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ABSTRACT 

A study of the factors which influence the enrichment of 

elements, particularly Zn, Pb and Cu, in estuarine sediments is 

reported. Emphasis has been placed on assessing the relative 

importance of anthropogenic mobilisation and diagenetic processes 

in creating surface sediment enrichments. The study was conducted 

in Loch Etive, a sea loch remote from major sources of pollution. 

The mineral, major element (Al, Si, K, Mg, Fe, Ca, P, Ti), 

organic (C, N) and minor element (Br, Cu, I, Mn, Ni, Pb, Zn, Zr) 

2- 2- composition and interstitial water composition (Son  , S , alkalin-

ity, PO, DOC, Ca2 ) of shallow (<1 m) sediment cores and surface 

sediments have been investigated. In addition, the major and minor 

element composition of suspended and sedimenting particulate material 

in the water column has been studied. 

Loch Etive contains two main basins whose differing hydrography 

is reflected in differences in the major element composition of the 

suspended particulate matter. Significant bioaccumulation of Zn, 

Pb and Cu by planktonic organisms in the euphotic zone does not lead 

to enhanced deposition of these elements into the sediments. 

Sulphate reduction is shown to be the major biogeochemical pro-

cess in the sediments. The upper sediment layers, in both basins, 

are subject to irrigation by a tube-dwelling macrofauna which leads 

to the distribution of both aerobic and anaerobic processes in the 

sediments. 

The surface sediment enrichment profiles of Mn, I and Br have 

been compared and contrasted to those of Zn, Pb and Cu. The mechan-

isms for the formation of these profiles has been discussed. The 

mode of incorporation of these elements into the surface sediments 

has been examined and the relationship between the major biogeochemi-

cal processes and the metal profiles studied. 
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A reliable technique for the analysis of trace metals in the 

interstitial waters is reported and was used to determine the dis-

tribution of Fe, Mn, Zn, Pb and Cu in a sediment core and in a 

laboratory sediment incubation experiment (M.U.D.L.E.). It has 

been argued that each of the metals is subject to diagenetic remo-

bilisation and the chemical controls influencing the distribution 

of the dissolved metals has been discussed. 

It is concluded that a natural diagenetic process may be res-

ponsible for the surface sediment enrichments of Zn, Pb and Cu and 

that great care must be exercised in interpreting the 'pollution 

history' which is recorded in estuarine sediments. 
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The growth of industry and human population has led to an increase 

in the input of many substances to the aquatic environment where they 

may be incorporated into marine and non-marine sediments. The presence 

of artificially produced radio-isotopes and halogenated hydrocarbons in 

sediments is a clear example of such pollution. However, when substan-

ces have both natural and anthropogenic inputs (e.g. metals Zn, Pb, Cu) 

assessment of the impact of pollution on a sediment becomes more compli-

cated. 

An important feature con to many marine and freshwater sediments 

is that metal profiles with depth take the form of a 'surface sediment 

enrichment profile'; as illustrated in Fig. 1.1. There is invariably 

a maximum concentration of metal close to the sediment/water interface 

and a near constant 'baseline' concentration at depth. This type of 

profile has been observed in sediments (i) around wastewater outfalls 

and urban areas (Young et al—, 1973;  Galloway,  1979),  (ii) from marine 

sewage sludge dumping areas (e.g. Halcrow et al., 1973;  author personal 

observations Firth of Clyde), (iii) from estuaries (Crecelius and Piper, 

1973; Crecelius et al., 1975; Goldberg et aZ. , 1977; Price et aZ., 

1978; Skei and Paus, 1979),  (iv) from shallow water marine basins 

(Erlenkeuser et al., 1971; Bruland et al., 1974;  Forstner and Reineck, 

1974; Suess and Erlenkeuser, 1975),  and (v) from freshwater lakes 

(Farmer, 1978; Bertine and Mendeck, 1978;  Hamilton-Taylor,  1979). 

