greater than in the under- 

lying flows. Groundmasse8 of these thicker flows are holo- 

crystalline and are rich in feldspar. The lavas as a group 

are not markedly vesicular with the exception of a few of 

the flows from within the middle unit. 

The phenocryat phases present in the Shamsan lavas in 

decreasing order of abundance are:- feldspar, clinopyroxene, 

olivine, ore and apatite. Two feldspars are optically 

distinguishable in the lavas, one a plagioclase and the other 

a calcic anorthoclase. No attempt was made to stain the 

feldspars for easier identification, as Ford and Boudette 

(1968) showed that calcic anorthoclases 01 the type present 

in the Shainsan lavas are not easily distinguished by such 

techniques. 

The range in modal proportions of the four major pheno-

cryst phases present in the Shamsan lavas is summarised in 

Table 5.1. No data for apatite are presented because it is 

present only in very small amounts. It is immediately seen 

that the three iron-bearing phases are present only in small 
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TABLE 5.]. 

Range of modal phenocryst content within the caldera 

and overflow specimens from the Shamsan Caldera 

Sequence. 

Modal data in Vol. %. 

Tr. 	Trace (less than 0.1). 

CAL DERA 	 OVERFLOWS 
RANGE 	MEAN 	RANGE 	MEAN 

PHENOCRYST 

OLIVINE 0 - 1.3 0.7 0.6 - 1.9 1.2 

CLINOPYROXENE 0 - 2.0 1.0 1.0 - 3.7 2.0 

FELDSPAR Tr.- 26.6 13.9 6.9 - 23.9 15.3 

ORE 0 - 1.1 0.5 0.6 - 1.9 1.0 



amounts, barely greater than the abundance of apatite, 

but that the overflow rocks are richer in olivine, clino- 

pyroxene and ore, by factors of up to two, based on the mean. 

The mean modal content of the feldspar is not however markedly 

higher in the overflow rocks than in the caldera rocks. 

The variation in modal content of the major phenocryst 

phases with the height of the specimens within the caldera 

is shown in Fig. 5.4. An increase in the modal content of 

all four phases with an increase in height is clearly 

observed. The correlation coefficients of modal content 

of each phase against topographic height within the caldera 

is presented in Table 5.2, along with the slope and intercept 

of each trend on the height axis. If the overflow data 

from Table 5.2 were applied to Fig. 5.4, the trends displayed 

by the modal olivine, pyroxene and ore would bemore accented. 

In the case of the modal feldspar trend however, the overflows 

are not markedly richer in feldspar (Table 5.1). The 

feldspar content of the lavas therefore appears to rise to a 

maximum in the flows of the upper caldera unit and thereafter 

to maintain an approximately constant value. 

It is noteworthy that the overflows found furthest 

from the caidera, those on Slave Island (Fig. 5.1), display 

the lowest phenocryst content of all the overflow lavas. 

Martin (1965) noted, not only a vertical gradation In pheno-

cryst assemblage and abundance in the Whakamaru ignimbrite, 

but also a lateral change. This he ascribed to a process 

of ash-flow differentiation, or progressive sorting of heavy 

particles during deposition from the hot ash flows. Flow 

differentiation in flows and dykes has been described by 



FIG. S. 

Variation in modal content of the major 

phenocryst phases of the Shamsan lavas 

with topographic height of the specimens 

within the caldera. 

Modal content expressed in Volume %. 

o - Specimens of this study 

• = Specimens of Cox et al. (1970). 
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TABLE 5.2 

Correlation coefficient, gradient and intercept 

on the vertical (height) axis for the data 

presented In Fig. 5.4. 

Based on 20 samples. 

Corr. Coeff. Gradient Intercept 

OLIVINE -0.76 165 223 

CLINOPYROXENE -0.88 164 185 

FELDSPAR -0.89 15.0 137 

ORE -0.87 299 178 

92 
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Battacharji and Smith (1964) and Simkin (1964) and it is 

possible that such a process could have affected the more 

distant Shamsan overflows such as those on Slave and Sira 

Islands. 

5.7 CHEMISTRY OF THE SHAMSAN LAVAS 

Chemical analyses of all available specimens from 

the SFiamen sequence were carried out in this study. The 

analyses are presented in Appendix B, Tables 4a and 4b. 

The Major element data of the specimens from this sequence, 

analysed by Cox et al. (1970, Table 3), supplement the data. 

The range in compositions is shown in Table 5.3 and 

it is clearly seen that the lavas retained within the caldera 

walls are, as a group, more salic than the overflows, although 

some degree of overlap occurs. The compositional range 

for most of the elements is significantly greater than the 

most pessimistic estimates of analytical precision, (Appendix 

A), and is therefore clearly not the result of analytical 

spread. 

Comparison of the Shamsan lavas with other regions, 

shows them to have as wide a range of compositions as the 

ash-flows and ignimbrites described by Lipman et al. (1966), 

Ewart (1965)  and others, although they correspond more 

closely, in respect of volume, to the Ethiopian ash-flow 

described by Gibson (1970). This ash-flow however does not 

exhibit as wide a range of compositions as the Shaznsan lavas. 

Generally the ignimbritea and ash-flows described elsewhere 

are more salic in composition than the Shamsan lavas. Both 

Lipman et al. (1966) and Ewart (1965) noted a correlation 
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TABLE 5.3 

Range of chemical variation displayed by the ca].dera and 
overflow ].avas. 

Major elements in Wt.%; 	Trace elements in p.p.m. 

CALDERA OVERFLOWS 

5102 61.95 - 67.01 59.99 - 62.35 

T102  0.46 - 	 1.30 1.17' -  1.53 

Al 203 13.88 - 15.25 14.58 - 15.35 

tot Fe 5.85 - 	 8.44 7.63 - 8.50 

MnO 0.15 - 	 0.32 0.17 - 0.29 

MgO 0.15 - 	 1.11 0.77 - 1.74 

CaO 1.03 - 	 3.22 3.37 - 4.22 

Na20 5.15 - 	 5.76 5.12 - 5.59 

K20 3.17 - 	 4.22 2.84 - 3.39 

H2O 0.26 - 	 3.24 0.40 - 1.14 

0.05 - 	 0.33 0.33 - 0.53 

Ba 923 	- 1243 739 	- 975 

Cu 0- 11 0-14 

Nb 156 	- 200 118 	- 163 

Rb 107 	- 165 87 	- 122 

Sr 100 	- 284 200 	- 340 

Th 13 	- 25 11 	- 23 

V 0 	- 95 8 	- 118 

Y 45 	- 72 47 	- 84 

Zn 117 	- 174 124 	- 155 

Zr 524 	- 674 473 	- 629 
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between the chemical variation and the height of the 

specimens in the sequence concerned. This parameter is 

used here also as an index for chemical variation within the 

lavas. 

As the lavas ponded in a comparatively small caldera, 

possible disturbing effects on the chemical variation such 

as the regional topography and flow differentiation are 

minimised. As previously noted however this may not apply 

to the more distant overflows. 

The chemical variation of the Shamsan lavas with 

topographic height of the specimen within the caldera is 

shown in Fig. 5.5 for the major elements, and Fig. 5.6 for 

the trace elements. In all cases where substantial 

variation in the chemistry with height is observed, the 

trend displayed is one of increasing basicity with an 

increase in height of the specimen. Clearly the most salic 

rocks in the sequence were erupted first and were followed 

by more basic lavas. In Fig. 5.5, the major elements are 

plotted as measured, with the exception of the glassy pitch-

stone A789, which is recalculated to 100% to remove the high 

water content, which, on the basis of the work by Ross and 

Smith (1955), and Ross (1964), is attributed to secondary 

hydration. The chemistry of the Shamsan lavas is not there-

fore complicated to any extent by devitrilication, where the 

glass has become so hydrated and chemically modified that it 

no longer represents closely the composition of the original 

magmatic liquid. This factor is of substantial importance 

in the voluminous ash-flows and was appreciated by Arakami 

and Lipman (1965), Lipman et al. (1966) and Noble (1967). 



FIG. 5.5 

Major element chemical variation of the 

Shainsan caldera lavas with topographic 

height of specimen within the caldera. 

Major element coxcentrations expressed 

in Wt. 96. 

• - Specimens of this study 

o - Specimens of Cox at al. (1970)0 
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FIG. 5.6 

Trace element chemical variation of the 

Shamsan caldera lavas with topographic 

height of specimen within the caldera. 

Trace element concentrations expressed 

in p.p.m. 

Symbols as in Fig. 5.5. 
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The variation diagrams in Figs. 5.5 and 5.6 display 

roughly linear trends. A correlation matrix presented in 

Table 5.4 confirms the close geochemical coherence between 

most of the elements in the Shamsan lavas. Cori-elation 

between element concentration and topographic height is also 

good, and is uncomplicated by the constant sum factor dis-

cussed in Chapter 3, (Chayes 1962,1964). 

As with the petrographic data, only specimens collected 

from within the caldera are included in the correlation 

matrix, since the topographic height of the overflows Is 

petrogenetically meaningless. The overflows, as a group 

however, do enhance the trends of chemical variation that 

exist in the caldera lavas, in being more basic than the 

uppermost caldera specimens. The compositions of the three 

overflow specimens A849, A919 and A920 confirm the predictions 

made in section 5.3 concerning overlying overflow specimens. 

The Shamsan lavas form a portion of the overall trend 

displayed by the Aden lavas in an A.F.M. diagram (Fig. 3.3). 

The portion of this diagram pertinent to the Shanisan lavas 

is presented in Fig. 5.7. Although the height of each 

specimen in the ca].dera cannot be plotted in such a diagram, 

a clear distinction is observed between specimens in the 

four major units of the sequence. 

Data presented in Figs. 5.2 1, 5.5, 5.6 and 5.7 indicate 

that specimens collected from the south-east side of the 

caldera are, for a given topographic heigt, more basic than 

specimens collected from the north-west and west sides of the 

caldera. This could be explained by a general low dip of 

the caldera lavas to the south-east. However, Cox (personal 



TABLE 5.4 

Correlation matrix for the chemical variables of the Samsan culdera specimens. The correlation 
or each element ith height of specimen is also presenr. 

HEIGHT 

HEIGHT 1.0 Si02  

S102  -0.75 1.0 Ti02  

Ti02  0.87 -0.88 1.0 A1203  

Al 203 0.77 -0.71 0.76 1.0 total Fe 

total Fe 0.69 -0.92 0.85 0.66 1.0 MnO 

MnO 0.8 -0.34 0.39  0.06 0.43 1.0 MgO 

MgO 0.76 -0.90 0.85 0.54 0.82 0.49 1.0 CaO 

CaO 0.88 -0.93 0.96 0.76 0.88 0.42 0.90 1.0 Na20 

Na20 -0.42 0.54 -0.48 -0.5 -0.66 -0.30 -0.54 -0.6 1.0 1(20 

1(20  -0.85 0.78 -0.89 -0.59  -0.80 -0.56 -0.87 -0.91 0.54 1.0 1120 

1120 0.0 -0.37 0.04 0.01 0.37 0.19 0.31 0.21 -0.61 -0.13 1.0 P205  

P 2  0 5 0.74 -0.86 0,93 0.8 0.79 0.22 0.79 0.89 -0.46 -0.77 0.03 1.0 Ba 

Ba -0.82 0.64 -0.78 -0.61 -0.62 00.32 -0.61 -0.76 0.43 0.63 -0.02 -0.78 1.0 Cu 

Cu 0.22 -0.27 0.24 0.22 0.23 -0.26 0.14 0.33  -0.43 -0.06 0.32 0.30 -0.50 1.0 Nb 

Nb -0.63 0.75 -0.62 -0.55 -0.68 0.16 -0.66 -0.74 0.56 0.59 -0.39 -0.63 0.55 -0.20 1.0 	Rb 

Rb -0.69 0.50 -0.69 -0.37 -0.55 -0.43 -0.72 -0.8 0.42 0.89 0.08 -0.62 0.55  -0.06  0.37 	1.0 	Sr 

Sr 0.84 -0.87 0.88 0.67 0.78 0.19 0.90 0.93 -0.61 -0.88 0.26 0.87 -0.68 0.17 -0.83 -0.70 	1.0 Tb 

Th -0.50 0.55 -0.38 -0.41 -0.36 0.04 -0.32 -0.47 0.30 0.43 -0.22 -0.33  0.58 -0.24 0.22 	0.26 -0.33 1.0 	V 

V 0.43 -0.39 0.59 0.42 0.41 0.01 0.25 0.49 -0.33 -0.42 -0.19 0.62 -0.51 0.43 -0.17 -0.36 	0.32 -0.27 	1.0 	Y 

1 -0.26 0.1 -0.23-0.08 -0.23 -0.08 -0.28 -0.33 0.42 0.44 -0.03 .-0.1 0.13 -0.13 0.22 	0.29 -0.22 0.33 -0.39 1.0 Zn 

Zn -0.69 0.52 -0.73 -0.66 -0.57 0.19 -0.53 -0.65 0.17 0.62 0.40 -0.66 0.67 -0.O6 0.34 	0.53  -0.50 0.34 -0.52 0.46 1.0 Z. 

Zr -0.78 0.78 -0.78 -0.56 -0.74 -0.28 -0.64 -0.38 0.68 0.93 -0.34 -0.76 0.63 -0.19 0.73 	0.76 -0.91 0.50 -0.31 038 OM 1 



FIG. 5.7 

A.F.M. plot of the Shanisan lavas showing 

the distinction between the specimens in 

the four stratigraphical sub-units. 

U Overflow specimens 

o Caldera upper unit 

A = Caldera middle unit 

Caldera lower unit 
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communication) considers that the caldera sequence is hori-

zontal. The discrepancy therefore probably indicates that 

some flows were of insufficient volume to cover the entire 

caldera floor, and that subsequent, more voluminou4 flows 

were stepped within the caldera. 

The overall trend in chemistry of the Shamsan lavas is 

therefore one of Increasing basicity as, through time, eruption, 

first into the caldera, and later as overflows, occurred. 

Similar trends have been noted in many volcanic regions, and 

in most cases been attributed to chemical zoning within an 

underlying magma chambers 	A recent example of such a 

variation, is the 1973 Heimay eruption south of Iceland, 

where Jalcobsson et al. (1973) noted a change in composition 

of the erupting lava from mugearite to hawaiite over the 

space of a few weeks. 

5.8 TIME SCALE FOR ERUPTION INTO SHAMAN CALDERA 

The only clearly documented example of the variation 

in chemistry of a series of lava flows against time, is the 

classic study by Thorarinason (1950) of Mt. Hekla, Iceland. 

Thing the 1947-48 eruption of Hekla, the S10 2  content of 

the extruded products was observed to drop with the passage 

of time, the other elements behaving in a compatible manner. 

The eruptive history of Hekia has been documented since 

the llOLf A.D. eruption. This enabled Thorarinsson and 

Sigvaldason (1972) to show that the S10 2  content of the upper 

regions of a postulated underlying magma chamber increased 

between the major Hekian eruptions in an approximately linear 

relation with time, but that during individual eruptive periods 
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the 5102  content dropped. They also showed that the degree 

of violence and explosiveness of any of the dated eruptions 

was proportional to the length of time from the previous 

eruption. 

Thorarinsson and Sigvaldason (1972, Fig. 11) showed 

that whilst the Si02  content of initial tephra, after a period 

of quiescence of about 100 years, was in the region of 63%, 

the S102  content of the final products of the previous eruption 

was about 55%. 

In the Aden volcano no such closely defined time scale 

exists. However, the chemical and petrographic similarities 

between Hekia and the Shamsan caldera enable a comparison to 

be drawn. It is clear from the petrographical and chemical 

evidence that no discontinuities of the type displayed by 

the Hekia lavas exist in the Shamsan lavas. It is therefore 

probable that the ].avas of the Shamsan Caldera Sequence were 

erupted within a time span well within 100 years, and more 

likely in the range 10-25 years. Such a time scale is backed 

up to some extent by the lack of tuffaceous units in the 

caldera or overflow units, which might be produced by 

explosive activity due to a build up of volatile components 

in the upper reaches of the underlying magma chamber during a 

prolonged period of quiescence. 

5.9 MINERALOGICAL VARIATION WITHIN THE SHAMAN LAVAS 

With the exception of the recent work by Lipman (1971), 

who presented detailed mineralogical data on the ore mineral 

variation within the extensive Nevadan ash flows, little work 

has been done on the chemistry of the minerals of the numerous 
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ash-flows and ignimbrites believed to have been erupted from 

zoned magma chambers. 

Although the mineralogical data presented here for the 

Shamsan lavas form only a small part of the more general 

study described in Chapter 4 0  they do outline the 

mineralogical variation present within a sequence of lavas 

believed to have been erupted from an actively differentiating 

magma chamber. 

Olivine phenocrysts are present in all but the lower-

most of the caldera lavas. Only three olivine analyses of 

the Shainsan lavas are available (Table 4.1). One of these 

is from an overflow and has a markedly lower Fe 2+ + rlg2+/F2+ 

+ 2+ + 	ratio than the two olivines within the caldera 

lavas. 

Pyroxene analyses cover a wider range of the lavas 

than the olivines, and similarly display a marked variation 

in the Fe 2+ + Mn2 /Fe2  + 	+ 	ratio with height of 

the specimen within the caldera (Fig. 5.8). The olivines do 

however have an appreciably higher Fe 2+ + 2 /Fe2  + Mn2  + 

ratio than co-existing pyroxenes. 

Feldspar, phenocryst and groundmass compositions from 

the Shamsan lavas are well represented in Table 4.4 and have 

a wide range in composition. Strong zoning in many of the 

phenocrysts is evident. Ewart (1965) presented partial 

chemical analyses of feldspar phenocrysts from within the 

Whakamaru ignimbrite and showed them to have marked 

oscillatory zoning. This, he considered, was caused by 

fluctuations in the vapour pressure of the magma during 

crystallisation, which caused successive periods of boiling. 



FIG. 5.8 

Variation of the ratio 

Fe 2+ + Mn2" /Fe 2 + 	+ jjg2+ in 

co-existing olivine and pyroxene phenocrysts 

with height of specimen within the caldera. 

+ = Olivine compositions 

• = Clinopyroxene compositions. 

Correlation coefficient of the clinopyroxene 

trend is -0.91 based on the caldera 

specimens only. 

Analyses with vrtica1 bars represent the 

overflow specimen to which no height within 

the caldera can be ascribed. 
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The feldspar phenocrysts in the Shamsan lavas, although 

markedly zoned, do not possess oscillatory zoning. It is 

therefore probable that no large variation in the vapour 

pressure occurred in the underlying magma chamber to allow 

boiling and possible mixing of the magma. Fig. 5.9 shows 

the chemical variation of the feldspars in the Shamsan lavas. 

The wide range in composition within each specimen is evident. 

Table 5.5 shows that the overflow specimen A823 possesses 

the most calcic feldspars. These are plagioclasés of 

andesine and oligoclase compositions in the range An4l-An  29 0  
Specimens from the upper flows retained within the caldera 

possess both plagioclase and alkali feldspar phenocrysts, the 

division being taken at approximately 9% of the orthoclase 

molecule (Deer et al., 1963). 	The alkali feldspars in the 

upper flows of the caldera are of a calcic anorthoclase 

composition and there is clearly only a small difference in 

composition between them and the co-existing plagioclase. 

Some of the feldspar phenocrysts in the stratigraphically 

lower lavas possess plagioclase cores rimmed by anorthoclase 

(Table 4.3). It appears that in these lavas the crystal-

lisation of plagioclase + anorthoclase has been superseded by 

the crystallisation of anorthoclase only. This is borne out 

by the presence of only a calcium-poor anorthoclase in the 

lowest of the caldera flows. 

In specimens whose groundmass feldspar analyses are 

available, they are more alkalic than the co-existing pheno-

crysts, and usually as alkalic as the phenocrysts in underlying 

lava flows. In only one specimen was the presence of both 

plagioclase and anorthoclase in the groundmasa detected. 



FIG. 5.9 

Variation in composition of the phenocryst 

and groundmass feldspars in the Shamsan lavas. 

• = Phenocryst compositions 

0 Groundinass compositions 

Numbers accompanying analyses refer to 

Table 5.5. 
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Relationship between the analyses presented in 
Fig. 5.9 and the height of the specimen in the 

Sharnsan caldera. 

Analyses numbers correspond to those in Table 4.3. 
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SPECIMEN 	HEIGHT IN CALflERA 

A823 	 OVERFLOW 

A798 	 450 m 

A786 	 381 m 

A762 	 335 ID  

ANALYSES NUMBER 

12 - 14 

15 - 19 

20 - 24 

25 - 26 

A880 	 214m 	 27-30 



This probably indicates that the period of crystallisation 

of two feldspars was short. 

On the above evidence, as with the pyroxenes and 

olivinea, a distinct correlation exists between the compo-

sition of the feldspar and the height of the specimen within 

the caldera sequence such that the most alkalic feldspars 

are contained in the first of the lavas to be erupted. With 

continued eruption the composition of the feldspar became 

progressively richer in the anorthite molecule. 

Some indication of the change in composition of the ore 

minerals within the caldera is seen in Tables 4.6 and 4.7. 