Many of these locations are subject to waste disposal or urban run-off 

and, therefore, it has been assumed that the 'excess' metal (the concen-

tration over baseline concentration) is due to pollution. Using this 

assumption and dated sediment profiles local 'pollution histories' 

have been presented for numerous locations. For example, the onset of 

enrichment in the Baltic Sea sediments (Erlenkeuser et aZ., 197)4)  has 

been shown to be synchronous with the build up of European coal produc-

tion in the mid-nineteenth century and the start of enrichment in the 
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Fig 1.1 Typical 'Surface sediment enrichment profile' 
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California borderlands basins to coincide with the introduction of 

industry and leaded gasoline to California about 1920. Further 

evidence for the pollutant origin for 'excess' lead in sediments is 

given by the presence of isotopes of Pb added to petroleum and not 

present in the environment (Chow et al., 1973; Bertine and Mendeck, 

1978; Shirahata et al. , 1980). 

There is ample evidence that sediments close to sources of pollu-

tion are contaminated by metals (see Goldberg, 1976 for a brief review), 

however, little attention has been given to examination of sediments 

remote from such sources for the same metals (Price, 1976; Krom, 1976; 

Price et al., 1978; Galloway and Likens, 1979). An important question 

arises as to the pathway of metals to remote sediments. Galloway and 

Likens (1979) suggest that the atmosphere is the major pathway because 

the metals enriched in Adirondack lake sediments (Au, Ag, Cd, Cr, Cu, 

Pb, Sb, V, Zn) are also enriched in atmospheric particulate material 

(Ra.ncitelli and Perkins, 1970; Peirson et al., 1973; Chester and 

Stoner, 1974; Duce et al., 1975; And.ren and Lindberg, 1977; Lantzy and 

MacKenzie, 1979). These metals are introduced to the atmosphere 

through the burning of fossil fuels (Bertine and Goldberg, 1971; 

Weiss et al., 1971a; 1971b; Joensuu, 1971; Davison et al., 1974; 
Zoller et al.., 1974; Klein et al., 1975)  and other industrial processes, 

notably, cement making (Goldberg, 1976) and metal ore smelting (e.g. 

Franzon et al., 1979). Atmospheric fallout of metal enriched material 

has been measured over land and sea (Peirson et al., 1973; Lazrus et 

al., 1973) and metals accumulating in snow and ice at high latitudes 

must be deposited from the atmosphere (Murozumi et al., 1969,  Duce et 

al., 1975), however, the complex web of biological, chemical and 

physical processes which must act before incorporation in sediments is 

poorly understood. 
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The possibility that diagenetic processes can create metal 

enrichment profiles has been rejected, when it has been considered 

(Erlenkeuser et al., 1971 ; Goldberg et al., 1978;  Skei and Paus, 

1979), due to lack of substantial data. However, it has been shown 

that concentrations of 'pollutant' metals in sediment pore waters are 

much higher than in the overlying seawater (Brooks et al., 1968; 

Duchart et al., 1973; Elderfield and Hepworth, 1975) implying release 

of metals from the sediments during early diagenesis, although there 

is some doubt about the quality of the older data. Krom (1976) has 

suggested a possible recycling mechanism involving diffusion of high 

molecular weight organic compounds with attached metals towards the 

sediment/water interface from below. There is, unfortunately, no 

data available on the diffusion of high molecular weight organics 

through pore waters. An important point when considering surface 

sediment enrichment profiles is that Mn, I and Br, which have a very 

minor anthropogenic component, often show large surface enrichments. 

The redistribution of Mn, I and Br by redox and diagenetic reactions 

in sediments is well established (Hartmann, 1964; Lynn and Bonatti, 

1965; Hartmann et al., 1976; Price and Calvert, 1978, 1973). 

It is concluded that surface sediment enrichments may be more 

complex than the simple pollution history model would suggest, and 

this research is, therefore directed at understanding the transport 

of certain trace elements (Mn, I, Br, Zn, Pb, Cu) to estuarine sedi-

ments and their behaviour during early diagenesis. More specifically 

the following question should be answered: 'Can diagenetic processes 

result in the enrichment of estuarine surface sediments with Zn, Pb, 

Cu, Mn, I and Br?'. 

The approach adopted was to perform a geochemical study of the 

sediments, interstitial water and suspended particulate matter in Loch 
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Etive, a sea loch on the remote north west coast of Scotland. It 

is important to note that this study was conducted in an area not 

subject to marked amounts of local pollution. The sediments and 

interstitial water were examined to determine not only the behaviour 

of metals during early diagenesis but also the major d.iagenetic pro-

cesses in operation. The suspended particulate material was examined 

to assess the input of trace metals to the sediments. In addition, a 

laboratory incubation experiment (M.U.D.L.E.)1  was used in an attempt 

to model sedimentary diagenetic processes and their effect on metal 

distribution. A particular feature of the work has been the develop-

ment of suitable techniques for sampling and analysis of sediment 

interstitial water for trace element studies. 

1M.U.D.L.E. = Metals Under Diagenesis Laboratory Experiment 



CHAPTER TWO 

ENVIRONMENTAL SETTING OF LOCH ETIVE 
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2.1 Introduction 

Loch Etive is situated on the west coast of Scotland (Fig. 2.1). 

It is 28 km long from the head to the Falls of Lora at Connel and has 

a water surface area of about 26 km2  The loch is connected to the 

Firth of Lorne by an extensive shoal choked sill, 14 km long with an 

average depth of about 10 in which reduces the local tidal range of 14 in 

to 2 in. There are two main basins, with maximum depths of 60 in and 

110 in, separated by a prominant sill at Bonawe (Fig. 2.2(a)). The 

division of the loch into two is also reflected in the surrounding 

topography. West of Bonawe the scenery is of low rolling hills but 

built of andesitic lavas, to the east the high granite mountains of 

the Etive Ring Complex rise to over 1000 in. 

Although most of the sea-lochs on the west coast have small catch-

ment areas (average 200 kin2), Etive has a catchment in excess of 1300 

km2. The large catchment area, small surface area of loch and the high 

rainfall (2000 mm y1)  combine to cause a considerable freshwater con-

tribution to the loch (20 Mm week-1  to 200 Mm week-1: Edwards and 

Edeisten, 1977). The main inputs of freshwater are via the River Etive, 

at the head of the loch, which drains the extensive peatlands of 

Rannoch Moor, and the River Awe at Bonawe. The flow of the River Awe 

has been controlled since 1963 by the introduction of an hydroelectric 

scheme which uses Loch Awe as a reservoir. Numerous small streams 

drain the often scree ridden sides of the Loch. 

2.2 Hydrography 

Descriptions of the hydrography of Loch Etive have been given by 

Wood et al. (1973) and. Edwards and Edeisten (1977).  Profiles of sal-

inity, temperature and dissolved oxygen (Fig. 2.2(b)) from April 1977 

are presented to indicate the conditions prevalent during sampling 
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Fig 2.1 Location of Loch Etive on the west coast of Scotland. 



and some general features of the Loch Etive system. Salinity and 

temperature were measured using an Electronic Switchgear T/S probe 

and dissolved oxygen by Winkler titration of samples collected in 30 

1 Niskin water samplers. 

Loch Etive has an estuarine type circulation. There are three 

types of water present (Fig. 2.2(b)) (i) surface water which increases 

in salinity and temperature from the head (0.5%, 20C) to the mouth 

(20%, 90C) separated from (ii) intermediate water (24%,  9-11°C) by a 

halocline and thermocline between 2 and 10 m and (iii) deep water 

(30%, 12.50C) separated by a halocline and therinocline between 35 and 

50 m in the inner basin. The deep water has a residence time of about 

1 year which results in its depletion in dissolved oxygen (4 mg 1-1  

compared to 9-10 mg 1T1  in the overlying water - Fig. 2.2). Flushing 

of the deep water depends on run-off and the density of water at the 

Bonawe sill and usually occurs in the summer months (Edwards and 

Edeisten, 1977).  The last renewal prior to the data in Fig. 2.2 being 

obtained probably occured in the summer of 1976 when coastal water 

reached 12.5°C. 

The main stations for geochemical study were chosen, one in the 

outer basin and one in the inner basin, to reflect the differing hydro-

graphies and possible sediment chemistries (i.e. more oxic and less 

oxic). The reduced oxygen concentration in the inner basin deep water 

may have important consequences for the geochemistry of both sediments 

and suspended particulate materials. 