Although vague, the trend appears to be one of T10 2  

impoverishment in the lower lavas ore phenocrysts, with an 

accompanying increase in iron content. It was pointed out 

in Chapter 4 that the ore minerals, like the olivines, had 

very probably undergone post-magmatic oxidation, and that 

this was evident from the low totals of the analyses. This 

discrepancy is greater for the ore minerals of the lower 

lavas than for the upper lavas, and it is therefore likely 

that the degree of post-magmatic oxidation has been greater 

in the ore minerals of the lower lavas. 

5.10 DISCUSSION 

Fundamental to the origin of the petrographic, chemical 

and mineralogical variation existing within the Shamn lavas, 

is the assumption that the lavas were either co-inagmatic, or 

were produced by the mixing of two magmas of compositions 

bracketing the range of Shamsan lavas. The probability of 

two magmas intermixing so systematically to produce the 
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displayed trends is considered to be so small as to exclude 

this possibility. The lavas are therefore assumed to have 

a co-magmatic origin, and to have been erupted from a single 

magma chamber. 

It also seems reasonable, in the light of work by 

Gibson (1970), Noble et al. (1968). Lipman et al. (19cx), 

Ewart (1965) and many others, to assume that the lavas within 

the Shamsan caldera, in their present position, represent 

some indeterminable inverse function of the compositional 

zonation that existed in the postulated underlying magma 

chamber immediately prior to eruption. The Shamsan lavas 

were therefore erupted from an actively differentiating 

magma chamber which contained trachytic magma of S10 2  content 

66-67% in the uppermost regions, the underlying magma becoming 

increasingly more basic with depth. 

If the modal data presented for the Shamsan lavas in 

Fig. 5.4 is applied to the postulated magma chamber, it is 

apparent that the modal proportions of all four phenocryat 

phases increase with depth, which suggests that differentiation 

occurred by sinking of the crystallising phases. This 

hypothesis can be tested by examining the modal data more 

closely. When the trends displayed by the four major pheno-

cryat phases are extended to a modal content of zero using 

the data of Table 5.2, it is seen in Fig. 510 that the olivine 

and the ore mineral, prior to eruption, were absent from a 

greater proportion of the upper magma than pyroxene, which in 

turn was absent from a greater proportion of magma than the 

feldspar. 



FIG. 5. 10 

Diagrammatic representation of the variation 

in modal phenocryst content with depth in 

the Shamsan magma chamber. 

Horizontal dashed line indicates lower limit 

of magma represented by erupted material. 

Zone A - Extent of lower caldera unit. 

Zone B - Extent of middle caldera unit. 

Zone C - Extent of upper caldera unit. 

Zone D - Extent of overflow lavas. 

Zone E - Postulated hidden zone. 
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The rate of settling of a solid in a Newtonian fluid 

is governed by Stokes Law in which 

V a 
2gr3(p5- 

v - rate of settling; g a 980 cin.sec 2; r = radius of solid; 

P s 
 - density of solid; p, density of liquid; i a viscoRity 

of liquid. 

Although Shaw et al. (1968) pointed out that magmas are not 

in general Newtonian fluids, the uncertainty in estiinatiing 

the viscosity and density of a magma, and the fact that Stokes 

Law applies to spherical objects, makes calculations of 

settling rates so approximate as to enable the difference 

between Newtonian and non-Newtonian fluids to be neglected. 

It is seen, however, that the rate of settling is proportional 

to the density difference between the solid and the fluid, and 

that for a given size, crystals of the greatest density would 

have the highest rate of settling. 

Although direct measurement of the density of the pheno-

oryst phases of the Shamsan lavas was not attempted, comparison 

of the phenocrysts with crystals of similar composition (Deer 

et al., 1963;  Carmichael, 1960 9 1962) indicate densities for 

the olivine pyroxene and feldspar to be in the range 3.8 -  4.0 0  

3-1 -  3.3 and 2.6 -  2.7 respectively. The density of the ore 

mineral is difficult to assess because of its intergrowths of 

ilmenite and titanomagnetite in indeterminable proportions. 

However, a value for the density greater than that of the 

olivine is certain (Deer et al., 1963). 	Thus, for crystals 

of the same size, the ore minerals will settle the most 

rapidly and the feldspars the most slowly. 
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In the Shamsari caldera lavas, if the intercept of the 

modal crystal content on the depth axis of Fig. 5.10 is 

taken as a function of the rate of settling of that particular 

phenocryst phase, it is immediately apparent that, despite 

the difference in size between the feldspar phenocrysts and 

the other three phases, they do in fact display the antici-

pated trend. The larger average size of the feldspar 

evidently compensated for the probable small difference in 

density between the feldspar and the liquid from which it was 

crystallising, and allowed it to settle almost as rapidly as 

the other phases. 

It is also likely that the individual settling rates 

of the phenocryst phases would be modified by the glomeropor-

phyritic character of the magma. This feature would be 

expected to reduce further the individual settling rates. 

It is evident from Fig. 5.10 that the uppermost batch 

of magma should be almost aphyric and this is confirmed by the 

aphyric nature of the lower caldera unit which Zone A represents. 

The existöice at the top of the magma chamber of a zone of 

aphyric magma, suggests that a pre-eruption period of non-

crystallisation occurred, thus enabling the uppermost region 

of the magma chamber to clear itself of crystals. 

The Shamsan lavas appear therefore to represent the 

contents of the upper regions of the magma chamber in which 

crystal settling has left the uppermost portion almost pheno-

cryst free. 

Whereas the three dense iron-bearing phases increase 

continually with depth, the modal feldspar content is seen, 

in Fig. 55 .10, to level off after a certain critical aiid 
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thereafter remain constant. This feature cannot adequately 

be explained in terms of simple crystal settling which would 

demand a continuous increase in modal phenocryst content with 

depth. The petrographic variation displayed by the Shamsan 

feldspar phenocryats does however appear reconcilable with 

the concept of "compensated crystal settling" (Cox and Bell, 

1972), in which the number of crystals settling through a 

column of magma are being simultaneously replaced by a similar 

number of crystals from higher levels. Regions of a magma 

chamber in which "compensated crystal settling" was occurring 

would therefore maintain an approximately constant modal 

proportion. The depth at which "compensated crystal 

settling" would occur is dependent on the density of the 

crystallising phase, and would occur at a greater depth for 

the denser mineral phases. The olivine, pyroxene and ore 

minerals of the Shamsan lavas do not display this feature, 

and it is evident that the Shamsan lavas represent only the 

topmost contents of the original magma chamber. The expected 

region of compensated crystal settling for the denser phases 

would therefore be in Zone E of Fig. 5.10. 

The volume of material erupted into the Shamsan caldera 

was discussed in section 5.5. Fig. 5.11 shows that the 

estimated volume of lava in the four major subdivisions of 

the Shainsan sequence decreases with a general increase in 

S102  content. Such a positively skewed distribution is 

consistent with a fractional crystallisation origin for the 

lavas, which demands that the volume of magma available for 

fractionation becomes less as fractionation proceeds. Bowen 

(1928) suggested that a given volume of basic magma can produce, 
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at most, 1096 of its volume of evolved salic products. The 

shallow depth of the Shanisan caldera probably means that the 

most evolved rocks in the sequence are represented by the 

lower caldera unit, the Ma'alla trachytes. 

In view of the volume relationships displayed in Fig. 

5.11 9  it is considered that the trachytes represent the most 

evolved products of a magma of intermediate composition, al-

though the possibility that they are the highly evolved 

products of a larger basaltic mass cannot be excluded. 

Thorarinason and Sigvaldason (1972) showed that after 

a period of quiescence of 100 years, the volcano Hekla erupted 

rocks in the S102  range 55-63%. If a similar period of 

quiescence occurred in the Aden volcano prior to the eruption 

of the Sharnsan lavas, it is estimated that the olivine pheno-

crysts could settle a distance of about 500 metres with the 

less dense phenocrysts settling lesser distances. Viscosity 

and density values used in these calculations are based 

largely on the work of Bottinga and Weill (1970,1972), and 

are only approximate. This figure places constraints on the 

height of the Shamsan magma chamber, which must be greater 

than 500 m otherwise accumulation of the olivine would be 

observed. A vertical extent for the magma chamber of the 

order of hundreds rather than tens of metres is upheld to 

some extent by the fact that eruption from a sill-like magma 

chamber of low height is unlikely to retain the systematic 

variation displayed by the Shamsan lavas. However, data 

presented by Bartlett (1969) indicates that convection will 

occur in all but the most viscous of magmas if the height of 

the chamber is greater than 15- 20 metres. Although also 
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dependent upon the heat flux into the wall rock, the 

conclusions of Bartlett (1969) contradict those arrived at 

for the Shamsan magma chamber, since significant convection 

evidently did not occur in that magma, nor indeed in the 

many other compositionally zoned lava sequences (Lipman et a].., 

1966; Ewart, 1965; and others). 	It is difficult to en- 

visage such voluminous sequences being contained within magma 

chambers only a few tens of metres in height. These 

conclusions are also backed up by the work of Baker (1968a) 

who defined the approximate limits of a compositionally 

zoned magma chamber under St. Helena as being 2 km in vertical 

extent with a diameter of between 13 and 19 km. 

The variation in mineral chemistry discussed in 

section 5.9 is also consistent with a continually changing 

composition of the liquid due to removal by fractionation 

of the crystallising phases. The lower Fe 2+ + 2/Fe2 +

Mn + Mg2  ratios of the olivine and pyroxene phenocrysts 

and the lower alkali content of the feldspar phenocrysts from 

lavas derived from lower regions of the magma chamber, indicate 

they have crystallised from a more basic liquid than phenocrysts 

in upper regions. The latter crystals have formed from a 

more evolved liquid, and since they formed later in the 

crystallisation period have settled lesser distances than 

earlier formed phenocrysts. 

5.1]. CONCLUSIONS 

The Shamsan Caldera Sequence has been produced by crystal 

fractionation of an originally homogeneous batch of magma of 

intermediate composition. Crystal fractionation has been 
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modified by "compensated crystal settling" (Cox and Bell, 

1972), the mechanism being displayed by the unusually well-

defined petrographic, chemical and mineralogical trends. 

The small volume of the Shamsan series and its general 

association with larger volumes of basic material, fits in 

readily with a crystal fractionation model. 

The r6le of other differentiation mechanisms is less 

readily assessed. Insufficient data is available to 

evaluate fully the possibility of diffusive alkali transfer 

in the Shaznsan magma. A few tentative preliminary calcu-

lations indicate that the possibility does exist. Fractional 

anatectic melting was proposed by Lipman et al. (1966) for the 

origin of the Nevadan ash-flows and it is considered likely 

that, whilst fractional crystallisation is a satisfactory 

differentiation mechanism for smaller zoned magma chambers, 

a mechanism other than crystal fractionation must be invoked 

to explain the voluminous ash-flows and ignimbrites that 

are not associated with basic rocks. 



CHAPTER 6 

THE DALY GAP 
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6.1 INTROLIJCTION 

The apparent scarcity of intermediate rock types in 

volcanic sequences was first recognised by Daly (1925,1927)9 

as a result of his work on St. Helena and Ascension Islands. 

Barth (1939) came to similar conclusions, and stated that 

lavaa with an Si0 2  content in the range 53-58% were 

"entirely lacking" in the Pacific Basin. 

Largely as a result of the work of Mayes (1963), this 

feature has come to be mown as the Silica or Daly gap, and 

is recognised in many volcanic centres. Chayes (1963) showed 

that the frequency distributions of the S10 2  and CaO contents 

and also the Differentiation Index (Thornton and Tuttle, 1960) 

of 551 chemical analyses of rocks from 30 volcanic centres, 

all of the oceanic basalt-trachyte association, were dis-

tinctly bimodal with maxima at the basic and salic ends of 

the distribution. 	He defined the Daly gap as:- 

53 < S102  < 57% 

3<CaO <6% 

5.25 < (FeO + Fe203) < 8.5% 

65 < D.I. < 75 

Chayes (1963) concluded that such a gap, or population 

low, in genetically related volcanic sequences was irrecon-

cilable with an origin involving crystal fractionation, the 

theory of which demands a continuous depletion in abundance 

of rock types from the basic to the evolved end of the series 

(Bowen, 1928). 

The views expressed by Chayes (1963) were opposed by 

many writers. Opposition took one of two paths:- either 
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(a) on the grounds that the gap was not real, but apparent, 

and created by biased sampling, or (b) that it was real but 

could still be reconciled with a crystal fractionation theory. 

Macdonald (1963), stated that the conclusions of Chayes 

(1963) were inapplicable to Hawaii and tentatively Samoa, 

and presented data that showed a steadily decreasing proportion 

of rocks from the basic to the evolved end of the Hawaiian 

series. 

Harris (1963) also doubted the need to invoke any 

mechanism other than that of crystal fractionation to produce 

a variety of rock types in volcanic sequences possessing a 

Daly gap. 	He considered that environment and mode of 

occurrence were factors which could explain apparently 

anomalous abundances of rock types. As an example, he cited 

the work by Baker et al. (1964) on Tristan de Cunha, in which 

the extreme rarity of trachytes caused over-sampling of this 

rock type as a result of a specific search having been made 

for such rocks. For a similar reason, trachyandesites were 

probably under-sampled by virtue of their similarity in the 

field to basalts. 

Baker (1968b) investigated the volume relationships of 

rock types on St. Helena, and concluded that sampling bias 

is difficult to avoid. He also stated that, contrary to 

the work of Daly (1927), intermediate rock types were 

abundant on St. Helena. 

Apart from the possibility of bias being brought into 

the sampling by the field worker, Cann (1968) considered that 

a further bias in rock type may be introduced by the volcano 

itself. He believed that eruption from a shallow 
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fractionating reservoir at infrequent intervals would tend 

to favour the extrusion of the more Si0 27rich lavas. 

Thus Macdonald (1963), Harris (1963), Baker (1968b) 

and Cann (1968) supported crystal fractionation as a plausible 

mechanism for volcanic evolution, despite the existence of a 

Daly gap. That Macdonald (1963) and Baker (1968b) failed to 

identify a Daly gap in Hawaii and St. Helena respectively, 

highlights a further factor, that a Daly gap appears to be 

present in some volcanic sequence 3 yet absent in others. 

Mukherjee (1967), whilst accepting the data of Chayes 

(1963), nevertheless saw no reason to invoke any mechanism 

other than that of crystal fractionation to derive the 

basalt-trachyte series. He considered the dominance of 

basalts and trachytes over intermediate rock types could be 

accounted for by a combination of five factors:- an abundant 

supply of undifferentiated basaltic magma; relative ineffic-

iency and slowing down of fractionation processes in later 

stages; restriction of the scope for petrographic variety 

in late stage differentiation; slowing down of crystallisation 

rate due to higher viscosities; and change in slope of 

solidus and liquidus paths of crystallisation of the 

descending basic liquids. 

On the other hand, Yoder (1970, 1973)  proposed a 

mechanism for the production of a Daly gap which is entirely 

independent of crystal fractionation processes. He envisaged 

magma production at depth occurring by fractional fusion 

(Presnall, 1969), in which liquid is removed as soon as it 

is formed. Yoder used the ternary diagram Fo - Di -  Qz at 

20 kb of Kushiro (1969) to describe his proposed 
2 
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mechanism which is capable of producing first, a batch of 

rhyolitic magma, followed by a separate batch of basaltic 

magma with no intervening compositions. Yoder (1973) 

calculated that the volumes of the two batches of magma 

would be similar. 

According to Bryan (1964), the islands of Clarion, 

Soccorro, and Revillagigedo are entirely lacking in inter-

mediate rocks, and their sequences might therefore have been 

produced by fractional fusion. The bulk of evidence does 

however suggest that most volcanic sequences possess at least 

some intermediate rock types, and that in such situations the 

mechanism of fractional fusion has either been inoperative 

or has been obscured by other differentiation processes such 

as crystal fractionation. 

By using the Aden volcano as a model, it is intended 

in the following discussion, to show that the apparently 

random presence or absence of a Daly gap within a volcanic 

sequence may be dependent on the point in time at which the 

magma was sampled by eruptive activity. 

6.2 BASIS FOR THE PRESENT STUDY 

Initial work by Cox et al. (1969) on the southern 

Arabian volcanoes, suggested that at certain periods in their 

evolution, there was a scarcity of intermediate lavas but 

that they were erupted copiously at other times. This 

suggested that discrimination against certain magma types, 

operative only at certain points in the evolution of the 

volcano, might be responsible for the production of a Daly 

gap. 
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Discussion to date on the Daly gap has been restricted 

to the oceanic environment, and Aden, situated as it is on 

the edge of the Arabian continental plate, clearly cannot be 

so classified. The Aden volcano and the other volcanoes 

in the group do however possess petrographic similarities to 

many of the oceanic islands. It was shown by Dickinson et al. 

(1969) that the rocks of the Aden Volcanic Series possess low 
87 0-5  ratios and are unlikely, therefore, to have a 

crustal origin or to have been contaminated by crustal material. 

On this basis also, the Aden volcano resembles oceanic volcanic 

equncea. As a mechanism is being sought for a feature 

which in all probability is not restricted to oceanic islands, 

the comparison between the Aden volcano and the oceanic 

volcanoes is considered justifiable. 

6.3 A NOTE ON SAMPLING 

The importance of meaningful sampling has been 

emphasised by Cann (1968), Baker (1968b) and Ridley (1970a) in 

any assessment of the Daly gap. 

Whereas sampling in a recent and un—eroded volcano 

is essentially two-.dimensional and probably only covers the 

more recent flows, sampling in a dissected volcano such as 

that of Aden has the advantage of being effectively three—

dimensional and should therefore cover at least some of the 

earlier flows. 

As sampling of the Aden volcano was carried out with no 

specific petrologic aim, Cox (personal communication) considers 

that specimen collection was carried out so as to be reasonably 

representative of the entire volcano. Of 170 specimens 
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collected by Cox and his co-workers, a total of 138 have now 

been analysed. The Aden volcano is therefore well repre-

sented from a chemical standpoint and is probably better 

represented by the number of chemical analyses per unit 

area or volume than most other volcanic centres. 

6.4 THE MAIN CONE - SHAMAN VOLCANIC CYCLE 

The division of the Aden volcano into a number of 

stratigraphical-structural units by Cox et a]. (1969) is 

based largely on the discontinuities between the units and 

to a lesser extent upon the focal point of eruption of each 

unit. The spatio-temporal distribution of these units 

indicates that volcanic activity occurred in cycles, 

separated by periods of time of sufficient length to allow 

substantial erosion. 

Using the criteria of discontinuities and focal points 

of eruption, it is considered that the Main Cone Series and 

the Shamsan Caldera Sequence as defined by Cox et al. (1969) 

constitute, if not a complete, at least a major portion of 

a single cycle of activity. These two units are also the 

best exposed, best represented by chemical analyses (Table 2.3), 

and the most clearly defined units within the Aden volcano 

and are therefore discussed in detail. 

The Main Cone Series which immediately pre-dates the 

Shamsan Caldera Sequences, comprises a lower group of hawaiites 

and mugearites which between them contribute the greater 

proportion of material to the Main Cone Series. An estimated 

volume is about 5- 6 km3. Overlying the basic rocks are a 

group of trachytic and rhyolitic flows with interbedded salic 
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agglomerates. Erosion makes an estimate of the volume of 

the salic rocks difficult, but where they are overlain by 

the later overflows from the Shamsan caldera, they have no 

great thickness. It is likely therefore that they do not 

exceed more than 10% of the volume of the Main Cone Series. 

The chemical analyses representing the lavas of the 

Main Cone are presented in Appendix B, Table 3. Further 

analyses are presented by Cox et al. (1970, Table 3). The 

bulk of the Main Cone Series lavas have 5102  contents between 

47 and 54% whilst the comparatively few salic members have 

5102 contents in the range 62-69%. A complete Sic)2  gap 

of 8% exists in this series. The frequency distribution of 

5102 and the other major elements, for the Main Cone lavas 

only, is shown in Fig. 6.1. The elements SiO 2t  Ti02, total 

Fe. MgO and CaO all display prominent gaps in their 

distribution which correspond to rocks of intermediate compo-

sition. Less prominent gaps are displayed by the other 

elements, except A1 203  and MnO, which possess unimodal 

distributions. The frequency distribution of the trace 

elements of the Main Cone lavas, shown in Fig. 6.2, display 

similar but less well-defined distributions. The small 

number of salic specimens in the Main Cone Series, and the 

wide range of trace element concentrations, distributes these 

few specimens such that a bimodal distribution is not well 

displayed. The overall chemical data do, however,suggest 

a complete absence of intermediate lavas within the Main Cone 

Series. 

It is probable that the formation of the Main Cone Series 

culminated in the total removal of the upper parts of the cone 



FIG. 6.1 

Frequency distribution of the major elements 

for the ].avas of the Main Cone Series. 

Frequency expressed in units of 4. 

Major element concentrations in Wt. %. 
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by explosive eruption due to build up of alkalies and water 

vapour in the underlying magma chamber. This event was then 

followed by the formation of the Shamsan caldera. 

The intermediate character of the ShamBan caldera lavas 

was established in Chapter 5, and so also was their change 

in composition with time. Superimposition of the data from 

the Shamsan lavas upon the frequency distribution of the 

major elements in the Main Cone Series produces Fig. 6.3. 