2.3 Population 

The population in the Loch Etive area is to be found in the 

villages of Bonawe, Connel, Dunbeg and. Taynuilt (population 8,500) and 

many well distributed farms and cottages. The town of Oban (population 
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Fig 2.2 (a) Median longitudinal bathymetric profile of Loch Etive 
(b) Water column profiles of temperature, salinity and dissolved 

oxygen at' 7 stations in Loch Etive. 



7,000) lies 5 km to the south. Oban and Dunbeg discharge untreated 

domestic sewage to coastal waters while most of the remaining sewage 

is retained on land. The input of trace metals from this sewage is 

likely to be small due to the non-industrial nature (2.4) of the area. 

2.4 Industry 

Irormelting (information supplies by M. Kerr, Property Services 

Agency, Edinburgh) and quarrying have been the only industrial activi-

ties in the vicinity of Loch Etive. Iron smelting was first carried 

out by Irish iron-masters starting in 1730 with a furnace in Glen 

Kinglass (Fig. 2.1). Later iron-masters from the English Lake District 

built a furnace at Bonawe which operated until 1870 and is now preser-

ved as a museum. Peak production, 15 tons pig iron day-1, was achieved 

in 1840. Iron ore for the furnaces was brought from Ireland and. 

Cumbria to take advantage of the ready supply of wood around the loch. 

The formerly extensive Glen Etive woodlands were totally destroyed for 

charcoal, the stances where the burning took place may still be seen 

around the loch. 

Quarrying has only been undertaken on a large scale in this cen-

tury. Granite is hewn from the quarries on the north side of the loch 

at Bonawe and crushed on site for roadstone. Much of the aggregate is 

shipped out by small coaster. 

These industries, particularly the deforestation, are likely to 

have some impact on the input of material to the loch and the sedimen-

tary record may contain evidence of this. 
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3.1 Introduction 

A major objective of this research is to determine if diagenetic 

reactions are capable of controlling the distribution of certain trace 

elements (particularly Pb, Zn, Cu, Ni, I, Br and Mn) in Recent sedi-

ments. Firstly, it is necessary to examine the distribution of these 

elements in both surface sediments and vertical profiles of the upper 

metre of sediments from Loch Etive. The gross mineralogy, major ele-

ment composition and organic matter content have also been determined 

for the same samples as it is essential in a study of trace element 

geochemistry to establish if variations in the distribution of the 

major components control the distribution of the minor components. 

If the trace element distribution is independant of the mineralogy 

and major constituents then two possibilities should be examined; 

(i) that there has been a variation in the trace element input alone, 

or (ii) that there is a diagenetic process redistributing the trace 

element in the sediments. In order to relate the input recorded in 

the sediments to the known history of inputs from natural and pollu-

tant sources it is essential to establish a chronology for the sedi-

ments. The sediment accumulation rate of the Loch Etive sediments 

was, therefore, determined using a number of different techniques. 

3.2 Sampling and Methods 

Two types of material were collected from Loch Etive. Gravity 

cores were collected to examine the progressive diagenesis of the sedi-

ments with depth and Craib cores (Craib, 1965) were collected to 

examine the distribution of elements in the surface sediments of the 

loch. Three one metre long gravity cores were taken in November 1975, 

two (ET75/1, ET75/2) from the inner basin (ET8) and one (ET75/5)  from 

the outer basin (ETll), a further core was taken from the outer basin 



River Etive 

BE 62  
ET3m 	Glen Kingass 
ET 04 

ET 5 a 

MET 06 

BE 307 

ET8- 	 S08 

TSO9 

ETS12 Bonawe 	
310 	Taynuilt 

ETS13 	NSOMETSj AirdsBay 

• 	14 

ME 
ETI I 

• ET 16 

I 

Connel 

a surface sediment samples 
I 

gravity core samples 

) 	
•ETS1 

Dunbeg  

1km 

Fig 3.1 Location of sediment cores studied in this thesis. 



12 

in May 1977.  Eighteen Craib cores were taken at stations along the 

length of the loch (Fig. 3.1) in May 1977. 