Wh.'reas Fig. 6.1 represents the frequency distribution of 

rock types at an intermediate stage of development of the 

Main Cone-Shanisan cycle, Fig. 6.3 represents a later point 

in its development. It is seen that the compositional gp 

has been closed in all the elements except SiC 2. A distinctly 

bimodal distribution is however still displayed by all the 

major elements except 41203 and MnO. Similar changes in 

frequency distribution of the trace elements are also shown 

in Fig. 6.4. 

A mechanism capable of producing the observed features 

in the Main Cone-Shamsan volcanic cycle is described below. 

6.5 PROPOSED MECHANISM FOR PRODUCTION OF THE MAIN CONE- 
SHANSAN CALDER& CYCLE 

It is not intended to discuss at this point factors 

involving production of basic magma at depth. It is assumed 

that a batch of basic magma, generated in the mantle by such 

processes envisaged by O'Hara (1965,1968), Kushiro and Kuno 

(1963), Green and Ringwood (1967) and others, on eruption, 

is capable of forming a cone of basic lavas. Such lavas 

may have undergone comparatively restricted high-level 



FIG. 6.5 

Frequency distribution of the major 

elements for the lavas of the Main Cone 

Series and the Shamsan Caldera Sequence. 

Frequency expressed in units of 4. 

Major element concentrations in wt.%. 
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FIG. 6.4 

Frequency distribution of the trace 

elements for the lavas of the Main Cone 

Series and the Shanisaii Caldet'S Sequence. 

Frequency expressed in units of 4. 

Trace element concentrations in p.p.m. 
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fractionation and will be analogous to the lower unit of 

the Main Cone Series of the Aden volcano in comprising 

only basalta, hawaiites and a few mugearites. 

Following the formation of the lower unit of the Main 

Cone Series, a decrease in eruptive energy produced prolonged 

periods of quiescence which enabled fractionation of the 

underlying magma to occur. The concomitant build up of 

alkalies and other volatile constituents in the upper portions 

of the magma, ensured that the subsequent eruptions, which 

formed the upper unit of the Main Cone Series, were small, 

often explosive, and favoured only the salic products which 

were situated at the top of the fractionated magma column 

(Cairn, 1968). The sequence of events that gave rise to 

the Main Cone Series, were therefore such as to continually 

discriminate against the eruption of lavas of intermediate 

composition. Were the volcano to have become extinct at 

that stage in its development, a marked Daly gap would have 

been evident. That intermediate lavas did in fact exist is 

evidenced by the Shainsan caldera lavas which were erupted in 

substantial amounts only after the formation of the Main Cone. 

It was demonstrated in Chapter 5 that the lavas of the 

Shamsan Caldera Sequence were erupted from a chemically zoned 

magma chamber such that the most salic lavas were erupted 

first and were followed by successively more basic lavas. 

These eruptions therefore decreased the width of the Daly gap 

from the salic end. Thus, in such a process, the truly 

intermediate magma (here defined as those with an S1 2  content 

in the range 55- 60%) would be the very last material to be 
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erupted during any cycle of activity. That such lavas 

are missing from the Main Cone-Shamsaxi cycle can be attributed 

to one or both of two factors:- 

the eruptive energy available at that late stage 

in the development of the Main Cone-Shamsan Caldera 

Cycle, was insufficient to cause eruption of these 

lavas, or; 

if such lavas had been erupted they would have been 

the final products overlying the Main Cone Series as 

overflows and would therefore have been the first 

material to have been removed by erosion. 

6.6 CONCLUSIONS 

The Aden volcano was built up in a number of volcanic 

cycles, the best preserved at the present time being the 

Main Cone-Shamsan cycle. It is postulated that each cycle 

was made up of an initial cone-forming sequence which gave 

rise to basic and salic lavas only, and was succeeded at a 

later stage by a caldera sequence which produced predominantly 

intermediate lava a. 

Although data are scarce, evidence of at least one 

earlier cycle exists in the Aden volcano. The Tawahi Serie, 

considered by Cox et a].. (1969) to be a cone series, comprises 

mainly basic and saic rock types (Appendix B, Table B.l). 

The immediately succeeding Ma'al].a Series is considered by 

Mallet (1871) and Cox et al. (1969) to be caldera material, 

and chemical evidence (Appendix B, Table B.2) indicates the 

dominant rock type to be trachyandesite. 

Distributions in rock type similar to those of the 
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Shamsan caldera are seen in the other volcanoes of the Aden 

Volcanic Series. The main trachyandesite flows of the 

Little Aden volcano, (Cox et al., 1969) for example, all 

appear to fill calderas. This also is the case in the 

Jebel Khariz volcano (Gass and Ma].lick, 1968). 

Only a fully developed cycle is capable of producing a 

complete range of rock types in proportions consistent with 

a crystal fractionation origin. This point was appreciated 

by Le Maitre (1968). Incomplete cycles of activity, if 

they follow the proposed mechanism, cannot produce the 

correct proportions of rock types. 

Factors such as the viscosity of the magma and energy 

available for eruption may influence the development of a 

cycle. Even if such factors are favourable to the completion 

of a cycle and hence the eruption of a full range in rock 

types, the complexity, age, and state of erosion of a volcano 

may prevent the treatment, applied here to the Aden volcano, 

from being applied to the other volcanic centres. It is 

therefore held that there is little need to invoke any 

differentiation mechanism other than that of crystal 

fractionation to derive the wide differences in rock type 

frequency and distribution observed in many volcanic sequences 

throughout the world. 
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PETROGENESIS OF THE BASIC ROCKS 
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7.1 INTRODUCTION 

It was demonstrated in Chapter 5 that the chemical 

and mineralogical variation within the lavas of the Shainsan 

Caldera Sequence is most readily explained by crystal 

fractionation processes. In Chapter 6, using the Aden 

volcano as a model, it was shown that such processes need 

not be revoked in order to explain the existence of a 

compositional gap corresponding to the Daly gap in a 

volcanic sequence. 

It is intended in the following sections to collate 

further data from preceding chapters and thus to assess the 

r6le that crystal fractionation has played in the evolution 

of the more basic of the Aden lavas, in particular the 

hawaiites. 

7.2 VARIATION WITHIN THE STRATIGRAPHICAL-STRUCTURAL UNITS 

Although Cox et al. (1969) divided the Aden volcano 

into a number of stratigraphical-structural units, it is 

clear from Chapter 3 that, collectively, these units form an 

exceedingly coherent chemical series. Although individual 

units may contain only a restricted range of rock types, it 

was shown in Chapter 6 that this does not prevent them 

possessing close links with one another. It is therefore 

intended to assess the chemical variation, treating the lavas 

as a single group. 

Fig. 7.1 summarises the main features of the major 

element variation throughout the series, and also the 

concomitant petrographic variation. From this diagram 

the following conclusions are drawn:- 
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FIG. 7.1 

Diagrammatic representation of the major 

element variation related to the concomitant 

petrographic variation variation plotted against Si02. 
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As silica increases the rapid drop in MgO content 

from 1096 to 4% in the most basic lavas, before a more gradual 

decrease to almost zero in the most salic rocks, is consistent 

with the removal of comparatively large amounts of magnesian 

olivines and/or pyroxenes. This is followed by the continued 

crystallisation and removal of minor quantities of increasingly 

more iron-rich olivine and pyroxene. 

The steady drop in CaO from 11% in the basalts to 1% 

in the salic rocks can be reconciled with the continual 

crystallisation and fractionation of calcium-rich phases such 

as clinopyroxene and plagioclase. Whereas the calcium 

content of the pyroxene does not vary markedly throughout 

the series, the plagioclase becomes progressively less calcic 

and more sodic so that the residual liquids are not entirely 

depleted in calcium. 

Total iron and T10 2  behave similarly in rising 

from about 10% and 1.5% respectively in the basalts to a 

maximum of about 16% and 4% respectively in the hawaiitic 

rocks. At this point in the evolution of the series a 

titanium-rich ore mineral begins to separate and removes iron 

and titanium from the liquid. The removal of iron is 

enhanced by the increasing iron content of the co-precipitating 

olivine and pyroxene. 

That the behaviour of the above elements (i.e. Fe, Mg 

and Ca) can be explained largely as a result of fractionation 

of olivine and pyroxene is further demonstrated in Fig. 7.2 

in which, using MgO as an index of differentiation to expand 

the basic end of the trend, it can be seen that the more 



FIG. 7.2 

Major element variation (Wt.%) within the 

Aden lavas plotted against MgO. 

Dashed lines represent best-fit olivine + 

pyroxene control line through analyses 

>5% MgO. 

Solid lines represent olivine - pyroxene 

tie-lines. 

S = Analyses <60% 

A = Olivine A916 

• = Pyroxene A916 



, 2c 

moo 

10 	
soMgO 	

30 	 40 to 	 to 	mv 	30 	 40 

sio FeC 

to 	 30 	 30 	 40 
MgO 

TiO 
Ca( 

tO 	 20 	
MgO 	 AiC 

KO 2 

I 	 . 

10 	 20 	 - 	40
moo 

MO 



139 

basic lavas (those with MgO >5%) of the Aden volcano could 

have been produced by the fractionation of a magnesium 

olivine (F072 ), and a magnesium clinopyroxene (En 46FslOWo44) #  

in approximately equal amounts from a mildly alkaline 

olivine basalt magma (Cox et al., 1970). The marked inflection 

in the trends displayed in Fig. 7.2 at 4% MgO, is typical of 

sequences derived by fractional crystallisation (Bowen, 

1926) and is produced by the onset of fractionation of a 

further phase or phases - in this case plagioclase and an 

ore mineral. 

The onset of crystallisation of a calcic plagioclase 

( ca.  '"8O) in the hawaiites might possibly be expected, if 

fractionation is occurring, to be accompanied by the 

depletion of Al 2°3  in residual liquids. That this is not 

so, is seen in Fig. 7.1 in which the A1 203  content of the 

lavas does not decrease until a considerably more evolved 

portion of the series. The drop in Al 2
0
3 coincides with 

the point at which alkali feldspar becomes the sole 

crystallising feldspar. The composition of this feldspar 

has been shown to be a calcic anorthoclase and is therefore 

capable of removing comparatively large amounts of A12039 
 

yet not at the same time removing large quantities of Na 20 

and I(20•  Nicholls and Carmichael (1969) and Abbott (1969) 

recognised that fractionation of calcic anorthoclase 

depleted residual liquids in A1 203  relative to the total 

alkali content, and therefore ensured that later derived 

liquids were peralkaline in character - a distinct feature 

of the Aden volcano. 
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The alkalies Na20 and K 2  0 behave similarly in rising 

from levels of 2.4% and 0.8% respectively in the basaltic 

rocks to levels of 5.5% and 3.5% at the 60% S102  level, at 

which point the Na20 trend tends to flatten. The initial 

rise in concentration of both elements is consistent with 

the non-crystallisation of alkali-rich phases in the basic 

].avaa. Not until the intermediate lavas are reached does 

the Na20 content of the crystallising feldspar rise to a 

level where it slows down the rate of enrichment of Na 20 in 

the residual liquid. A similar tendency is not noted in 

the K 2  0 trend, presumably because the crystallising feldspar 

(anorthoclase) does not become sufficiently enriched in 

potassium. 

It is evident from the preceding discussion that the 

relationship between the crystallising phases and the major 

element variation is, with the exception of the Al203  trend, 

consistent with a crystal fractionation origin for many of 

the Aden lavas. The anomalous behaviour of A1 203  is 

particularly obvious in the hawaiitic lavas and suggests that 

although plagioclase was clearly crystallising in many of 

these lavas, the phenocrysts were not being removed by 

fractionation. The specific problem as to the origin of 

the hawailtes will be discussed in detail in a later section. 

At this point however, the general relationship between the 

petrography and the trace element variation is considered in 

the light of the anomalous behaviour of A1 203. Emphasis is 

placed on the trace elements normally found in the major 

crystallising phases, in particular those entering the 

feldspar lattice. Fig. 7.3 is the relevant diagram in the 
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following text. 

The increase in the barium content of the lavas with 

increasing Si02  is consistent with the conclusions of Prinz 

(1967), that the barium ion, being large, is not readily 

accepted into mafic phases; nor, according to Heler (1962), 

is barium markedly enriched in plagioclase. It is however 

readily accepted into the alkali feldspar lattice (Berlin and 

Henderson, 1969)  and reaches levels of about 1,000 p.p.m. in 

the calcic anorthoclases of the Shamsan lavas. At the onset 

of crystallisation of large amounts of anorthoolase the barium 

level might therefore be expected to decrease. In fact the 

depletion of barium in the residual liquids only occurs in 

some of the most evolved lavas. The reluctance of the 

barium content to decrease in the trachyandesitic lavas, 

despite the crystallisation of calcic anorthoclase might be 

ascribed to the "compensated crystal settling" mechanism of 

Cox and Bell (1972) discussed in Chapter 5. 

In common with the other incompatible elements (Green 

and Ringwood, 1967), the reluctance of niobium to enter 

any of the silicate phases ensures a gradual increase in the 

concentration with progressive fractionation. Niobium is 

however accepted into the apatite lattice and is present to 

about 300-400 p.p.m. in the Aden apatites. This level, 

combined with the very minor quantities of fractionating 

apatite, is however, evidently insufficient to affect the 

general tendency of niobium to increase in the evolved rocks. 

As with barium, rubidium, being a large ion, is only, 

amongst the phases under discussion, readily accepted into 
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the alkali feldspar lattice (Prinz, 1967) and according to 

Heier (1962) is taken preferentially into potassic sites 

rather than sodic sites. This ensures a build-up of rubidium 

in rocks not crystallising alkali feldspar. However as with 

barium, precipitation of alkali feldspar brings about no 

decrease in the residual liquids. This may however be 

related to the comparatively low potassium content of even the 

most alkalic feldspar in the Aden lavas. 

Strontium remains relatively constant over the entire 

basic portion of the Aden series. The change in slope and 

subsequent rapid depletion of strontium in the evolved rocks 

coincides with the onset of crystallisation of calcic 

anorthoc].ase and is also close to the point at which apatite 

appears as a minor phenocryst phase. 

Macdonald (1968) pointed out that depletion of strontium 

in the berimoreites and more evolved hawaiitic rocks was 

partially caused by fractionation of a strontium-rich apatite 

at the mugearitic stage. Apatites in the Aden lavas contain 

about 700 p.p.m. strontium and are therefore not as rich as 

the co-existing calcic anorthoclases which contain in the 

region of 1,000 p.p.m. On their own, the apatites do not 

appear capable of creating the depletion observed. The 

combined effect of the fractionation of both these phases may 

however be sufficient to cause the rapid depletion in 

strontium observed. Prinz (1967) and Ridley (1970b) pointed 

out that strontium substitutes for calcium in plagioclases 

to a greater extent than in alkali feldspar. The continual 

crystallisation of plagioclase in the amounts observed in 

the basic lavas should therefore ensure the depletion of 



144 

strontium throughout the entire series (Berlin and 

Henderson, 1968). This Is not observed, and the behaviour 

of strontium, like that of barium is somewhat anomalous, 

and cannot clearly be explained in terms of simple fraction-

ation models involving removal of feldspars. 

Vanadium readily substitutes for iron in magnetite 

(Prinz, 1967) and is therefore likely to have similar behaviour 

to iron. This is in fact so. Crystallisation of magriesian 

olivine and pyroxene in the basalts ensures the build-up of 

vanadium in the hawalites before the precipitation of an ore 

mineral depletes the residual liquids in vanadium. 

Yttrium behaves as an incompatible element being enriched 

in the most evolved lavas. The concentration of yttrium in 

the Aden apatites is approximately 700 p.p.m. thus agreeing 

with Prinz (1967) that the element can concentrate in apatite. 

The fact that the levels of yttrium in the apatites are 

insufficient to deplete residual liquids in this element 

confirms the conclusion drawn earlier that the rapid depletion 

of strontium in lavas of S10 2  content greater than 58% is not 

caused solely by apatite fractionation. 

The concentration of zirconium increases with S102  over 

the entire range of rock types and ultimately attains levels 

at which zircon appears as an accessory phase. It is however 

also accepted into the earlier formed apatite lattice where 

it reaches levels of 1200 p.p.m. As with the other trace 

elements accepted by the apatite structure this has no 

apparent effect on the overall zirconium trend. Wager and 

Mitchell (1951) and Cornwall and Rose (1957) noted the 

tendency for zirconium to enter early - and late - stage 
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pyroxenes in quantities of 20-225 p.p.m. 

The average concentration of 100 p.p.m. zirconium in 

the basic Aden lavas and the trend of continuous enrichment 

does suggest that the total zirconium content of the 

crystallising phases was always less than the bulk zirconium 

content throughout the entire series of lavas. 

As with the major elements (Fig. 7.2), the trace element 

variation diagrams Indicate (Fig. 7.4) that the trends 

displayed by the trace elements in the most basic of the Aden 

lavas is most readily explained by invoking the fractionation 

of approximately equal quantities of olivine and clinopyroxene. 

Thus the trace elements Nb, V, Y and Zr appear to 

display trends compatible with the fractionation of phases 

either Including or excluding these elements. On the other 

hand, the elements Ba and Sr, in particular Sr, display trends 

which indicate, as does A1 203, that feldspar, in particular 

plagioclase in the hawaiitic lavas, failed to undergo 

fractionation. 

The possibility that the inconsistencies between petro-

graphy and chemistry in the Aden lavas under discussion could 

be explained in terms of high pressure processes are rejected 

on the following grounds. 

The hawaiites, mugearites and more evolved rock types 

in which the anomalies occur are typical of high-level 

fractionation sequences (Macdonald, 1968; Upton and 

Wadsworth, 1972). 

Field evidence (Cox et al., 1969,1970) indicates the 

presence under the Aden volcano of a high-level magma chamber. 
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The discussion in Chapter 5 of this thesis, on the Shamsan 

Caldera Sequence, indicates that fractionation probably 

occurred in this chamber. 

These factors in association with the strong chemical 

evidence that the anomalies are being produced solely by 

one phase (feldspar) and not by the earlier crystallising 

olivine and clinopyroxene suggest that the bulk of the 

variation displayed by the lavas of the Aden volcano has 

been produced at low pressure. Subsequent discussion is 

therefore based on this conclusion. 

7.3 'WHOLE ROCK - AGGREGATE PHE2OCRYST COMPOSITION - GROUNLZ4ASS 
TIE-LINES 

In order to assess more fully the part played by the 

individual crystallising phases in the evolution of the Aden 

lavas, certain selected variation diagrams are presented in 

Fig. 7.5. These diagrams display the tie-lines between the 

whole rock composition, aggregate phenocryst composition and 

grounclniass composition of the specimens for which mineral-

ogical analyses are available. The aggregate phenocryst 

composition of a specimen was calculated from the composition 

of the individual phenocryst phases (Chapter 4), their 

modal proportions in the specimen (Appendix C) and their 

estimated densities. No density measurements were made of 

the Aden minerals and appropriate values were taken from 

Deer et al. (1963) and Carmichael (1962). The composition 

of the aggregate was subtracted (extracted) from the whole 

rock composition (Appendix B) and the composition of the 

groundmass calculated from the remainder of the whole rock 



FIG. 7.5 

Tie-lines between whole rock, aggregate phenocryst 

composition and groundmass for 14 specimens 

covering the range in compositions of the Aden 

lavas. 

• = Whole rock composition 

• = Aggregate phenocryst composition 

—9 Groundmass composition 
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composition. Table 7.1 shows the calculated aggregate 

phenocryst and groundinass compositions of the specimens 

presented in Fig. 7.5. 

Bowen (1928) showed that the tie-line connecting the 

groundinass (residual liquid) and the aggregate composition 

of the phenocrysts (extract) of a specimen which has undergone 

fractional crystallisation should lie approximately parallel 

to the bulk compositional trend of the sequence to which the 

specimen belongs. Thus a porphyritic rock, as long as it 

retains the same amounts of phenocrysts that originally 

crystallised, will still lie on the bulk compositional trend. 

If the specimen has either been enriched or depleted in 

phenocrysts, the tie-line will no longer define a portion of 

the original trend. 

If the trend displayed by the whole rock compositions in 

Fig. 7.5 define approximately the overall Aden trend (. 

Fig. 3.1), it is seen that the basaltic specimens and the 

more evolved specimens, such as those from the Shamsan caldera, 

do possess tie-lines which define a portion of the overall 

trend. It is therefore reasonable to assume that these 

specimens have been produced by fractional crystallisation 

processes. 

A more obvious feature of Fig. 7.5 however, is the 

tendency for the tie-lines of the hawaiitic lavas to lie 

across the general trend. In such cases the calculated 

composition of the liquid (groundmass) cannot possibly give 

rise to more evolved liquids along the liquid line of descent. 

Evidently the phenocryst content of the hawaiites from which 

the groundmass composition is calculated, does not represent, 
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TABLE 7.1 

Calculated aggregate phenocryst and groundmass compositions. 

Fe 20 3  and FeO values based on reduced whole rock analyses. 

nod. not determined. 

SPECIMEN A916 ASOl A766 A826 A825 A852 A869 A755 A823 A798 A786 A762 A880 A858 

AGGREGATE PI-LENOCRYST COMPOSITIONS 

Si02  40.9 41.8 49.7 53.0 54.2 53.2 51.4 50.0 46.5 55.7 52.6 51.5 56.8 67.0 

T102  0.18 0.0 no do nod. 0.17 0.14 2.81 no do 5.56 2.92 3.0 3.02 1.04 0.02 

A1 203  
0.4 8.92 17.5 29.7 26.9 24.6 19.7 20.1 14.70 17.2 17.3 17.5 18.4 19.3 

Fe203  0.0 0.19 1.14 nod. 0.78 0.60 0.68 no do 4.11 1.67 2.06 3.23 5.53 0.28 

FeO 21.1 17.90 5.5 no do 1.09 3.84 6.65 nod. 13.4 8.42 11.0 10.5 4.80 0.0 

MnO 0.45 0.38 no do n.d. 0.01 0.05 0.25 nod. 0.45 0.29 0.43 0.38 0.21 0.0 

MgO 31.9 25.6 7.69 0.0 0.87 2.90 3.41 3.11 3.99 1.70 1.80 1.59 0.31 0.0 

CaO 4.46 3.98 14.09 12.4 10.7 9.07 9.20 8.19 5.74 3.93 4.46 4.61 2.71 0.21 

Na20 0.10 0.95 2.94 4.59 4.74 4.58 4.52 4.77 4.48 6.78 6.09 6.20 6.89 7.52 

K 2  0 0.0 0.08 0.12 0.24 0.48 0.47 0.45 0.63 0.53 1.57 0.77 0.93 1.88 5.60 

GR0UNE4ASS COMPOSITIONS 

5i02 49.7 47.6 45.6 49.3 46.3 50.2 60.2 58.8 65.1 65.8 65.8 66.7 68.2 69.7 

T1 2  1.75 3.08 nods n.d. 3.97 4.25 1.49 nod. 0.21 0.46 0.57 0.28 0.38 0.27 

16.2 14.5 13.5 13.7 12.0 12.0 11.7 11.2 14.9 13.6 14.1 13.9 13.7 12.9 
23 

Fe20 3  2.48 3.21 3.75 no d. 3.95 3.47 3.36 nod. 1.91 2.36 1.90 2.84 1.32 1.24 

FeO 5.11 9.13 11.1 no do 1.7 9.76 7.61 nod. 2.88 3.19 3.39 3.68 3.73 2.77 

MnO 0.14 0.19 no do nod. 0.31 0.21 0.20 no do 0.24 0.22 0.27 0.24 0.25 0.15 

MgO 7.43 5.26 4.36 3.96 3.17 2.77 1.66 1.04 0.24 0.68 0.66 0.54 0.33 0.26 

CaO 11.7 10.9 10.08 9.82 8.37 8.80 3.30 3.74 3.18 2.49 2.00 1.79 1.37 0.92 

il a20 2.72 3.02 3.05 3.21 3.33 3.23 4.65 3.87 5.87 4.75 5.5 5.41 5.54 5.04 

20 0.94 1.11 0.98 1.59 2.16 2.36 3.94 4.23 3.56 4.22 3.80 4.07 4.27 5.27 



151 

in the correct proportions, the phenocrysts that were removed 

from the liquid to create the bulk compositional trend. 

Fig. 7.5 also shows that the diagrams in which the 

tie-lines display the most marked cross-trends are those 

of A1203 , CaO, Na20 and K20 vs. S102
6 

Some of the specimens 

in fact display completely reversed trends to those which 

might be anticipated. 

The question as to whether an anomalous aggregate 

phenocryst composition represents an addition or depletion 

of one or more phases can be answered by inspecting its 

composition in relation to the phenocryst phases present. In 

each of the anomalous specimens,the aggregate phenocryst 

composition is displaced towards the composition of plagioclase, 

strongly suggesting an enrichment of this phase in the 

specimen. This is particularly noticeable in the three 

hawailtes A825, A826 and A852 and to a lesser extent in a 

fourth hawaiite A766. The origin of the hawaiitic lavas of 

the Aden volcano is discussed in the following section. 

7.4 ORIGIN OF THE HAWAIITIC SUB-GROUPS 

Five sub-groups of hawaiites are recognised in the Aden 

volcano and their main petrographic features are described 

in Chapter 2. The chief chemical differences between the 

five groups are displayed in Fig. 7.6. 	With the exception 

of the aphyric type 5 hawaiites, the other four sub-groups 

tend to form coherent groups in which the type 4 hawaiites 

are, as their petrography suggests, distinctly more basic in 

character. 'Whilst some overlap is observed between the 

other groups, the more abundant ones are nonetheless chemically 
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distinct. The type 5 hawailtes on the other hand appear 

chemically to be of two different types, one group being 

distinctly more basic than the other. The more basic group 

were erupted from the Amen Khal Parasitic Centre whilst the 

more evolved group form part of the earlier Main Cone Series. 

The hawaiites can be further related in the simple phase 

diagrams displayed in Fig. 7.7 which show the simplified 

atmospheric pressure phase relations in dry tholelitic magmas. 

Boundaries in the diagrams are based on the work of Tilley 

et al. (1963,1964,1965 and 1967). 	Compositions, adjusted to 

an oxidation ratio of 24 Wt.%, are projected from each apex 

of the quaternary olivine-diopside-plagioclase-quartz after 

the method of O'Hara (1965), Cox and Hornung (1966) and 

Clarke (1970). It is usual not to plot evolved compositions 

in the basalt tetrahedron (Yoder and Tilley, 1962). If less 

than 80% of the total analysis plots in the system, the 

projection scheme breaks down. The comparatively high (Na + 

K)/Ca ratio of some of the Aden hawaiites, in particular the 

type 2 sub-group, means that they exceed this restriction. 

The analyses are however still plotted, for completeness, 

and some distortion may therefore have occurred in the 

projection of these compositions. 

The distribution of the hawaiites and the few basa].ts 

within the simple basalt tetrahedron (Fig. 7.7) is consistent 

with the order of crystallisation of the phenocryst phases 

determined for some of the Aden lavas by Humphries and Cox 

(1972) in a one atmosphere study. The basalts lie within 

the olivine field close to the cotectic zone where the entry 

of all or further phases occurs within a thirty degree 



FIG. 7.7 

Projection of the Aden basalts and hawailtes 

into the quaternary Olivine - Clinopyroxene - 

Plagioclase - Quartz. 

Symbols as in Fig. 7.6. 

Enclosed area represente field of 

crystallisation of all three phases within 

300C interval. 

Dashed lines represent approximate trend of 

liquids in equilibrium with all three phases. 
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temperature interval. The type 4 hawaiites lie within the 

cotectic region. The highly feldsparphyric hawaiites lie 

well within the plagioclase field and are separated from the 

cotectic region by the Main Cone type 5 hawailtes. 

The position of the type 1, 2 and 3 hawaiites within the 

feldspar field is consistent with the data of Humphries and 

Cox (1972) who noted that the feldsparphyric hawaiites had 

a large crystallisation interval of plagioclase before the 

crystallisation of other phases. They also noted that, 

whereas some of the aphyric hawaiites possessed a large 

interval of plagioclase crystallisation, others were cotectic. 

Inspection of the data of Humphries and Cox (1972) indicates 

that the Amen Kha]. type 5 hawalites are cotectic and that 

the Main Cone type 5  hawaiites possess the interval of 

plagioclase crystallisation which is consistent with their 

respective positions in the cotectic region and plagioclase 

field of Fig. 7.7. 

Yoder (1969a, 1969b) showed that increasing water 

pressure in simple water-saturated systems such as Ab-An-H20 

and Di-An-H20 had the effect of depressing the eutectic 

temperature and also of shifting the eutectic markedly towards 

anorthite-rich compositions. Thus the position of the Main 

Cone type 5 hawaiites in the plagioclase field of Fig. 7.7, 

and the fact that they have plagioclase on the liquldus 

(Humphries and Cox, 1972), might be taken to indicate that 

they crystallised under a slightly elevated water pressure. 

Constraints within the one atmosphere phase relations 

preclude the possibility of liquids derived from magmas 

equilibrating with olivine and/or clinopyroxene, such as the 



156 

Aden basalts, from entering the plagioclase field. The 

expected crystallisation path would be along an olivine 

and/or clinopyroxene control line to the cotectic at which 

plagioclase begins to crystallise. Further crystallisation 

would be along the cotectic, and not into the plagioclase 

field. 

If it is accepted that the various types of hawailtes 

are genetically related, and field chemical petrographic 

and mineralogical evidence suggests that this is so, the 

position of the types 1, 2 and 3 hawalltes within the one 

atmosphere plagioclase field is most readily explained by 

invoking, either the removal of olivine and c].inopyroxene 

from, or the addition of plagioclase to, the magma. In the 

light of the anomalous major and trace element trends discussed 

earlier, the latter alternative is preferred. 

Cox and Bell (1972) introduced the mechanism of 

"selective fractionation" of ferromagnesian minerals to 

produce feldspar enriched rods in the New Georgia lavas 

(Stanton and Bell, 1969), and outlined several ways in which 

lavas could be enriched in feldspar. Cox and Bell (1972, 

Fig. 5) showed the idealised bulk compositional trends for, 

plagioclase flotation without fractionation of pyroxene and 

olivine, fractionation of olivine and pyroxene with plagioclase 

remaining static, the fractionation trend when all three 

phases fractionate perfectly and an example of perfect 

fractionation of olivine and pyroxene with imperfect 

fractionation of plagioclase. Of these four trends, the 

type 1 hawaiites approximate most closely to the first, that 

of plagioclase flotation. The trend of the type 1 Aden 
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hawaiites points almost directly towards the plagioclase 

apex in Fig. 7.7. On the other hand, the types 2 and 3 

hawaiites are seen in Fig. 7.7 to approximate to the case 

of olivine and pyroxene fractionation with plagioclase 

remaining static. Although data are sparse a suggestion 

exists that the type 3 hawaiites are more 3102  rich and may 

therefore have undergone more successful fractionation of the 

three phenocryst phases. 

The behaviour of the type 4 hawailtes is consistent 

with their having been derived from the basalts by orthodox 

fractionation processes, and is considered likely that the 

type 4 hawailtes were themselves the parental material from 

which the feldaparphyric and aphyric hawaiites were derived. 

That plagioclase addition alone could have produced the 

type 1 hawailtes from the type 4 hawaiites can be seen in the 

plagioclase projection in Fig. 7.7 where the two types of 

hawaiite are clearly seen to be fairly closely grouped. 

The separation of the types 2 and 3 hawailte in the plagioclase 

projection indicates that they most probably have been 

derived by a mechanism involving more than simple plagioclase 

addition. 

An important implication of the above hypothesis is, that 

if the feldsparphyric hawaiites were derived from type 4 

hawaiitic magmas by flotation of the plagioclase, as in type 1 

hawaiites, or by "selective fractionation" of the ferromagnesian 

phases in the types 2 and 3 hawalites, the upper reaches of 

a magma column would be relatively enriched in highly 

£eldsparphyric magma. Such magmas would therefore be among 

the first to be erupted. Although insufficient field evidence 



exists at present to define closely any systematic variation 

in the rock type erupted throughout the development of the 

Main Cone Series, some tentative conclusions can be drawn. 

Evidence from west of Ras Antuk (Map 1) shows that if 

the overall dip of the lavas is in the order of 10-15, the 

type 4 hawaiite A889 is stratigraphically higher than the 

type 1 hawailte A892. East of the 460 m hill on the Jebel 

Shamsan horseshoe, the three type 5 hawaiites A902, = and 904 

are underlain by the two type 1 hawaiites A905 and A906. 

South-south-east of Aidnis Hill two type 5 hawaiites A846 

and A847 clearly overlie the type 2 hawaiite A848. South-

west of Shamsan South, type 1 hawaiite A761 in a lava of 15°  

dip is stratigraphically lower than the type 4 hawalite A764 

and also probably lower than the other hawaiites A766, 768  

and 7. None of the field evidence available at present 

suggests that the feldsparphyric hawaiites at any point in 

the Main Cone Series of lavas overlie the aphyric type 5 and 

basic type 4 hawalites. No firm conclusions can be drawn 

from the few hawaiitic lavas found in the other stratigraphical-

structural units. 

The causal mechanism of imperfect fractionation or even 

flotation of plagioclase may be explained by examination of 

Fig. 7.5 in which the most marked cross-trending tie-lines 

are those of the hawaiitic lavas. At this point in the 

evolution of the volcano iron-enrichment is the most marked, 

and it is therefore at this point that the smallest density 

difference presumably existed between the crystallising phases 

and the liquid from which they were crystallising. Whilst 

olivine and pyroxene, by virtue of their greater density 
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difference, were probably little affected by this factor, it 

is likely that even the comparatively dense calcic plagio-

clases found in the feldsparphyric hawaiites were only 

marginally more dense in the case of the types 2 and 3 

hawaiites or in fact less dense than the liquids of the 

type 1 hawaiitic magmas. The tendency for iron-rich magmas, 

like those of the Aden hawalites, to be more viscous 

(Bottinga and Weill, 1972), as well as more dense (Bottinga 

and Weill, 1970), than more magnesian magmas probably 

exaggerates the effect. The decidedly iron-rich character 

of the groundmass of the type 1 hawalites was described in 

Chapter 2. The same degree of iron-enrichment in the 

other feldsparphyric hawaiites was not observed. 

The comparative impoverishment of iron in the most basic 

lavas and the more evolved lavas ensured a greater density 

difference between the liquid and the crystallising phases, 

even the alkali feldspars in the trachyandesites. This 

allowed fractionation of the feldspar to occur and thus 

enabled tie-lines between bulk, extract and liquid in these 

specimens to lie approximately parallel to the overall trend 

of the Aden lavas. 

The possibility of feldspar flotation in magmas in which 

iron-enrichment has occurred, has been discussed by Tilley 

et al. (1965) and Bottinga and Weill (1970). The calculations 

of Bottinga and Weill (1970) indicate that in the classic 

example of an iron-enriched magma, the Skaergaard intrusion, 

there was an initial increase in density of the liquid in 

response to the iron-enrichment. A subsequent increase 

in H20 concentration in the magma reversed the trend and 



ensured a decrease in density. Bottinga and Weill (1970) 

concluded that the flotation of plagioclase in the 

Skaergaard magma was a strong possibility at the stage 

at which iron but not water had increased in concentration. 

Petrographic evidence for the Skaergaard intrusion however 

indicates that feldspars sank in the magma and at best 

therefore the calculations of Bottinga and Weill (1970) can 

only be considered semi-quantitative. 

In contrast to the Skaergaard intrusion, field evidence, 

albeit not fully documented, does appear to exist in the 

Aden volcano that supports the hypothesis of non-fractionation 

and possibly feldspar flotation in the hawailtic lavas. 

Although no density data exist for the Aden lavas, it is 

clear that iron-enrichment is greatest in the hawaiites. 

This factor, with attendant fluctuations in water content 

in the magma, could, it is believed, have been the prime 

cause of the derivation of the observed petrographic 

features of the Aden hawaiites. 
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ANALYTICAL TECHNIQUES 
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A.1 SPECIMEN PREPARATION 

Powders for bulk chemical analysis were prepared from 

hand specimens by the following procedure. 

A representative portion of the hand specimen (Volborth, 

1969) was scrubbed clean with a bristle brush under 

running water, rinsed in de-ionised water, and allowed 

to dry in air. 

The hand specimen was then split into small pieces of 

maximum size 2 cms using a CUTROCK hydraulic jaw 

splitter. At this stage weathered edges were rejected. 

The chips were further ground on a tungsten carbide 

mortar and pestle to approximately 10 mesh B.S. 

A representative portion of about 200 g of these small 

chips was obtained by the "cone and quarter" method. 

This portion was then reduced to -100 mesh by grinding 

in a TEMA disc mill for about 2 minutes. The particle 

size was checked by sieving through nylon mesh. Strong 

(1970) noted a rise in nickel and chromium content with 

grinding time in this model of disc mill. The nickel 

and chromium content of the Aden lavas were therefore 

checked at an early stage by grinding a few of the more 

basic lavas in an agate ball mill for about 40 minutes. 

Generally low concentrations of these elements were 

detected and the more rapid grinding method was there-

fore adopted in the remaining specimens. 

The resulting sieved powder was transferred to a glass 

bottle, dried at 1050C  for 24 hours and stored in 

sealed bottles until required. 
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A.2 X-RAY FLUORESCENCE ANALYSIS 

With the exception of FeO, Na 20 and H2O, all major and 

trace elements examined in the Aden lavas were determined by 

this technique. The theoretical basis of X-ray analysis is 

well established and the general principles have been dis-

cussed by Adler (1966) and Jenkins and De Vries (1967). 

The method of analysis used for the major elements was 

essentially the fusion technique of Rose et al. (1963).  The 

specimen, Specpure lanthanum oxide, and Specpure lithium 

tetraborate, in the proportions 1:1:8, were fused in graphite 

crucibles at 10500C. Lanthanum oxide was used as an 

absorption buffer in order to minimise matrix effects. Lithium 

tetraborate was used as both a flux and a diluent. The flux 

and the heavy absorber were dried at 500 0C before use. 

Absolute quantities used were generally 0.7500 g sample and 

lanthanum oxide and 6.000 g lithium tetraborate. Weight 

losses during fusion seldom exceeded 30 mg and this was made 

up after fusion by additional flux in order to maintain the 

correct dilution. 

The resulting glass bead was crushed to -200 mesh in 

a GLENCRESTON tungsten carbide ball mill. Forty minutes were 

required for this step. This stage was later superseded by 

a tungsten carbide TEMA disc mill which produced the same 

size powder in 2 minutes. 

The dried fusion powder was pelletised and backed with 

boric acid powder which was compressed at a pressure of 

15 tons for 45 seconds. A range of standard compositions 

were prepared by the same methods. 



A-4 

The high dilution of trace elements in the specimens 

minimises absorption and matrix effects and therefore enabled 

determinations to be carried out on the -100 mesh bulk powders. 

The intensity of the background radiation was also measured 

and peak to background ratios were calculated after the method 

of Andermanri and Kemp (1958). As with the major elements, the 

unknown specimens were measured against similarly prepared 

standard materials. 

The well-known standards of the U.S.G. S., AGV1 9  BCR1 9  

IYTS1 1, G2, GSP1 and PCC1 were used; 

Flanagan (1969) and Fleischer (196 1  

A number of the National Bureau of 

also used; they were NBS76, NBS77 

were further supplemented by three 

mental standards, El. E2 and E3. 

the recommended values of 

were adopted throughout. 

Standards materials were 

and NBS91. These standards 

well-established depart- 

The bulk of the determinations were carried out on a 

PHILLIPS PW1212 automatic X-ray spectrometer. The operating 

conditions are listed in Table A.1. Some of the early major 

element determinations were carried out on a manually operated 

PHILLIPS PW1540 X-ray spectrometer. These analyses were 

repeated on the automatic machine and comparable results were 

obtained. 

A computer program by Appleton (1970) was used to carry 

out instrument drift corrections, calculate peak to background 

ratios where necessary, and calculate a least squares 

regression line for the standard materials against which the 

unknown specimens were measured. 

Estimates of precision of both the major and trace element 



TABLE A.l 

Operating conditions for X-ray fluorescence analysis. 

Pulse Height Analysis 

Automatic with the exception of Mg. 

Counter 

F = Gas flow proportional counter 
S = Scintillation counter 

Collimator 

F = Fine collimator 
C = Coarse collimator 

Time 

Counting time in seconds 

Measurement 

Counts on peak only for all major elements except phosphorus and magnesium. 
Counts on peak and background made for all the trace elements. 



LULL .1 

Element Ky mA Crystal 249 Counter Time Collimator Vacuum Tube 	Notes 

Si 60 24 PET 109.21 F 20 C YES Cr 
Ti 60 24 LiF 86.14 F 10 F YES Cr 
Al 60 24 PET 145.12 F 20 C YES Cr 
Fe 60 24 LIF 57.52 F + S 10 F YES Cr 
Mn 60 24 US 62.97 S 20 F NO W 

Mg 40 32 KAP 43.60 F 100 C YES Cr 	Discriminate against 
4th order La 

Ca 40 20 PET 45.20 F 10 F YES Cr 
K 60 24 PET 50.69 F 10 F YES Cr 
P 60 24 PET 89.56 F 40 F YES Cr 
Ba 80 20 LIF 11.02 S 20 F NO W 
Cu 80 20 L1F 45.03 S 40 F NO W 

Nb 80 20 LIP 21.40 5 40 F NO W 
Rb 80 20 LIF 26.62 S 40 F NO W 

Sr 80 20 US 25.15 S 40 F NO W 
Th 80 24 US 27.47 S 40 F NO W 

V 80 20 US 76.94 S 20 F NO W Correction for Ti 
KO 

Y 80 20 L1F 23.80 8 40 F NO W Correction for Rb KO 
Zn 80 20 US 41.80 S 40 F NO W 
Zr 80 20 LIP 22.55 S 40 F NO W Correction for SrKO  

7I 
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determinations are based on repeated measurements on one of 

the Aden specimens. The results are presented in Table A.2, 

and in general, are comparable with the precision reported by 

other workers at Edinburgh who used the same techniques. 

The accuracy of the method was checked by running 

several of the standards as unknowns. The results are 

presented in Table A.3. 

A-3 WET CHEMICAL ANALYSIS 

All reagents used throughout the wet chemical analyses 

were of AnalaR grade. 