Disturbance of the sediment is a major problem when collecting 

material for geochemical study. The surface sediments of these coas-

tal basins are very fluid due to their high water content (70-80% wet 

weight basis) and are easily disturbed by the pressure wave in front 

of many coring devices. Loss of sediment from the tops of cores is 

quite common (see for example Krom, 1976). The gravity corer used in 

this study was designed to minimise this sampling problem. The barrel 

is an open plastic tube (I.D. = 89 mm) with no core catcher and a 

through flow of water such that there is little pressure wave. Sedi-

ment cores with an intact sediment/water interface were collected. 

The Craib corer, used to collect the surface sediment samples, also 

recovers the sediment/water interface without disruption. 

Sub-sampling of the cores was achieved by extruding the core 

vertically up from its barrel by the insertion of a plunger from 

below, either by hand or by using a jack. The extruded sediment was 

cut into sections by the use of a Perspex/Polyca.rbonate r guillotine 

or with a plastic spoon where the sediment was too fluid to cut. The 

use of the guillotine allowed the sampling of the cores on a centi-

metre basis. Fine sectioning of the cores is a prerequisite of detai-

led study of the changes which occur in Recent sediments and provides 

confidence in analytical results if consistent profiles are obtained. 

The sediments collected in November 1975  were sub-sampled in air 

while those collected in May 1977 were handled under nitrogen (oxygen 

free nitrogen was used directly from the cylinder via a 01 Pm 

Nuclepore 
r 
 membrane filter). The anoxic preparation was to minimise 

oxidation of the sediments which is known to alter pore water concen-

trations of Fe2+, P0 and H2S. 
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Throughout this chapter samples from the gravity cores will be 

referred to as core samples and the top centimetre of the Craib cores 

will be referred to as surface sediment samples. 

Two cores from the loch (ET75/1 and ET75/5) were analysed for 

their gross mineral composition by X-ray diffraction of un-orientated 

mounts of the dried sediment. The major element (Al, Si, K, Mg, Ca, 

Fe, Ti) composition of samples from two cores (ET75/1 and ET75/5) 

were determined by X-ray fluorescence spectrometry by a method similar 

to that of Rose et al. (1962). Organic carbon was determined by stan-

dard LECO dry combustion technique after removing the carbonate carbon 

with warm, dilute HC1. Total carbon and total nitrogen were measured 

using a Perkin-Elmer 210 Elemental analyser and total P by X-ray fluo-

rescence spectrometry as for the major elements. All of the sediment 

samples were analysed for Pb, Zn, Cu, Ni, }.4n, I, Br and Zr by an X-ray 

fluorescence technique using an adaptation of thuethod of Reynolds 

(1963). Details of all analytical techniques are given in Appendix 2: 

all results are reported on a salt-free basis. 

Four different techniques were employed to obtain accumulation 

rates for the Loch Etive sediments. These were (i) 210 Pbgeochronology; 

(ii) pollen stratigraphy; (iii) sediment trap collection (sedimentation 

rate); and (iv) "sulphate reduction gradient" chronology. 210  Pband 

226R concentrations in a core from each basin (ET1 and ET5)  were deter-

mined by Dr. B. L. K. Somayajulu at the Physical Research Laboratory, 

.Ahmedabad, India, using standard techniques. Pollen stratigraphy was 

determined for a 6 metre long core raised from Airds Bay (ET11) by Mrs. 

W. Tutin at the Freshwater Biological Association, Ambleside (S. 0. 

Stanley, pers. comm.). Details of the sediment trap collections are 

presented in Chapter Four and pore water sulphate reduction gradients 

are presented in Chapter Five. 
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3.3 The Sediments 

All the gravity cores collected from the basins of Loch Etive had 

a surficial layer, up to 1 cm thick, of brown floccu.lant material. 

This feature has been noted for similar sediments by many authors 

(Saanich Inlet, Brown et al., 1912;  Long Island Sound, Goidhaber et al., 

1971; Loch Duich, Krom, 1976) and is commonly found in organic rich 

sea-loch sediments overlain by an oxygenated water column (e.g. Loch 

Eu, Loch Creran, Loch Fyne and. the Firth of Clyde except where grossly 

polluted with organic wastes (author personal observations)). The 

brown surface layer is underlain by uniform dark grey/black clayey 

silts which smell of hydrogen sulphide. 