FeO. The method of Wilson (1955) was used throughout 

to determine the ferrous content of the specimens. The 

technique involves the cold solution of about 0.75 g bulk 

powder in 10 ml hydrofluoric acid in excess (. 0.1 g) 

ammonium inetavanadate. As ferrous ions are released into 

solution they are oxidised by the vanadate. After solution 

is complete the excess vanadate is back titrated against an 

acidified solution of newly standardised ferrous ammoniuzn 

sulphate. The titration is carried out in a large volume 

(ca. 300 ml) of 5% w/v boric acid which complexes the hydro-

fluoric acid. The indicator used was sodium diphenylamine 

suiphonate in the presence of orthophosphoric acid. The 

precision of the method is calculated from the formula of 

Yo u d e n (1 9 6 3) 	which estimates the standard 

deviation and coefficient of variation from duplicate analyses 

on a number of specimens. The results are presented in 

Table A.4. 
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TABLE A.2. 

Precision of X-ray techniques for both major and trace elements. 

wt.% n x R a C.V. 

SO  8 48.36 0.75 0.288 0.60% 

T102  8 1.58 0.13 0.041 2.6% 

Al 23 8 14.59 0.39 0.129 0.88% 

Total Fe 8 9.90 0.41 0.120 1.2% 

MgO 8 9.79 0.72 0.291 3.096 

CaO 8 10.86 0.27 0.090 0.83% 

K 
2 
 0 8 0.87 0.06 0.021 2.4% 

8 0.33 0.05 0.015 4.5% 

p .p.m. 

Ba 11 339 75 23 6.7% 
Cu 11 100 19 5.7 5.8% 
Rb 11 29 7 1.9 6.6% 
Sr 11 330 29 9.3 2.8% 

Y 11 21 9 2.7 12.6% 

Zn 11 63 21 7.5 11.9% 

Zr 11 117 10 4.0 3.4% 

n - Number of determinations 

- Mean concentration 

Ft - Range of concentrations 

a - Standard Deviation 

C.V.= Coefficient of Variation. 



TABLE A.3 

Accuracy of X-ray techniques. 

AGV1 

(b) 

58.99 

1.08 

17.01 

6.80 

1.49 

4.98 

2.89 

0.48 

BCR1 

(a) (b) 

54.55 54.48 

2.22 2.23 

13.39 13.65 

13.37 13.50 

3.41 3.28 

7.12 6.95 

1.74 1.68 

0.37 0.36 

GSP1 

(a) (b) 

66.84 67.27 

0.68 0.69 

14.96 15.11 

4.33 4.33 

0.98 0.95 

1.99 2.03 

5.46 5.48 

0.26 0.28 

si02  

Ti02  

Al 203 

Total Fe 

MgO 

CaO 

K 2  0 

(a) 

59.57 

1.06 

17.08 

7.02 

1.48 

5.06 

2.96 

0.47 

= Mean of 6 determinations as an unknown. 

Recommended values of Flanagan (1969) and 
Fleischer (1969). 



TABLE A.L. 

FeO determinations. Precision of method of 

Wilson (1955). 

Number of duplicate determinations 	50 

Range of concentrations 	 8.91% 

Standard Deviation 	 0.0258 

Coefficient of Variation 	 3.9% 

A-9 
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Sodium determinations were carried out by 

flame photometric methods as described by Vincent (1960). 

Approximately 0.1 g specimen was digested in a mixture 

of concentrated nitric and hydrofluoric acids in a platinum 

crucible. Excess fluorides were then removed by addition 

and subsequent evaporation to dryness of 1:1 sulphuric acid. 

The residue was brought back into solution in dilute sulphuric 

acid and transferred to a volumetric flask and made up to the 

mark. Insoluble calcium sulphate was allowed to settle and 

the solution was compared against standard solutions using an 

EEL flame photometer. A double sodium filter was used to 

minimise the interfering effects of calcium that remained in 

solution. This does however reduce the sensitivity of the 

method which could not therefore be used in low sodium, high 

calcium specimens. Estimates of the precision are given in 

Table A.5. 
+ 

Combined water in the specimen was determined 

by the method of Shapiro and Brannock (1956). The flux of 

two parts lead oxide to one part lead chromate recommended 

by Peck (1964) was used. Approximately 1 g of specimen was 

fused with about 3 g flux in a test tube and the evolved water 

collected on a previously weighed piece of filter paper. On 

reweighing the weight of water evolved was obtained by 

difference. An estimate of the precision of the method is 

given in Table A.6. 
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TABLE A.5. 

Na20 determination. Precision of flame photometric 

method. 

No. of determinations 

Mean (wt. %) 
	

5.04 

Range of concentrations 
	0.16 

Standard Deviation 
	 0.067 

Coefficient of Variation 	1.3% 
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TABLE A.6. 

H2O determinations. Precision of modified method 

of Shapiro and Brannock (1956) 

Number of duplicate determinations 	13 

Range of concentrations 	 2.98% 

Standard Deviation 
	

0.0626 

Coefficient of Variation 	 5.9% 
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A.4 ELECTRON MICROPROBE ANALYSIS 

All mineral analyses were carried out using this 

technique. Polished thin sections of a number of specimens 

were prepared and examined in a CAMBRIDGE SCIENTIFIC INSTRUMENTS 

Microscan 5 Electron Probe Microanalyser. The procedure 

followed is essentially that of Sweatman and Long (1969). Each 

element was measured against a well-established standard of 

simple composition. The general operating conditions are 

listed in Table .&.7. 

Instability of the standards under the electron beam was 

only noted in orthoclase. This was only apparent after 

prolonged exposure and could be overcome by defocussing the 

electron beam from about 1 pm to a diameter of about 5 pm. 

Some instability in the feldspars of the specimens was success-

fully overcome using this technique. 

The intensities of each element present were then con-

verted to apparent concentrations by carrying out a dead-time 

correction on the counts obtained on the peak, subtracting the 

background intensity, and relating this net intensity to the 

equivalent intensity obtained on the standard. Apparent 

concentrations were then converted to real concentrations by 

a computer program available at Edinburgh which corrected for 

the atomic number, absorption, and fluorescence differences 

between the standard and the specimen. 

Precision of microprobe analyses is largely governed by 

the stability of the electron beam and the counting statistics. 

Other components such as lens power supplies, counter supplies 

and nucleonics are designed to operate within very narrow 

limits and are effectively stable. 
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TABLE A.7. 

Operating conditions for microprobe analysis. 

Element Standard Conc. Analysing 2Q Approximate 
Crystal Count Rate 

on Standard 

Si Woflastonite 24.00 KAP 31.04 4000 c/s 

Ti Metal 100.00 LiF 86.14 6000 c/s 

Al Corundum 52.92 KAP 36.50 8000 c/s 

Cr Metal 100.00 LiP 69.36 6000 c/s 

Total Fe Metal 100.00 L1F 57.52 8000 c/s 

Mn Metal 100.00 LIF 62.97 7500 c/s 

Mg Periclase 60.32 KAP 43.60 5500 c/s 

Ca Wollastonite 34.32 LiP 	113.09 2000 c/s 

Na Jadeite 11.34 KAP 53.13 350 c/s 

K Orthoclase 12.40 PET 50.69 2000 c/s 

Accelerating Potential = 20 KY 

Probe Current 	 0.03 microamps (30 nanoamps) 

Gas flow proportional counters used throughout. 

Counting time: Variable between 40 and 60 seconds. 

Pulse Height Analysis: Manually set for each element. 

Net  Intensity - Peek intensity - Background intensity. 
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Electron beam stability was monitored by a Faraday cage 

inserted into the path of the electron beam after the final 

aperture. It was usually possible to maintain the probe 

current to within + 0.5% of the nominal figure of 30 nanoamps. 

The lower count rates achieved in microprobe analysis 

compared to X-ray fluorescence analysis decreases the 

precision with which an element can be determined in a given 

time. The count rates listed for the standards in Table A.7 

show for example that the precision of a sodium determination 

will be poor compared to that of aluminium or silicon. 

Increased counting times overcome only partially this factor, 

as beam stability and specimen instability become more 

significant with increased counting times. Counting periods 

throughout the analyses were therefore always a compromise 

between the desired precision and suitable counting times. 

A- 5 OPTICAL DETERMINATIONS 

The modal data presented in Appendix C was determined 

on a SHADOWMASTER projection microscope. This enabled the 

entire area of a thin section to be projected onto a screen 

over which was laid a point grid. The large feldspar 

phenocrysts were determined on a 600 point grid. The smaller 

and less abundant olivine, clinopyroxene and ore phenocrysts 

were determined on a 2400 point grid which covered the same 

area as the larger grid. The precision of the method was 

improved by the examination of a number of sections of each 

specimen. 



APPENDIX B 

WHOLE ROCK ANALYSES 



The chemical analyses carried out in this study are 

presented in the following tables. 

Table B1 Tawahi Series 7 analyses 

B2 Ma'a].la Series 9 

B3 Main Cone Series 31 

B4.1 Shamsan Caldera Sequence 18 

B4.2 Sham san Overflows 9 

B5 Tawela Ca].dera Series 6 

B6 Amen Kha]. Series 17 

B7 Intrusions 15 

B8 Miscellaneous 4 

Total 116 

Major elements are expressed in wt.%. 

Trace elements are expressed in p.p.m. 

C.I.E'.W. norms are expressed in wt.% and have been 
calculated on the reduced analyses. 

D.I. - Thornton and Tuttle (1960) Differentiation Index. 

O.R. - Oxidation ratio expressed as a weight fraction 
(Fe203/FeO + Fe203 ) 

F/M - FeO + Fe203/FeO + Fe203  + MgO. 

n.d. - not determined. 

9 



TABLE B]. 

A865 A865 A750 A863 A864 A860 A862A 

S102  45.97 47.25 49.44 63.31 63,62 64.01 65.82 
Ti02  3.24 3.35 2.77 0.85 0.79 0.58 0.54 

Al 2°3 12.35 12.56 15.66 15.14 14.86 14.22 14.46 
Fe203  14.74 15.83 10.18 5.72 5.59 5.08 6.34 
FeO 1.14 1.26 2.77 0.92 0.85 2.22 0.39 
MnO 0.27 0.28 0.23 0.10 0.22 0.30 0.11 
MgO 1.94 2.08 2.30 0.74 0.69 0.24 0.55 
CaO 9.14 6.46 8.55 2.87 2.33 2.40 2.11 
Na20 3.28 3.51 3.66 5.03 5.13 5.69 5.06 
K 2  0 1.93 2.07 1.75 3.72 3.81 3.13 3.52 
1120  2.07 2.10 1.51 1.37 2.32 1.12 0.71 

1.25 1.28 0.85 0.21 0.17 0.07 0.08 
CO2  3.11 1.08 n.d. n. d. n. d. n. d. n. d. 

Total 100.43 99.11 99.67 99.98 100.38 99.06 99.69 

Ba 727 743 571 1118 1172 1349 1127 
Cu 61 62 52 19 9 14 20 
Nb 115 127 99 136 134 150 142 
Rb 56 56 56 131 129 101 116 
Sr 297 314 369 220 185 203 175 
Th 11 11 4 19 22 15 17 
V 186 132 351 22 16 0 8 
y 61 69 52 84 76 74 97 
Zn 135 147 104 156 144 157 185 
Zr 362 384 305 698 580 568 

763 

Q 4.27 3.28 0.19 12.15 12.46 12.48 1.23 
or 11.72 12.76 10.50 22.38 23.04 18.94 21.11 
ab 28.52 30.97 31.44 43.32 44.43 49.30 43.45 
an 13.64 12.93 21.45 7.88 6.41 4.11 6.44 
ac - - - - - _ 
di 3.73 3.98 13.53 4.46 3.67 6.70 3.16 
ny 16.15 17.90 10.78 4.80 5.24 3.95 5.51 
ol -  - - - - - - 
nit 5.33 5.82 4.72 2.86 2.79 3.22 2.87 
11 6.32 6.63 5.34 1.64 1.54 1.13 1.04 
ap 3.04 3.16 2.04 0.51 0.41 0.17 0.19 
cc 7.27 2.56 - - - - - 

D.I. 44.51 47.01 42.13 77.85 79.93 80.72 80.79 
O.R. 0.93 0.93 0.79 0.86 0.87 0.70 0.94 
F/M 0.84 0.89 0.85 



TABLE B2 

A879 A885 A881+ A754 A755 A853 A854 

5102 49.97 51.48 52.67 55.42 55.64 61.59 61.9 

TO   2.3 2.37 2.69 2.04 2.09 1.16 1.23 

Al 203 17.59 17.25 14.46 14.50 14.33 14.91 15.3 
Fe203  7.62 10.58 11.65 8.97 8.20 7.24 6.31 

FeO 2.76 0.96 1.13 2.38 1.98 0.63 0.85 
MnO 0.20 0.20 0.20 0.21 0.23 0.15 0.13 
MgO 2.88 2.56 2.64 1.95 1.77 0.86 0.85 

CaO 10.09 7.99 5.94 6.16 5.31 2.91 2.72 
Na20 3.59 3.99 4.20 4.01 4.18 4.92 5.09 
K 2  0 1.37 1.55 2.02 2.74 2.96 3.36 3.52 
H20 0.98 1.33 2.08 1.28 1.44 1.36 1.41 

P205 0.49 0.46 0.65 0.65 0.60 0.32 0.36 

Total 99.86 100.72 100.34 100.31 98.73 99.41 99.67 

Ba 478 427 436 865 710 671 653 
Cu 117 27 25 34 38 21 10 
Nb 60 68 113 120 119 166 161 
Rb 32 44 58 92 110 130 116 
Sr 424 397 336 298 325 250 253 
Th 7 7 16 11 8 25 25 
V 261 186 208 252 191 8 - 

Y 31 45 67 45 61 92 73 
Zn 102 96 140 133 148 155 120 
Zr 233 260 396 433 440 792 699 

Q - 1.09 3.44 5.73 6.38 11.93 11.28 
or 8.23 9.29 12.25 16.45 18.08 20.35 21.26 
ab 30.88 34.23 36.48 34.47 36.56 42.66 44.02 
an 28.29 24.92 15.02 13.69 11.99 889 8.69 
ac -  - - 

- - - 

di 16.08 10.24 9.17 11.05 9.47 3.22 2.30 
hy 6.35 10.73 12.51 9.30 8.48 6.51 6.11 
ol 0.99 - - - - - - 

mt 3.52 3.82 4.30 3.81 3.48 3.40 3.10 
11 4.48 4.56 5.24 3.94 4.10 2.26 2.39 
ap 1.18 1.10 1.58 1.56 1.47 0.78 0.87 

D.I. 39.11 44.61 52.17 56.65 61.02 74.94 76.55 
O.R. 0.73 0.92 0.91 0.79 0.81 0.92 0.88 
F/N 0.78 0.82 0.83 0.85 0.85 



TABLE B2 (Contd.) 

A875A A753 
62.81 65.69 

T1 2  1.16 0.67 
A1203  15.19 14.59 
Fe203  6.08 5.14 
FeO 0.93 0.51 
MnO 0.10 0.17 

MgO 0.89 0.42 

CaO 2.68 1.54 
Na20 4.74 5.11 
K20 3.61 4.37 
H20 1.33 0.87 
P205  0.28 0.11 

Total 99.80 99.19 

Ba 666 1000 
Cu 3 16 
Nb 172 162 
Rb 119 133 
Sr 240 148 
Th 20 22 
V 18 67 
Y 90 96 
Zn 144 134 
Zr 643 937 

Q 13.58 14.47 
or 21.75 26.36 
ab 40.90 44.13 
an 9.70 4.05 
ac -  - 

dl 1.70 2.61 
hy 6.43 4.39 
01 - - 

nit 3.03 2.43 
11 2.25 1.30 
ap 0.68 0.27 

D.I. 76.23 84.96 
O.R. 0.87 0.91 
F/N 

B-5 



IPM 

TABLE B3 

A766 A909 A876A A847 A825 A910 A877 
Sb 2  46.66 47.47 47.76 48.06 48.06 48.34 48.39 
Tb 2  2.79 2.71 3.89 3.21 3.09 2.76 2.74 
Al 23 14.52 14.70 12.27 13.92 15.39 14.61 16.42 
Fe203  7.52 9.32 7.04 10.36 9.86 6.54 9.50 
FeO 5.66 3.53 9.47 3.76 4.09 6.61 3.17 
MnO 0.21 0.20 0.28 0.25 0.24 0.22 0.22 
MgO 5.21 5.00 3.52 4.49 2.64 5.16 2.49 
CaO 11.09 10.42 8.70 8.89 8.91 10.36 10.08 
Na20 3.02 3.04 3.70 3.56 3.65 3.20 3.45 

0.76 0.95 1.91 1.60 1.77 0.98 1.28 
H 2  0 1.60 1.67 0.61 1.20 1.55 1.03 1.23 

2°5 0.37 0.35 0.74 0.74 0.58 0.36 0.50 

Total 99.41 99.36 99.89 100.04 99.83 100.17 99.47 

Ba 303 375 480 583 378 410 365 
Cu 82 53 118 55 147 771 105 
Nb 36 35 98 76 82 39 69 
Rb 18 30 64 39 58 22 35 
Sr 389 392 281 1467 357 400 384 
Th 1 5 11 8 13 13 6 
V 493 307 371 352 412 344 307 
Y 25 30 67 33 55 20 34 
Zn 98 86 136 112 131 84 116 
Zr 131 115 410 236 320 154 236 

Q 
or 4.61 5.78 11.40 9.63 10.71 5.86 7.75 
ab 24.24 26.50 30.76 30.68 31.64 27.40 29.91 
an 24.45 24.37 11.34 17.60 20.88 27.88 26.16 
ac - - - - - - 

di 24.32 21.82 22.97 18.54 17.40 22.03 18.25 
hy 0.72 5.75 - 2.92 0.85 4.82 5.42 
ol 8.74 5.20 8.10 7.85 6.37 6.29 1.62 
nit 4.58 4.42 5.74 4.80 4.78 4.55 4.32 
11 5.44 5.30 7.46 6.21 6.01 5.30 5.33 
ap 0.90 0.85 1.77 1.79 1.36 0.86 1.21 

+0.46 ne 

D.I. 30.85 32.38 42.62 40.31 42.35 33.26 37.65 
O.R. 0.57 0.73 0.43 0.73 0.71 0.50 0.75 
F/M 0.72 0.72 0.83 0.76 0.84 0.72 0.84 



MA 

TABLE B3 (Contd.) 

	

A925 	A889 	A764 	A905 	A848 	A923 	A838 
5102 	48. 	48 52 	.54 48.72 4373 48.94  77-07 49.21 
T10 2  3.05 2.76 2.68 3.37 3.45 3.32 3.51 
A1 203  16.32 14.95 14.28 15.18 15.52 13.88 14.93 
Fe203  7.58 9.14 7.20 7.27 10.64 9.55 3.75 
FeO 5.06 2.99 6.16 6.26 3.37 4.53 8.74 
MnO 0.23 0.21 0.22 0.24 0.25 0.25 0.24 
MgO 2.86 5.59 4.65 2.43 2.42 3.30 3.54 
CaO 9.09 10.54 9.90 8.63 7.86 8.26 9.17 
Na20 3.92 3.01 3.56 3.95 3.99 3.75 3.70 
K2  1.19 1.00 1.13 1.51 1.61 1.55 1.38 
H20 1.38 1.37 0.55 1.05 1.20 0.97 0.39 

0•69 0.40 0.37 0.75 0.75 0.85 0.92 

Total 99.89 100.50 99.42 99.57 100.00 99.28 99.48 

Ba 464 348 583 512 571 639 552 
Cu 44 56 58 26 47 18 56 
Nb 65 44 48 74 71 77 88 
Rb 30 29 27 42 45 46 30 
Sr 483 386 388 434 455 394 438 
Th 18 3 10 10 6 11 5 V 253 383 380 268 463 221 435 
Y 42 27 33 45 30 31 45 
Zn 87 77 100 100 100 110 104 
Zr 192 164 155 212 227 249 220 

Q - - - - - - 0.19 - 

or 7.17 b.00 6.78 9.16 9.70 9.37 8.23 
ab 33.82 25.85 30.58 34.33 34.42 32.47 31.61 
an 23.88 2.69 19.95 19.75 20.07 16.84 20.25 
ac - - 

- - - 

di 14.65 21.03 22.71 16.95 12.39 16.22 16.27 
hy 4.35 6.06 1.42 5.69 8.79 11.57 10.25 
ol 4.21 4.00 7.89 0.98 1.40 - 0.07 
mt 4.36 4.09 4.62 4.74 4.74 4.84 4.39 
1]. 5.91 5.32 5.17 6.54 6.68 6.45 6.73 
ap 1.67 0.96 0.89 1.82 1.61 2.06 2.20 

D.I. 40.99 31.85 37.36 43.49 44.12 42.02 59.84 
0.R. 0.60 0.75 0.54 0.54 0.76 0.68 0.30 
F/N 0.82 0.69 0.74 0.85 0.85 0.81 0.78 



TABLE B3 (Contd.) 

A846 A903 A904 A307 A908 A892 A837 

Si02  49.27 49.32 49.66 49.80 49.81 50.01 50.20 

Ti02  3,36 3.31 2.98 3.25 3.25 2.56 2.89 

A1203  14024 14.02 14.04 14.55 14.68 17.56 14.27 

Fe203  10009 10.45 9.23 7.70 6.78 8.72 7.37 
FeO 4.25 3.19 4.51 5.09 5.87 2.42 6.33 
ItxO 0.27 0.27 0.27 0.24 0.23 0.15 0.25 

MgO 3.09 4.21 3.06 4.21 3.88 2.48 2.85 

CaO 8,37 8.39 7.84 8,64 8.50 9.06 8.32 

Na20 3.81 3.76 4.05 3.88 3.93 4.02 3.62 

K20 1.6O 1.63 1.74 1.31 1.31 1.23 2.03 

H20 0.93 1.28 1.39 1.46 1.31 1.12 0.34 

P205  0.89 0.79 0.92 0.35 0.54 0.44 1.15 

Total 100.17 100.62 99.69 100.48 100.09 99.77 99.62 

Ba 228 579 584 530 447 370 757 
Cu 25 25 23 13 22 78 83 
Nb 92 83 86 61 54 62 121 
Rb 35 39 43 34 33 37 51 
Sr 428 408 398 799 450 429 414 
Th 3 4 9 8 15 4 8 
V 340 370 128 244 210 209 236 
Y 32 30 57 30 36 47 38 
Zn 102 124 119 97 113 96 112 
Zr 249 245 295 192 183 232 326 

Q - - - - - 
1.00  

or 9.9 9.82 10.52 7.85 7.86 7.41 12.13 
ab 32.70 32.43 34.98 33.31 33.78 34.69 30.96 
an 17.27 16.88 15.38  18.68 18.84 26.75 16.87 
ac - 

di 15.89 
- 

19.53 
- 

15.31 
- 

18.56 
- 

16.89 
- 

13.51 
- 

14.52 
hy 10.57 4.05 9.50 6.62 8.93 6.53 11.50 
o]. 0.62 5.56 1.57 3.48 1.75 1.31 - 

mt 4.75 4.63 4.72 4.40 4.37 3.77 4.72 
il .47 6.41 5.79 6.26 6.27 4.96 5.55 
ap 2.14 0.70 2.23 0.84 1.30 1.06 275 

D.I. 42.29 42.24 45.49 41.16 ki.64 42.10 44.09 
O.R. 0.70 0.77 0.67 0.60 0.54 0.78 0.54 
F/M 0.82 0.76 0.82 0.75 0.77 0.82 0.83 



TABLE B3 (Contd.) 

A826 A902 A876B A852 A851 A893 A833A 

50.30 50.35 51.12 51.24 51.33 53.49 53.99 
T102  2.22 3.29 3.06 2.75 3.02 2.29 1.86 

2°3 17.92 14.01 12.81 16.62 12.73 13.34 16.66 
Fe203  6085 5.75 10.24 7.10 9.48 11.06 4.48 
FeO 3.23 7.11 4.32 3.38 4.16 3.10 5.02 
MnO 0.19 0.27 0.22 0.15 0.21 0.30 0.23 
MgO 2.91 3.94 2.64 2.82 2.48 2.46 2.86 
CaO 10.51 8.41 6.54 8.89 6.17 5.82 6.41 
Na20 3.58 3.81 3.97 3.72 3.78 4.21 4.62 
K2   1.23 1.64 2.63 1.67 2.73 2.72 1.91 
F120 0.87 0.86 1.79 1.32 2.42 0.86 0.48 

P205 0.52 0.80 0.90 0.60 0.80 0.79 0.70 

Total 100.33 100.24 100.24 100.26 99.31 100.44 99.22 

Ba 424 614 639 492 702 743 623 
Cu 91 5 104 77 126 48 5 
Nb 56 83 126 79 114 116 98 
Rb 26 40 87 52 117 84 44 
Sr 433 399 299 388 282 286 933 
Th 8 7 11 14 10 13 10 
V 255 318 138 188 90 85 120 
Y 38 34 85 43 78 85 37 
Zn 87 106 161 73 134 193 115 
Zr 224 241 580 288 563 468 294 

O - 0.04 0.78 1.73 2.75 1.99 1.74 
or 7,4 9.78 15.89 10.02 16.75 16.26 11.45 
ab 30.57 32.54 34.35 31.95 33.21 36.04 39.66 
en 29.46 16.43 9.58 24.08 10.08 9.58 19.36 
ac -  - - - - - - 

di 16.40 16.90 14.85 13.87 13.73 12.22 6.88 
hy 6.88 11.73 11.58 8.05 10.81 12.87 12.33 
ol 0.44 - - - - - - 

mt 3.41 4.39 4.86 3.56 4.74 4.75 3.31 
11 4.26 6.29 5.94 5.30 5.96 4.40 3.58 
ap 1.24 1.91 2.18 1.44 1.97 1.89 1.68 

D.I. 37.91 42.35 51.01 43.70 52.72 54.29 52.86 
O.R. 0.68 0.45 0.70 0.68 0.70 0.78 0.47 
F/M 0.78 0.77 0.85 0.79 0.85 0.85 0.77 



ABLE B3 (Contd.) 

A886 A921 A840 
S102  62.79 66.86 66.91 
T1 2  0.53 0.37 0.68 
Al 2°3  

14.60 13.58 14.07 
Fe203  5.16 2.90 5.26 
FeO 2.46 2.56 0.77 
NnO 0.28 0.29 0.24 
MgO 0.29 0.28 0.15 
CaO 2.52 1.33 0.77 
Na20 5.85 5.73 5.63 
X20 3.82 3.96 4.15 
H20 0.90 1.45 0.72 

P205 0.06 0.03 0.10 

Total 99.32 99.34 99,45 

Ba 1036 1212 1004 
Cu 7 9 3 
Nb 207 222 164 
Rb 123 148 124 
Sr 186 31 92 
Th 19 21 18 
V 10 1 18 
Y 89 61 93 
Zn 174 183 150 
Zr 679 748 742 

Q 7.49 14.56 15.12 
or 23.00 23.94 24.93 
ab 50.44 48.90 48.42 
an 2.51 - 0.88 
ac - 0.61 - 

di 8.64 5.73 2.06 
hy s3.40 3.33 4.44 
01 - - - 

nit 3.35 2.14 2.59 
11 1.03 0.72 1.31 
ap 0.14 0.07 0.24 

D.I. 80.93 87.39 88.47 
09R. 0.68 0.53 0.87 
F/M 



B-U 

TABLE B4.1 

A799 A789 A901 A798 A900 A785 A784 

5102 61.95 62.04 62.77 62.78 62.93 63,41 63.55 
T102  1.30 0.78 1.09 1.21 1.07 1.02 1.00 
A1 203  1.25 14.50 14.70 14.72 14.71 14.79 14.63 
Fe203  5.34 2.55 3.67 3.39 3.67 4.58 3.63 
FeO 2.79 4.07 3.49 3.66 3.60 2.63 3.19 
MnO 0.25 0.27 0.28 0.24 0.24 0.25 0.26 
NgO 0.81 1.01 1.11 0.99 0.80 0.91 0.99 
CaO 3.22 2.61. 2.96 .93 2.44 2.49 2.55 
Na20 5.43 5.15 :.4L 5.37 5.64 5.54 5.62 
K2   3.25 3.62 3.17 3.1 3.51 3.35 3.31 

20  0.71 3.24 0.78 0.65 0.69 0.o4 0.2 

P205  0.33 0.17 0.25 0.31 0.28 0.21 0.21 

Total 100.63 100.01, 99.71 99.66 99.58 99.82 99.56 

Ba 940 1034 1051 923 964 991 1001 
Cu 11 10 1 11 3 3 3 
Nb 166 160 156 162 173 175 169 
Rb 111 132 112 115 117 113 108 
Sr 244 243 284 274 246 229 236 
Th 13 15 19 19 18 16 15 
V 95 8 - 86 24 27 37 
Y 45 53 49 45 77 51 47 
Zn 122 171 137 132 152 117 133 
Zr 531 541 524 565 573 543 553 

Q 9.27 10.61 10.64 10.66 9.57 10.88 10.81 
or 19.27 22.11 18.96 20.37 21.16 20.01 19.80 
ab 46.11 45.05 46.59 45.94 48.37 47.37 48.13 
an 7.67 5.95 6.41 6.06 4.37 5.65 4.98 
ac - - - - - - 

di 5.32 5.35 5.77 5.60 5.34 4.65 5.47 
hy 5.56 5.92 5.75 5.15 5.22 5.83 5.35 
01  
mt 3.54 3.06 3.18 3.15 3.24 3.15 3.04 
11 2.48 1.53 2.10 2.32 2.06 1.96 1.92 
ap 0.78 0.42 0.60 0.74 0.67 0.50 0.50 

D.I. 74.66 77.77 76.19 76.97 79.10 78.25 78.74 
O.R. 0.66 0.39 0.51 0.48 0.50 0.64 0.53 



B-12 

TABLE B4.1 (Contd.) 

A762 A786 A783A A788 A790 A792 A850 
S102  63.86 64.16 64.22 64.50 65.14 65.17 65.20 
T102  0.78 0.85 1.00 0.79 0.75 0.82 0.77 
Al 20 3 14.52 14.42 14.73 14,9 14.46 14.35  14.65 
Fe203  4.19 4.60 1.97 3.67 3.46 4.58 3.70 
FeO 3.11 1.86 4.41 3.04 2.75 2.37 2.35 
MnO 0.27 0.29 0.25 0.26 0.26 0.28 
MgO 0.73 0.79 0.2 0.57 0.50 0.68 0.60 
CaO 2.30 2.29 2.53 2.01 2.04 1.96 2.11 
Na20 5.55 5.57 5.47 5.66 5.55 5.51 5.67 

1(20  3.50 3.45 3.48 3.63 3.63 3.60 3.81 
H20 0.46 1.05 0.31 0.94 0.9 0.79 0.73 

0.15 0.16 0.20 0.14 0.16 0.15 0.14 

Total 99.42 99.49 99.39 100.10 99.45 100.24 100.01 

Ba 1066 1077 980 1119 1133 1024 1039 
Cu 2 4 5 2 - - 6 
Nb 169 181 175 166 181 .31 172 
Rb 107 120 114 124 13 123 122 
Sr 209 209 224 221 200 182 204 
Th 19 14 15 19 16 14 17 
V 40 33 29 1 46 30 10 
Y 49 49 48 51 51 52 72 
Zn 137 163 130 160 159 142 167 
Zr 583 566 576 581 580 601 590 

Q 11.11 12.01 11.98 11.86 13.12 13.04 11.73 
or 20.94 20.76 20.75 21.66 21.75 21.44 22.72 
ab 47.55 48.00 46.71 48.37 47.62 46.99 48.42 
an 4.42 4.23 5.41 3.72 3.88 3.82 3.30 
ac 
di. 

- 

5.28 
- 

5.37 
- 

5.07 
- 

4.69 
- 

4.61 
- 

4.30 5.46 
hy 5.62 4.77 4.80 4.87 4.43 5.44 3.92 
ol -  - 

- - - - 

nit 3.21 2.64 2.88 2.97 2.76 3.04 2.65 
il 1.50 1.64 1.92 1.52 1.44 1.57 1.48 
ap 0.36 0.39 0.48 0.33 0.38 0.36 0.33 

D.I. 79.60 80 9 77 79.44 81.90 82.49 81.48 82.86 
O.R. 0.57 0.71 0.31 0.55 0.56 0.66 0.61 



B-13 

TABLE B4.1 (Contd.) 

A787 A791A A828 A880 

sb 2  66.06 66.24 66.73 67.01 
TiO2  0.76 0. .9 0.46 0.49 

Al 
23 15.sb 14.23 14.00 14.23 

Fe203  4.48 4.21 5.41 5.30 

FeO 1.75 1.49 0.40 0.61 

MnO 0.28 0.15 0.28 0.25 

MgO 0.63 0.15 0.31 0.33 

CaO 2.05 1.39 1.03 1.50 
Na20 5.35 5.70 5.68 5.76 

K20 3.27 4.22 4.22 4.04 

H20 1.02 0.69 0.55 0.26 
P205  0.15 0.07 0.05 0.06 

Total 99.68 99.03 99.12 99.84 

Ba 106 1061 1243 1086 
cu 7 5 2 8 
Nb 175 170 197 200 
Rb 96 165 146 138 
Sr 213 134 100 117 
Th 17 17 25 17 
V 38 15 19 5 
Y 47 55 61 55 
Zn 159 158 174 156 
Zr 537 641 674 646 

Q 14.88 13.15 13.85 13.54 
or 19.68 25.42 25.40 24.09 
ab 48.52 49.17 48.95 49.18 
an 2.85 0.79 0.25 0.83 
ac -  - - - 

di 5.56 5.09 4.04 5.48 
hy 4.08 2.76 4.03 3.37 
ol - - - - 

mt 2.72 2.50 2.48 2.52 
ii 1.46 0.95 0.89 0.84 
ap 0.36 0.17 0.12 0.14 

D.I. 82.97 87.74 88.19 86.81 
O.R. 0.72 0.74 0.93 0.90 



B-14 

TABLE B4.2 

A827 A849A A823 A926 A913 A914 A841 

S102  59.99 60.06 60.44 60.69 60.70 61.40 61.41 

T102  1.45 1.53 1.53 1.45 1.39 1.37 1.35 

203 15.02 15.14 14.82 14.58 14.83 15.09 15.35 
Fe203  5.25 4,73 4.98 6.36 4.73 2.91 5.82 

FeO 2.64 3.40 3.18 1.76 3.37 4.25 2.14 

MnO 0.22 0.17 0.29 0.22 0.24 0.27 0.20 

MgO 1.74 1.39 1.16 1.48 1.32 1.09 0.95 

CaO 4.12 4.22 3.81 3.18 3.79 4.00 3.37 

Na2O 5.12 5.59 5.53 5.47 5.36 5.42 5.58 

1(20  2.93 2.87 2.89 3.07 3.07 3.04 3.38 
H20 0.76 0.91 0.67 1.14 0.48 0.44 0.51 
P205  0.40 0.45 0.53 0.48 0.39 0.36 0.36 

Total 99.64 100.46 99.83 99.88 99.61 99.64 100.50 

Ba 739 846 975 971 761 795 932 
Cu 11 14 3 5 21 5 - 
Nb 118 130 120 131 151 150 150 
Rb 92 90 87 91 93 101 96 
Sr 290 340 298 273 353 323 200 
Th 18 17 15 11 19 18 14 
V 77 61 80 118 8 13 95 
Y 78 58 76 47 84 69 49 
Zn 125 124 133 137 155 131 133 
Zr 534 515 473 489 629 509 514 

Q 7.59 6.34 7.98 8.34 8.02 8.75 7.31 
or 17.54 17.07 17.26 18.44 18.33 18.12 20.04 
ab 44.66 47.61 47.30 47.05 45.83 46.25 47.37 
an 9.06 7.79 7.16 6.26 7.42 7.93 6.88 
ac - - - - - - 
dl 7.52 8.69 7.17 5.54 7.61 8.22 6.43 
hy 6.42 4.92 5.35 6.89 5.63 4.02 5.11 
01 - - - - - _ 
mt 3.45 3.58 3.59 3.52 3.56 3.22 3.43 
ii 2.79 2.92 2.94 2.80 2.67 2.62 2.57 
ap 0.96 1.07 1.27 1.16 0.93 0.86 0.86 

D.I. 69.80 71.03 72.54 73.83 72.18 73.12 74.72 
O.R. 0.67 0.58 0.61 0.78 0.58 0.41 0.73 



B-1 5 

TABLE B4.2 (Contd.) 

A919 A920 

5102 61.66 62.35 
T102  1.25 1.17 

203 15.10 14.83 

Fe203  4.93 4.43 

FeO 2.65 2.98 

Mno 0.23 0.23 

MgO 0.77 1.58 

CaO 3.63 3.39 
Na20 5.52 5.33 
K20 2.84 3.37 
H20 1.07 0.40 

0.34 0.33 

Total 99.99 100.39 

Ba 861 841 
Cu 7 9 
Nb 149 163 
Rb 122 110 
Sr 283 275 
Th 22 23 
V 23 23 
y 76 74 
Zn 132 123 
Zr 566 581 

Q 9.91 8.77 
or 17.01 20.18 
ab 47.34 45.18 
an 8.14 6.48 
ac -  - 
dl 6.74 6.88 
hy 4.31 6.26 
ol - - 
mt 3.34 3.24 
11 2.41 2.23 
ap 0.82 0.78 

D.I. 74.25 74.13 
O.R. 0.65 0.60 



TABLE B5 
A916D A916G A916C A916A A916B A918 

S1 2  48.27 48.39 48.54 48.73 48.77 55.65 
T102  1.58 1.50 1.59 1.57 1.58 1.14 
Al 203 14.67 1.63 14.64 14.44 14.83 13.57 
Fe203  4.35 3.88 4.15 3.78 3.69 6.49 
FeO 5.20 5.49 5.20 5.48 5.42 0.05 
MnO 0.17 0.17 0.17 0.17 0.17 0.18 
MgO 9.93 10.33 9.57 10.18 9.46 3.33 
CaO 10.94 10.86 10.94 10.89 10.92 6.21 
Na20 2.30 2.46 2.34 2.42 2.42 3.01 
K2  0.86 0.85 0.89 0.84 0.90 2.60 
H 2  0 1.17 1.16 1.34 1.51 1.32 4.69 

P20 5 0.32 0.36 0.33 0.34 0.33 0.28 
CO2  n.d. nd. n.d. n.d. n.d. 3.02 

Total 99.76 100.08 99.73 100.35 99.81 100.22 

Ba 348 356 356 316 323 587 
Cu 102 105 95 101 96 30 
Nb 52 42 47 46 44 67 
Rb 28 28 28 28 30 102 
Sr 341 332 333 317 330 1754 
Th 5 10 3 10 4 20 
V 184 189 224 182 193 77 
Y 22 21 20 23 22 45 
Zn 66 64 67 58 61 126 
Zr 118 121 118 113 117 353 

Q - - - - 
- 17.22 

or 5.16 5.08 5.36 5.03 5.41 16.16 
ab 19.78 21.07 20.42 20.75 20.82 26.79 
an 27.61 26.69 27.17 26.40 27.39 10.40 
ac - - - - - - 

di 20.41 20.42 20.80 20.91 20.46 - 

hy 8.53 5.70 9.05 8.32 9.17 14.70 
ol 11.35 14.00 10.08 11.51 9.71 - 

nit 3.34 3.27 3.26 3.25 3.20 2.23 
ii 3.05 2.88 3.07 3.02 3.05 2.28 
ap 0.77 0.86 0.80 0.82 0.70 0.70 

+2.29 cor 
+7.22 cc 

D.I. 24.94 26.16 25.77 25.78 26.23 60.18 
O.R. 0.46 0.41 0.44 0.41 0.41 0.99 
F/N 0.49 0.48 0.49 0.48 0.49 0.64 

:. 



B-17 

TABLE B6 

A804 A802A A802C A801 A802B A800A 

S102  46.63 46.91 47.22 47.29 47.29 47.33 

T102  3.41 2.62 2.64 2.91 2.68 2.96 

203 14.23 13.44 13.49 14.23  13.29 14.85 

Fe03  8.91 7.25 5.98 7.15 7.21 5.04 

FeO 5.51 4.58 6.09 5.89 4.99 7.64 

MnO 0.24 0.21 0.20 0.20 0.20 0.21 

MgO 5.07 8.95 8.80 6.33 8.41 5.48 

CaO 10.04 10.71 10.68 10.52 10.82 10.91 

Na20 3.02 2.36 2.41 2.91 2.37 2.91 

K20 1.08 0.89 0.88 1.05 0.84 0.91 

H20 1.49 1.61 1.61 1.15 1.61 0.80 
P205  0.64 0.51 0.51 0.56 0.52 0.59 

Total 100.27 100.04 100.51 100.19 100.23 99.63 

Ba 416 336 315 400 310 381 
Cu 60 78 61 60 60 57 
Nb 45 45 47 49 58 53 
Rb 24 27 28 31 23 18 
Sr 446 371 375 367 567 441 
Th 5 5 7 7 9. 8 
V 631 489 394 369 371 396 
Y 29 20 22 28 26 29 
Zn 91 86 76 85 74 77 
Zr 143 132 133 145 134 147 

Q 
or 6.49 5.37 5.26 6.29 5.05 5.45 
ab 26.01 20.38 20.64 24.96 20.42 24.96 
an 22.47 23.93 24.22 22.97 23.56 25.10 
ac - - - 

- - - 

di. 19.76 21.68 21.02 21.42 22.34 21.20 
hy 5.38 8.27 8.50 3.88 10.92 5.71 
0]. 6.80 9.99 9.89 9.06 7.06 6.03 
nit 4.96 4.08 4.18 4.48 4.21 4.44 
ii 6.59 5.08 5.07 5.60 5.18 5.70 
ap 1.54 1.23 1.22 1.34 1.25 1.42 

D.I. 32.50 25.74 25.90 31.25 25.47 30.41 
O.R. 0.62 0.61 0.50 0.55 0.59 0.40 
F/N 0.74 0.60 0.58 0.67 0.59 0.70 



TABLE B6 (Contd.) 

A803A A868 A819 A818 A812 A869 

S102  47.52 47.64 54.49 56.24 56.42 56.71 

T102  2.82 3.16 1.47 1.61 2.11 2.01 

23 13.79 14.04 14.49 15.01 15.23 14.86 

Fe203  4.94 4.83 5.62 3.86 4.93 5.95 
FeO 7.46 8.32 4.72 6.24 4.66 3.92 

MnO 0.19 0.22 0.31 0.31 0.22 0.22 

MgO 7.44 5.50 2.32 1.91 2.72 2.35 

CaO 11.03 10.10 5.42 5.61 6.15 5.63 

Na20 2.68 2.97 5.89 4.83 4.10 4.60 

K20 0.90 1.07 2.46 2.59 2.70 2.56 

H20 1.12 1.18 1.42 0.37 0.84 0.78 

P205 0.51 0.64 0.51 0.55 0.58 0.48 

Total 100.40 99.67 99.12 99.13 100.66 100.07 

Ba 370 378 852 924 810 818 
Cu 44 62 6 - 28 31 
Nb 51 58 125 143 102 110 
Rb 27 31 58 70 80 81 
Sr 390 425 485 482 317 327 
Th 11 4 5 9 - 9 
V 322 389 35 63 165 191 
Y 23 38 52 44 62 61 
Zn 76 111 135 115 96 152 
Zr 138 119 368 367 364 438 

Q - - - 3.23 5.50 4.79 
or 5.37 6.43 15.69 15.52 16.02 15.29 
ab 22.88 25.55 46.77 41.43 34.83 39.34 
an 23.15 22.18 5.59 11.79 15.24 12.47 
ac - - - - 

dl 23.31 20.11 15.65 10.84 9.65 10.55 
hy 5.51 9.50 - 9.23 10.07 9.26 
ol 8.83 3.96 626 - - 

mt 4.33 4.63 3.60 3.54 3.29 3.30 
11 5.40 6.10 2.86 3.10 4.02 3.86 
ap 1.22 1.54 1.24 1.32 1.38 1.15 

+2.34 ne 

D.I. 28.25 31.98 64.81 60.18 56.35 59.48 
O.R. 0.40 0.37 0.54 0.38 0.51 0.60 
F/M 0.62 0.71 0.82 0.84 0.78 0.81 



TABLE B6 (Contd.) 

A816 A817 A867 A870 A811 
Si02  57.38 57.70 57.71 58.10 64.96 
Tb 2  1.54 1.53 1.82 1.96 0.68 

15.22 15.30 14.59 14.90 14.79 
Fe203  6.51 5.16 6.29 5.15 4.49 
FeO 3.84 3.26 2.15 3.94 1.41 
MnO 0.30 0.31 0.23 0.23 0.13 

MgO 1.71 2.08 2.73 2.39 0.77 
CaO 5.29 5.03 5.37 5.35 1.95 
Na20 5.06 5.01 4.55 4.68 5.12 
K 2  0 2.49 2.50 2.58 2.72 4.11 

120 0.62 0.94 0.87 0.68 0.96 

P205 0.52 0.53 0.49 0.52 0.10 

Total 100.48 99.35 99.38 100.62 99.47 

Be 792 836 911 875 1070 
Cu 24 7 6 5 5 
Nb 137 139 105 100 148 
Rb 76 77 70 79 145 
Sr 457 474 322 301 164 
Th 10 5 9 13 25 
V 44 33 135 105 29 
Y 61 58 64 64 78 
Zn 155 141 120 114 141 
Zr 422 374 404 390 621 

Q 3.99 5.26 6.64 5.93 13.26 
or 14.79 15.05 15.54 16.13 24.72 
ab 43.04 43.20 39.24 39.73 44.10 
an 11.52 12.10 11.99 11.65 5.33 
ac - - - - 

di 9.74 8.22 9.85 9.66 3.29 
hy 9.23 9.02 9.16 8684 5.19 
01 - - - a 

mt 3.51 2.90 2.87 3.10 2.57 
ii 2.94 2.96 3.52 3.37 1.31 
ap 1.24 1.28 1.18 1.24 0.24 

D.I. 61.82 63.52 51.42 61.79 82.08 
O.R. 0.63 0.61 0.75 0.57 0.76 
F/M 0.86 0.80 0.76 0.79 



TABLE B7 

A882 A924 A814 A859 A911 A845 A912 
S102  50.14 54.65 57.51 60.08 60.78 60.97 61.00 
Ti02  2.72 2.04 1.95 1.19 1.33 1.23 1.38 

203 15.80 16.69  15.00 15.34 14.83 14.54 14.91 
Fe203  9.12 6.72 6.80 6.66 4.98 6.66 5.55 
FeO 3.38 2.92 2.27 1.35 3.07 1.16 2.39 
MnO 0.17 0.20 0.16 0.18 0.24 0.23 0.16 

MgO 3.20 2.19 1.68 1.12 1.22 0.95 1.07 
CaO 8.97 7.40 5.46 3.09 3.40 4.01 3.51 
Na20 3.39 4.24 4.63 4.96 5.51 5.07 5.38 
K 2  0 1.67 2.12 2.75 4 06 3.17 3.27 3.08 
H20 1.34 0.41 0.97 0.76 0.53 1.33 0.72 
P205  0.53 0.50 0.54 0.30 0.34 0.32 0.35 

Total 100.43 100.08 99.72 99.09 99.40 99.74 99.50 

Ba 467 620 864 914 916 974 895 
Cu 90 14 5 7 4 4 3 
Nb 81 104 102 133 158 163 161 
Rb 51 62 84 108 104 117 99 
Sr 355 410 305 235 318 293 312 
Th 11 16 10 20 15 14 29 
V 299 99 146 21 50 54 - 

Y 41 54 63 75 48 49 46 
Zn 143 70 103 133 108 136 132 
Zr 276 342 400 522 510 529 510 

Q 0.91 3.41 6.63 6.89 7.56 9.67 8.97 
or 10.02 12.62 16.53 2.50 18.99 19.72 18.48 
ab 29.11 36.15 39.85 42.86 47.27 43.78 46.22 
an 23.30 20.40 12.23 7.76 6.46 7.41 7.55 
ac -  - - 

- - 

di 15.30 11.15 9.90 5.00 7.11 9.17 6.63 
hy 10.58 7.92 6.74 6.47 5.67 3.71 5.17 
01 - - - 

S - - - 

nit 4.27 3.26 3.07 3.48 3.56 3.39 3.47 
ii 5.24 3.90 3.77 2.31 2.56 2.38 2.66 
ap 1.27 1.19 1.30 0.73 0.82 0.77 0.84 

D.I. 40.04 52.18 63.00 74.25 73.82 73.17 73.67 
O.R. 0.73 0.70 0.75 0.83 0.62 0.85 0.70 
F/M 0.80 0.81 0.84 



B-21 

TABLE B7 (Contd.) 

A821 A771 A871 A807A A822 A805A 

S1 2  62.19 63.21 66.63 67.88 68.02 68.23 

T1 2  0.82 0.57 1.11 0.34 0.40 0.35 
A1 203  15.47 15.27 16.51 13.99 13.02 13.81 

Fe203  5.62 4.89 1.98 3.98 3.81 3.71 

FeO 2.10 2.76 0.23 1.20 1.96 1.34 

MnO 0.15 0.24 0.06 0.21 0.24 0.21 

MgO 0.71 0.39 0.20 0.17 0.09 0.21 

CaO 3.46 2.48 3.63 1.12 1.06 1.11 

Na20 5.82 5.75 5.33 5.97 6.24 5.98 

K20 3.22 3.79 3.2]. 4.18 4.22 4.15 
H20 0.78 0.43 1.10 0.30 0.42 0.45 
P205  0.15 0.06 0.23 0.03 0.01 0.03 

Total 100.49 99.84 100.22 99.37 99.49 99.58 

Ba 961 1028 763 2253 888 2329 
Cu 10 11 4 18 4 16 
Nb 163 199 185 186 253 174 
Rb 104 127 120 130 136 119 
Sr 295 195 - 40 47 43 
Th 13 21 19 II 31 11 
V 16 9 5 25 42 25 

77 87 90 107 149 101 
Zfl 150 168 155 147 251 161 
Zr 562 662 614 842 781 827 

Q 7.18 8.00 16.98 13.93 14.77 14.27 
or 19.15 22.59 19.17 24.99 25.22 24.85 
ab 49.55 49.07 45.57 49.27 43.98 48.57 
an 6.62 4.70 11.77 - - - 

ac - - 
- 1.63 5.03 2.39 

di 8.33 6.39 1.75 4.78 4.66 - 

hy 3.91 4.66 1.16 3.25 4.68 8.23 
01 - - - - - - 

mt 3.34 3.35 0.92 1.43 - 1.01 
il 1.57 1.09 2.13 0.65 0.77 0.67 
ap 0.36 0.14 0.55 0.07 0.02 0.07 

D.I. 75.88 79.66 81.72 88.19 83.97 87.70 
O.R. 0.73 0.64 0.90 0.77 0.66 0.74 



B-22 

TABLE B7 (Contd.) 

A858 A815 

Si02  69.62 70.32 

T102  0.27 0.41 
A1203  13.01 14.79 
Fe203  3.49 2.20 
FeO 0.71 0.12 
MnO 0.15 0.05 
MgO 0.26 0.14 
CaO 0.91 1.04 
Na20 5.07 5.03 
K20 5.28 4.93 
H 2  0 0.71 0.48 
P205  0.00 0.04 

Total 99.48 99.55 

Ba 191 857 
Cu 11 - 

Nb 228 163 
Rb 177 158 
Sr 34 85 
Th 26 21 
V 8 - 

Y 148 94 
Zn 190 110 
Zr 888 676 

Q 18.29 19.72 
or 31.66 29.45 
ab 38.07 43.03 an 

- 3.25 
ac 361 
di 4:01 1.47 hy 
01 

3.52 
- 

1.21 
- 

mt 
11 0:52 

08 
0:79 ap 

- 0.10 

D.I. 88.03 92.20 
O.R. 0.83 0.94 



B-23 

A899 	A875B A906A A816A 

S1 2  47.68 56.48 60.49 61.10 

T102  2.62 1.92 1.36 1.37 

203 14.64 14.80 14.89 15.39 

Fe203  10.44 5.33 5.03 4.43 

FeO 2.78 4.10 2.90 3.84 

MnO 0.20 0.24 0.31 0.25 

MgO 4.56 2.36 1.42 1.00 

CaO 10.40 5.42 3.40 3.45 

Na20 2.94 4.58 5.41 5.43 

K20 0.97 2.70 3.13 3.13 

H20 1.29 0.95 0.43 0.54 

P205  0.35 0.52 0.35 0.39 

Total 98.87 99.40 99.12 100.3.2 

Ba 240 832 901 768 
Cu 68 4 9 18 
Nb 40 99 163 155 
Rb 24 76 94 107 
Sr 401 311 308 304 
Th 6 15 25 21 
V 403 124 - 37 
Y 29 65 48 80 
Zn 109 117 122 135 
Zr 115 394 511 664 

Q - 5.55 7.60 8.28 
or 5.92 16.40 18.79 18.59 
ab 25.68 39.84 46.50 46.17 
an 24.66 12.18 7.21 8.14 
ac -  
di 21.69 

- 

9.94 
- 

6.40 
- 

5.55 
hy 9.50 7.77 6.52 6.09 
o]. 2.04 - - - 

mt 4.54 3.29 3.51 3.64 
ii 5.14 3.75 2.62 2.61 
ap 0.86 1.27 0.84 0.93 

D.I. 31.60 61.80 72.89 73.04 
O.R. 0.79 0.57 0.63 0.54 
F/M 0.74 0.79 
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TABLE Cl. 

TABLE C2. 

TABLE C3. 

TABLE C4.1. 

TABLE C4.2. 

TABLE C5. 

TABLE Cb. 

TABLE C7. 

TABLE C8. 

Tawahi Series 

Ma'alla Series 

Main Cone Series 

Shamsan Sequence; caldera specimens 

Shamsan Sequence; overflow specimens 

Tawela Caldera Series 

Amen Khal Parasitic Centre 

Intrusions 

Miscellaneous specimens 

C-2 

B = Basalt 

111-5 = Hawalite, type 1-5 

N = Mugearite 

BTA = Basic trachyandesite 

TA = Trachyandesite 

T a  Trachyte 

R = Rhyolite 

C - Comendite 

+ constituent present 

- - constituent absent 

TR. a constituent present in trace amounts only. 



TABLE Cl 

Specimen Rock 0cc.  
Vol. % Phenocrysts 	 Grounthnass 

Notes 
No. Type Oliv. Cpx. Feldspar Ore Ap. 	Oily. Cpx. Feldspar Ore 

A750 H2 FLOW TR. - 	32.0 	- 	- 	+ 	+ 	+ 	+ 	9% vesicles 

A860 TA AVG. 0.8 1.1 	7.2 	TR. 	+ 	+ 	+ 	+ 	+ 

A862A T AGG. - - 	16.9 	- 	+ 

A863 	TA AGG. 	- 	1.5 	13.1 0.9 + 

A864 	TA AGG, 	TR. 	0.5 	11.0 0.5 + 	+ 	- 	+ 	+ 5% veal-des. Ground— 
mass fine grained. 

A865 	112 FLOW 	- 	- 	8.1  0.7 - 	 13% vesicles 



TABLE C2. 

Specimen 
No. 

Rock 
Type 0CC• 

Vol. 
Oily. 

% Phenoci'ysts 
Cpx. Feldspar Ore Ap. 

Groundmass 
(Dliv. Cpx. Feldspar Ore Notes  0 es 

A753 T FLOW 0.9 - 1.5 TR. 	- - 	- 	+ 	- 9% vesicles. 	Glassy 
groundma 88 

A754 BTA FLOW TR. 2.0 20.2 TR. 	- + 	+ 	+ 	+ 9% vesicles. 	Flow 
structure in 
groundnia S S 

A755 BTA FLOW 3.2 2.0 26.8 1.4 	- + 	+ 	+ 	+ Somewhat gloineropor- 
phyritic 

A853 TA FLOW - 1.4 5.2 1.6 	- 16% vesicles 

A854 TA FLOW TR. 0.5 4.1 0.7 	- 

A875A TA FLOW TR. 0.8  6•1 0.9 	- 

A879 Hi FLOW 1.0  - 42.3 - 	- + 	+ 	+ 	+ 5% vesicles 

A884 M FLOW - - - - 	- Aphyric 

A885 H3 FLOW TR. TR. 23.8 TR. 	- 2% vesicles 



Sped— Vol. % Phenocrysts Groundmass 
men
No. e CC. 

Oily. Cpx. Feldspar 	Ore Ap. Oliv. Cpx. Feldspar Ore 
Notes 

A764 H4 FLOW - 0.7 8.4 	- 	- + + + + 

A766 1-14 FLOW 0.8 8.8 14.0 	TR. 	- + + + + 

A825 H]. FLOW TR. TR. 18.4 	- 	- - - + + 20% Vesicles. 	Groundmass 
rich in ore. 

A826 H].. FLO TR. - 23.8 	- 	- + + + + 1096 Vesicles. 	Groundmass 
rich in ore granules. 

A833A M FLOW - - - 	- 	- + + + + Aphyric. Pronounced flow 
structure 

A837 112 FLOW 0.6 TR. 11.7 	- 	- + + + + 4% Vesicles. 	Flow struc- 
ture in groundmass 

A838 H2 FLOW 0.5 - 11.5 	- 	- + + + + 896 VesiCles.. 	Freshest 
basic rock 

A840 R FLOW - - 2.8 	- 	- + + + + 27% Vesicles 

A846 115 FLOW TR. - - 	- 	- + + + + Aphyric. Flow structure 

A847 115 FLOW - - - 	- 	- + + + + Aphyric. Some plagioclase 
re sorbed 

A848 112 FLOW 0.5 - 20.0 	TR. 	- 5% Vesicles 

A851 M FLOW - - - 	- 	- + + + + Aphyric 

A852 H3 FLOW 2.8 TR. 33.0 	- 	- + + + + 

A876A H5 FLOW - - - 	- 	- Aphyric. 5% Vesicles 

A876B M FLOW TR. 1.2 4.7 	0.5 

A877 H]. FLOW - - 23.7 	- 	- + + + + 1296 Vesicles. 	Ground— 
mass needles of 
ilmenite. 



TABLE C3 (Contd.) 

Speci- Rock  Vol. Phenocrysts Groundinass 
men Type  cc.  Notes 
No. Oliv. Cpx. Feldspar Ore Ap. Oily. Cpx. Feldspar Ore 

A886 T FLOW 0.4 1.1 6.4 TR. 	+ 

A889 H4 FLOW 1.0 1.3 0.9 TR. 	- 15% Vesicles 
A892 Hi FLOW TR. - 38.9 0.6 	- + 	+ 	+ 	+ 

A893 M FLOW - - TR. - 	- Aphyric. 11% Vesicles 
A902 H5 FLOW TR. TR. TR. - 	- + 	+ 	+ 	+ Aphyric. Flow structure 

A903 US FLOW - - 0.8 - 	- 796 Vesicles 
A904 US FLOW - - TR. - 	- 3% Vesicles 
A905 H? FLOW - - 12.3 - 	- 17% Vesicles 

A907 US FLOW - - - - 	- Aphyric 

A908 US FLOW - - - - 	- Aphyric 

A909 H14 FLOW 1.5 3.4 9.9 TR. 	- + 	+ 	+ 	+ 5% Vesicles. 	Coarse 

A910 	H3 FLOW 	2.0 1.9 	3.4 	TR. - 

A921 	C FLOW 	- 	- 	- 	- - 

A923 	H5 FLOW 	- 	- 	- 	- - 

A925 	H]. FLOW 	TR. 	- 	36.1 	- - 

+ 	+ 

+ 	+ 

+ 	+ 

grained groundma as 
Inclusions in Pyr- 
oxene and Feldspar 

+ 	+ 2% Vesicles. Flow struc- 
ture in groundniasa 

Aphyri c 
+ 	+ Aphyric. Flow structure. 
+ 	+ 5% Vesicles 

0.1 



TABLE C4.1 

Speci- Vol. % Phenocrysts Groundmass 
men e  cc. es 
No. Oily. Cpx. Feldspar Ore Pp. 	Cliv. Cpx. Feldspar Ore 

A762 TA FLOW 0.7 0.9 13.4 0.7 TR. 	+ + 	+ + 335m. Based on 4 sections 
A783A TA FLOW 0.7 1.6 16.2 1.0 PR. 	+ + 	+ + 465m. Freshest salic specimen 
A784 TA FLOW 0.9 1.3 19.5 0.7 + 	+ + 	+ + 450m. TR. Vesicles. 	Based on 

4 sections 
A785 TA FLOW 1.1 1.2 16.8 0.8 + 	+ + 	+ + 425m. Based on 6 sections. 

Strongly glomeroporphyritic 
A786 TA FLOW 0.6 0.5 8.4 0.4 TR. 	- - 	+ - 380m. Based on 4 sections, 

Glassy groundmass 
A787 TA FLOW 0.5 0.5 10.3 0.3 - 	- - 	+ + 340m. 37% Vesicles, 	Groundmass 

somewhat glassy 
A788 TA FLOW TR. 0.9 13.8 0.4 - 	- - 	- - 320m. 4% Vesicles. 	Based on 

4 sections.Glassy groundmass 
A789 TA FLOW PR. 0.7 11.8 0.5 - 	- - 	- - 320m. 5% Vesicles.. Based on 2 

sections. Glassy groundmass 
A790 TA FLOW 0.5 0.5 12.4 0.2 - 	- - 	- - 300m. Based on 4 sections. 

Glassy groundmass 
A791A TA FLOW 0.3 0.6 15.4 0.3 - 	- - 	+ + 265m. Based on 3 sections. Ground- 

mass somewhat glassy. 
A792 TA FLOW 0.7 0.7 6.5 0.4 - 	+ + 	+ + 275m. Based on 4 sections. 
A798 TA FLOW  1.3 1.6 23.5 0.8 + 	- - 	+ - 450m. eased on 5 sections. 

Glassy groundmass 



TABLE C4.1 (Contd.) 

Speci- 	 Vol. % Phenocrysts 	 Groundniass 
men Type 	 Notes 
No. 	 Oily. cpx. Feldspar Ore Ap. Oily. Cpx. Feldspar Ore 

A799 TA FLOW 1.9 2.0 20.1 1.1 	+ 	+ 	+ + + 	410m. Based on 3 sections. Rich 
in apatite .Glomeroporphyritic. 

A828 T FLOW - TR. 0.2 - 	- 	- 	- + - 	130m. Based on 5 sections. 
Glassy groundmass 

A829 T FLOW - - 1.0 - 	- 	- 	- + - 	125m. Glassy groundmass 
A830 T FLOW - - 2.0 - 	- 	- 	- + - 	135m. Glassy groundmass 
A850 TA FLOW 0.6 0.7 13.1 0.4 	+ 	+ 	+ + + 	335m. Based on 3 sections. 

Giomeroporphyritic. 
Fine grained groundmazs 

A880 T FLOW - 0.3 7.9 0.3 	- 	+ 	+ + + 	215m. Based on 2 sections 
A900 TA FLOW 1.0 1.5 15.9 0.6 	- 	- 	- + - 	405m. Based on 3 sections. 

Groundmass somewhat glassy 
A901 TA FLOW 0.8 1.2 17.0 0.7 	- 	+ 	+ + + 	375m. Based on 3 sections. 

P-1. 



TABLE C4.2 

Sped- Rock 	 Vol. % Phenocrysts 	 Groundmass 
men Type 0cc. 	 Notes 
No. 	yp 	Oily. Cpx. Feldspar Ore Ap. Oily. Cpx. Feldspar Ore -- 

A823 TA FLOW 1.5 2.4 14.7 1.4 + + + + + Based on 5 sections. Fine 
grained groundmass 

A827 TA FLOW 0.6 2.0 15.9 0.6 + + + + + Based on 3 sections 
A841 TA FLOW 1.1 1.3 7.3 0.8 + + + + + 4% Vesicles. 	Based on 

2 sections. 
A849A TA FLOW 1.3 2.6 20.2 0.8 + + + + + 

A913 TA FLOW 0.6 0.4 6.9 0.6 + + + + + 1696 Vesicles. 	Based on 
3 sections 

A914 TA FLOW 1.3 1.0 10.3 0.6 + + + + + Based on 2 sections 
A919 TA FLOW 1.9 3.7 21.5 1.9 + - - + - 19% Vesicles. 	Glassy 

groundmas s 
A920 TA FLOW 1.5 2.8 23.9 1.2 + + + + + 2% Vesicles. 	Based on 

5 sections 
A926 TA FLOW 1.1 1.5 16.9 0.8 + + + + + 20,16 Vesicles. 	Based on 

3 sections. 



TABLE C5. 

Speci- Vol. % Phenocrysts Groundniass 
men
No. e cc. 

Oily. Cpx. Feldspar Ore Ap. 011v. Cpx. Feldspar Ore Notes  0 es 

A916A B FLOW 6.9 TR. + 	+ + 	+ Interstitial phiogopite 

A916B B FLOW + + 	TR. 	- 	- + 	+ + 	+ Interstitial phiogopite 

A916C B FLOW 9.1 2.7 	TR. 	TR. + 	+ + 	+ Interstitial phiogopite 

A916D B FLOW + + 	TR. 	- 	- + 	+ + 	+ Interstitial phiogopite 

A916G B FLOW 7.0 
	 + 	+ 	+ 	+ Interstitial phiogopite 

A918 BTA TUFF 

I-' 
0 



TABLE C6 

Sp:ci- 
0cc. Vol. Y. Phenocrysts Groundrnass 	 Notes 

No. ype Oliv. Cpx. Feldspar Ore Ap, Oliv. Cox. Feldspar Ore 

A800A 1-15 FLOW - 	- 0.5 	- 	- + 	+ 	+ 	+ 	5% Vesicles 

A801 Ff5 FLOW 2.8 	TR. 1.5 	TR. 	- + 	+ 	+ 	+ 	1% Vesicles. 	Olivine idding- 
sitised. 

A802A B FLOW 8.7 	8.3 7.1 	TR. 	- + 	+ 	+ 	+ 	Olivine iddingsitised. Fine 
grained groundmass 

A802B B FLOW 8.7 8.3 7.1 TR. 	- + + + + 

A802C B FLOW 8.7 8.3 7.1 TR. 	- + + + + 

A803A B FLOW  3.6 8.4 7.0 TR. 	- + + + + Large olivine and pyroxene 
phenocrysts 

A804 Ff5 FLOW - - - - 	- + + + + Aphyric. 2 	Vesicles 

A811 T FLOW - TR. 4.6 0.3 	- - - - - Glassy groundmass. 

A812 BTA FLOW 0.7 4.4 17.7 0.9 	- + + + + Olivine iddingsitised 

A816 BTA FLOW - - 0.9 - 	- + + + + Aphyric 

A817 BTA FLOW - TR. TR. - 	- + + + + 13% Vesicles 

A818 BTA FL0 - - - - 	- + + + + Aphyric 

A819 M FLOW TR. - 0.9 TR. 	- + + + + 179/6 Vesicles. 	Flow structure 
in groundmass 

A867 BTA FLOW 1.9 2.9 14.6 0.7 	+ + + + + 8% Vesicles 

A868 Ff5 FLOW 0.7 - 0.5 - 	- + + + + 

A869 BTA FLOW 1.6 4.3 29.1 1.5 	+ + + + + Probe analyses of phenocrysts 

A870 BTA FLOW 1.0 3.0 22.2 1.9 	+ + + + + 

I-J 



TBLL C7 

Speci- Rock 0cc. Vol. % Phenocrysts Groundmass Notes men 
No. Type Oily. Cpx. Feldspar Ore Ap, Oily. Cpx. Feldspar Or 

A771 TA SILL 0.5 0.6 14.2 TR. 	- + + + + Sodic pyroxene in groundznass 

A805A C SILL TR. 1.3 9.4 - 	- - + + - Sodic amphibole in groundmass 

A807A C SILL TR. 0.8 11.4 - 	- - + + - Sodic amphibole in groundmass 

A814 BTA DIKE 2.1 0.8 23.8 0.8 	- + + + + 

A815 R DIKE - - 4.4 TR. 	- 30% Vesicles 

A821 TA DIKE - - 1.0  - 	- + + + + 

.A822 C DIKE - - 0.9 - 	- - + + - 3496 Vesicles. 	Pyroxene acmitic 

A845 TA DIKE TR. 0.9 7.1 0.6 	+ + + + + Contains calcite 

A858 C DYKE - - 1.0 - 	- - + + - Contains phenocrystal quartz 

A859 TA DYKE TR. 0.6 5.9 0.6 	- Contains calcite 

A871 T DYKE - 0.6 16.6 1.5 	- 7% Vesicles 

A882 H2 SILL TR. TR. 26.5 TR. 	- 

A911 TA SILL 1.4 1.4 9.2 0.4 	+ + + + + 

A912 TA SILL 0.5 0.8 11.8 0.5 	+ + + + + 

A924 M SILL + + + + 	- + + + + Non-porphyritic. 7% Vesicles 

I-. 



TAELL CS 

Spec!- Rock 	 Vol. % Phenocrysts 	 Groundmass 
men 	0cc. 	 Notes No. Type 	Oily. Cpx. Feldspar Ore Ap. Oily. Cpx. Feldspar Ore 

A816A TA FLOW 

A875B BTA FLOW 

A899 H FLOW 

A906A TA FLOW 

TR. TEL 12.3 TEL 	- 

1.2 3.1 6.3 0.7 	- 

1.1 0.9 7.5 0.3 

9% Vesicles 

UI 



APPENDIX D 

iD-i 

MINERAL ANALYSES 



D-2 

Four tables of mineral analyses of the main phenocryst 

phases of the Aden lavas are appended below. The analyses 

form the basis of Tables 4.1, 492, 493, 4.5 and 4.6 presented 

in the text. 

TABLE M. Olivine analyses. 

TABLE 1)2. Clinopyroxene analyses. 

TABLE 1)3. 	Feldspar analyses. 

TABLE 1)4. Ilmenite and Titanomagnetite analyses. 



TA.LLE Li. 

Specimen 	 A916 	A916 	A823 	A823 	A798 	A798 	A762 	A762 

8102  37.68 38.82 34.85 35.03 32.80 33.33 32.47 31.75 

T1 2  0.06 0.03 0.07 0.06 0.07 0.06 0.09 0.04 

A1203  0.04 0.00 0.01 0.01 0.00 0.01 0.04 0.00 

total Fe as FeO 26.09 24.31 40.47 41.13 51.36 50.46 50.64 52.08 

MnO 0.56 0.56 1.54 1.60 2.14 2.10 2.38 2.55 

MgO 35.67 36.93 23.47 23.04 12.53 14.23 13.47 12.53 

CaO 0.28 0.22 0.35 0.31 0.37 0.34 0.41 0.37 

Na20 0.01 0.04 0.02 0.03 0.05 0.00 0.00 0.00 

Total 100.39 100.91 100.78 101.21 99.32 100.53 99.50 99.32 



TithIE 1)2. 

A916 A916 A916 A801 A869 A869 A869 A823 

47.90 48.78 47.58 50.13 51.44 51.09 50.91 50.90 

1.42 1.31 1.15 1.26 0,78 0.81 0.95 0.85 

5.66 5.19 5.74 2.94 1.32 1.49 1.69 1.61 

0.61 0.53 0.58 n.d. n.d. n.d. n.d. n.d. 

6.33 6.44 6.82 9.55 15.11 13.34 13.60 12.97 

0.14 0.17 0.22 0.32 0.73 0.63 0.72 0.73 

14.18 14.18 14.14 14.09 14.24 13.91 13.58 13.3 

21.76 21.62 20.43 20.42 16.28 17.87 17.57 18.43 

0.25 0.28 0.45 0.45 0.28 0.31 0.29 0.33 

0.00 0.01 0.02 0.00 0.01 0.00 0.01 0.00 

98.25 98.51 97.13 99.16 100.19 99.45 99.32 99.25 

Specimen 

si02  

Ti02  

.A1 203  

Cr203  

total Fe as FeO 

MnO 

MgO 

CaO 

Na20 

K 2  0 

Total 



TABLE D2 (contd.) 

A798 A798 A786 A786 A762 A762 A762 A880 

51.51 51.23 51.33 50.69 50.06 50.07 50.16 50.49 

0.71 0.71 0.55 0.48 0.42 0.51 0.52 0.47 

0.93 1.01 0.95 0.63 0.70 0.85 0.87 0.77 

n. d. n. d. n. d. n. d. n. d. n. d. n. d. n. d. 

14.77 15.50 15.63 17.55 17.69 16.11 16.81 21.01 

0.88 0.97 0.99 1.11 1.20 1.06 1.13 1.43 

12.14 11.48 11.34 9.83 9.96 10.98 10.57 6.99 

17.87 18.40 19.10 18.92 18.45 18.50 18.41 19.21 

0.43 0.46 0.35 0.27 0.41 0.41 0.35 0.43 

0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.00 

99.25 99.76 100.24 99.49 98.89 98.49 98.83 100.80 

Specimen 

Si02  

T102  

203 

Cr203  

total Fe as FeO 

MnO 

MgO 

CaO 

Na20 

K2  
Total 

UI 



TkBLE D2 (contd.) 

Specimen A858 A858 

S102  52.17 52.10 

Ti02  3.42 4.74 

Al 203 0.10 0.10 

Cr203  m.d. n.d. 

total Fe as Fe 203  27.89 26.91 

MnO 1.23 1.20 

?4g0 0.03 0.03 

CaO 0.80 0.84 

Na20 13.15 13.57 

1(20 0.03 0.04 

Total 98.82 99.53 

.9 



TABLE E3 

Specimen A916 A916 A916 A916 A801 A801 A801 A801 A801 A825 

S10 2  49.73 49.51 49.58 50.42 53.21 50.91 46.66 47.09 54.72 48.42 

T102  0.07 0.07 0.08 0.10 0.10 0.10 0.05 0.08 0.10 0.07 

Al 203 31.05 31.62 30.68 30.40 28.66 29.66 32.61 32.83 27.67 31.93 

total Fe as Fe 203  0.86 0.79 0.80 0.84 0.79 0.94 0.73 0.46 0.52 0.73 

MgO 0.05 0.05 0.03 0.03 0.07 0.08 0.11 0.04 0.08 

CaO 14.60 14.82 14.82 14.15 11.82 13.31 16.85 16.79 10.62 16.06 

Na20 3.12 2.91 2.92 3.30 4.55 3.66 1.65 1.98 5.16 2.44 

1(20 0.29 0.24 0.27 0.30 0.40 0.31 0.09 0.09 0.44 0.14 

Total 99.77 100.01 99.18 99.54 99.60 98.97 98.75 99.36 99.31 99.84 

'I, 



TABLE L3 (cond.) 

Specimen 

3102 

T102  

Al 203 

total Fe as Fe 203  

MgO 

CaO 

Na20 

K 2  0 

Total 

A825 A825 A825 A825 A825 A825 A825 A825 A825 A825 

148.64 53.86 54.75 55.51 53.37 54.27 56.00 54.69 56001 56.05 

0.06 0.12 0.22 0.25 0.14 0.16 0.20 0.14 0.11 0.16 

32.06 28.22 27.95 26.37 28.15 27.55 26.34 27.41 27.59 26.68 

0.77 0.70 0.99 1.02 0.67 0.79 0.89 0.61 0.70 0.71 

0.09 0.07 0.08 0.16 0.11 0.11 0.10 0.11 0.09 0.05 

16.06 11.5Q 11.07 10.45 11.68 10.69 9.63 10.59 9.43 9.44 

2.32 4.58 4.77 5.06 4.59 5.17 5.56 5.08 4.93 5.51 

0.15 0.41 0.45 0.61 0.41 0.46 0.66 0.59 0.50 0.70 

100.17 99.46 100.28 99.43 99.12 99.20 99.38 99.22 99.36 99.30 

I 



TABLE D3 (contd.) 

A852 A852 A869 A869 A869 A869 A869 A869 A823 A823 

54.52 54.41 57.67 56.46 54.65 58.64 53.56 58.83 57.52 60.66 

0.13 0.14 0.12 0.13 0.11 0.12 0.09 0.11 0.11 0.10 

27.96 27.86 25.08 25.45 27.11 2.96 27.15 24.96 25.67 23.75 

0.62 0.71 0.61 0.71 0.52 0.63 0.49 0.61 0.58 0.58 

0.10 0.10 0.05 0.07 0.04 0.02 0.05 0.06 0.02 0.08 

11.02 10.78 7.89 8.55 10.17 7.49 11.24 7.18 8.01 5.89 

4.92 4.93 6.56 6.16 5.60 6.71 4.90 6.75 6.53 7.72 

0.51 0.50 0.76 0.66 0.46 0.77 0.36 0.87 0.52 0.84 

99.78 99.43 98.74 98.19 99.66 99.34 97.84 99.37 98.96 99.62 

Specimen 

Sb 2  

Ti 02 

203 

total. Fe as Fe 203  

MgO 

CaO 

Na20 

K 2  0 

Total 



TABLE D3 (contd.) 

.A823 A823 A823 A823 A823 A823 A798 A798 A798 

61.65 61.06 61.49 61.13 62.06 60.48 64.47 64.02 65.28 

0.11 0.14 0.10 0.09 0.13 0.11 0.12 0.11 0.14 

24.34 23.79 23.98 24.27 23.44 23.90 21.97 21.69 21.78 

0.53 0.56 0.56 0.49 0.48 0.63 0.52 0.39 0.34 

0.00 0.02 0.02 0.03 0.02 0.02 0.00 0.02 0.02 

5.30 5.57 5.60 5.81 5.31 6.09 3.28 3.14 3.13 

5.94 7.60 7.61 7.46 7.57 7.67 8.31 8.11 8.15 

0.92 0.87 0.92 0.84 0.84 0.99 2.09 2.18 2.13 

98.79 99.61 100.28 100.12 99.85 99.89 100.76 99.66 100.97 

Specimen 

Tb 2  

203 

total Fe as Fe 203  

MgO 

CaO 

Na20 

K 2  0 

Total 

I-I 
0 



TABLE D3 (contd.) 

Specimen 

3102 

T102  

203 

total Fe as Fe 203  

MgO 

CaO 

Na20 

K20 

Total 

A798 A798 A798 A798 A798 A798 A798 A798 A798 A786 

64.00 61.75 64.38 62.19 66.97 65.54 64.48 63.79  66.06 59.43 

0.10 0.08 0.07 0.07 0.10 0.13 0.11 0.11 0.14 0.09 

21.66 23.68 21.52 23.16 20.01 21.46 21.49 21.40 20.59 24.27 

0.38 0.41 0.43 0.38 0.54 0.48 0.33 0.37 0.53 0.37 

0.00 0.02 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 

2.67 5.17 3.04 4.95 136 2.91 2.97 3.24 2.06 6.59 

8.26 7.75 8.53 8.14 8.43 8.59 8.64 8.64 8.47 7.23 

2.28 1.05 2.13 1.22 3.13 1.97 2.14 2.02 2.76 0.68 

99.35 99.91 100.10 100.11 100.55 100.08 100.16 99.57 100.61 98.66 

I-a 



TABLE D3 (contd.) 

Specimen 	 A786 	A786 	A786 	A786 	A786 	A786 	A786 	A786 	A786 	A786 

8102  62.97 61.79 63.34 62.27 63.54 63.52 64.37 64.12 65.48 62.39 

T1 2  0.06 0.08 0.06 0.07 0.07 0.06 0.09 0.08 0.09 0.07 

A1203  22.91 23.46 22.76 23.11 22.37 23.03 22.38 22.51 22.19 23.03 

total Fe as Fe 203  0.40 0.36 0.40 0.40 0.42 0.34 0.31 0.00 0.56 0.49 

MgO 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.03 

CaO 4.24 5.31 4.11 4.75 4.17 4.16 3.59 4.02 2.85 4.75 

Na20 8.15 7.65 8.05 8.41 8.56 8.42 8.61 8.52 8.44 8.15 

K20 1.10 0.87 1.07 0.93 1.05 1.13 1.30 1.17 1.63 0.98 

Total 99.83 99.52 99.79 99.94 100.19 100.66 100.65 100.42 101.24 99.89 

rj 



TABLE D3 (contd.) 

A762 	A762 	A762 	A762 	A762 
	

iJ 

61.17 62.81 62.83 57.23 61.38 64.19 64.59 63.57 64.33 64.12 

0.06 0.08 0.06 0.06 0.06 0.06 0.07 0.07 0.08 0.07 

23.89 22.43 22.66 25.44 22.62 22.34 21.65 21.99 20.86 21.72 

0.41 0.39 0.40 0.34 0.42 0.30 0.47 0.31 0.50 0.49 

0.05 0.02 0.01 0.04 0.02 0.00 0.01 0.03 0.02 0.00 

5.35 3.67 3.86 7.49 4.70 2.79 1.98 2.64 1.92 2.04 

7.96 8.46 8.03 6.86 8.35 7.65 7.60 7.00 8.68 8.27 

0.95 1.55 1.38 0.59 1.26 1.92 2.42 2.06 2.49 1.89 

99.84 99.41 99.23 98.05 98.81 99.25 98.77 97.67 98.88 98.60 

Specimen 

5i02  

Ti02  

A1 203  

total Fe as Fe 203  

MgO 

CaO 

Na 20 

K 2  0 

Total 



TABLE f (contd.) 

Specimen 

Sb 2  

Tb 2  

A1203  

total Fe as Fe 203  

MgO 

CaO 

Na20 

K20 

Total 

A880 A880 A880 A880 A858 A858 A858 A858 A858 

64.59 64.49 65.26 65.92 67.15 67.22 67.29 67.34 67.33 

0.08 0.06 0.07 0.10 0.03 0.01 0.02 0.02 0.04 

20.97 21.29 21.02 20.09 19.70 19.42 19.02 19.95 19.31 

0.50 0.50 0.43 0.82 0.26 0.30 0.33 0.22 0.28 

0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

1.72 1.44 2.21 1.21 0.26 0.21 0.22 0.18 0.24 

9.06 8.44 9.16 8.05 7.27 7.55 7.66 7.27 7.86 

2.55 2.87 2.52 4.03 5.40 5.57 5.63 5.77 5.52 

99.47 99.11 100.67 100.22 100.07 100.28 100.17 100.75 100.58 

ij 
I-i 



TABLE D14 

Specimen 
	 A80]. 	A801 

	
A869 	A823 
	

A823 	A823 	A798 	A798 

1.28 1.91 0.02 0.15 0.13 0.01 0.02 0.08 

24.01 39.26 48.82 20.13 48.69 48.71 50.65 23.54 

1.46 0.51 0.15 1.45 0.24 0.15 0.10 0.89 

62.23 43.88 47.21 71.27 44.66 45.66 45.65 70.27 

0.71 9.65 0.85 1.15 1.06 1.13 1.33 1.19 

1.23 3.17 1.21 1.36 2.53 2.02 1.23 1.13 

0.31 0.49 0.03 0.00 0.01 0.01 0.05 0.00 

0.04 0.07 0.04 0.05 0.13 0.04 0.00 0.00 

91.27 e9.94 98.33 95.56 97.45 97.73 99.03 97.10 

Sb 2  

T102  

Al2  0 3 

total Fe as FeO 

I"friO 

MgO 

CaO 

Na20 

Total 

I-J 



TABLE 1)4 (contd.) 

A786 A786 A786 A762 A762 A880 A880 A880 

0.12 0.12 0.15 0.13 0.06 0.14 0.04 0.10 

26.21 24.52 24.72 22.50 23.00 9.75 2.05 23.03 

1.38 0.90 1.34 1.01 1.22 0.07 0.54 0.26 

65.62 61.36 66.08 70.91 70.04 80.84 87.62 66.90 

1.37 1.19 1.38 1.32 1.29 0.37 1.28 0.63 

0.57 0.52 0.34 0.62 1.11 0.06 0.38 0.16 

0.37 0.09 0.12 0.04 0.04 0.03 0.00 0.03 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

95.64 88.70 94.13 96.53 96.76 91.26 91.91 91.11 

Specimen 

Sb 2  

T102  

Al 203 

total Fe as FeO 

MnQ 

MgO 

CaO 

Na20 

Total 

F-' 
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