A number of cores were observed to contain burrows about 1 cm in 

diameter with hard walls and were present to depths of 1 metre. While 

cores from the outer basin often contained burrows, those from the 

inner basin did not. The occupants of these burrows were never obser-

ved. The presence of an extensive burrow system in the sediments with 

an active macrofauna is likely to have an important effect on the chem-

istry of the sediments (see for example, Aller, 1978)  and will be borne 

in mind. 

Some cores, particularly those from the outer basin, contained 

bivalve shells, shell debris and leaves irregularly distributed with 

depth. Cores for sub-sampling and geochemical analysis were selected 

on the basis of visual homogeneity, any inhomogeneities found on cut-

ting the cores up were carefully noted. 

The Craib cores showed more variability than the gravity cores 

as they were collected from a wider range of locations. At Dunstaffnage, 

outside the loch, (ETS17) the sediments were uniform light grey clays 

while in the basins of Loch Etive sediments sampled were as described 

for the gravity cores above. Most variation was shown by cores raised 
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from the sill areas of the loch. These varied from coarse gravel 

(St. ETSli) to light grey clays with irregular patches of shell debris 

(St. ETS15, ETS16). Bedrock was encountered on several occasions; 

lack of sediment is, no doubt, due to the fast tidal currents which 

flow over the sill regions (Wood et al., 1973; Edwards and Edelsten, 

1977; Edwards, pers. comm.). Of the 18 surface sediment samples, 12 

were of the typical 'basin' type. 

The porosity of the sediments was calculated from the water con-

tent measured gravimetrically by drying the sediments at 105°C. The 

equation of Berner (1965) was used in these calculations. Profiles 

of the porosity of one core from each basin are shown in Fig. 3.2. 

The sediments compact rapidly reaching a near constant porosity at 

about 15 cms, there is sufficient variation in porosity (12%) to make 

the application of a concentration correction to all chemical data for 

the effect of sea-salt in the dried sediment essential (details in 

Appendix 2). 

3.4 Sediment Accumulation Rates 

3.4.1 	210 Pb geochronology 

The use of the radioactive isotope 
210Pb for the dating of 

lacustrine sediments was established by Krishnaswamy et al. (1971) and 

extended to uniformly accumulating marine sediments by Koide et al. 

(1972, 1973). 

The involvement of 
210  Pbin the sedimentary process is outlined 

here. 222Rn, produced by the decay of 22  6R in the Earth's crust, 

enters the hydrosphere and atmosphere where it decays, via short lived 

radionuclides, to 210  Pb (t, = 22.3 y). The 210 Pbassociates with the 

particulate phase in the marine water column (Benninger, 1979, Schell, 

1977) and is incorporated into the sediments. 
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Koide et al. (1972) observed that the rate of supply of 210  Pb to 

the surface of sedimentation is much greater for sub-aqueous sediments 

than for glaciers and suggest that the radionuclide is scavenged in 

the water column and concentrated by plankton which hastens and enhances 

input to the sediments. 

The model of Robbins and Edgington (1975)  was employed to calcu-

late the sediment accumulation rate from the 226R corrected 21OPb data 

(unsupported 210 Pb) which are presented for cores ET75/1  and  ET75/5  in 

Fig. 3.2. 

The Model is as follows: 

A 	At 	 A 
-lii 	(z) 	= f(z) - 

A(0) _At 	 w 

where 	A(z) 	= 210 Pbactivity at depth z 

210 	 226±... A' 	= 	Pb activity supported by 	a in the sediments 

A(0) 	= 210  Pb activity at z = 0 (initial activity) 

w 	= sedimentation rate 

A 	= decay constant of 210 Pb= (ti = 22.3 y) 

= 1 - 	z(l - O) + 

where 	= porosity at depth 0cm 

= porosity at 15 cm (final compaction) 

porosity at depth z cm 

B 	is defined by the relation 

(z) 	
° - ')e 	+ 01  (Athy, 1930 in 

Robbins and Edgington, 1975). 

Of necessity, there are a number of assumptions inherent in the 

model, (1) the flux of 210  Pb to the sediments is constant; (ii) the 

sedimentation rate is constant; (iii) the activity of 
210Pb supported 
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by 
226

Ra  in the sediments is constant; (iv) there is no post depositional 

mobility of the radionuclide; and (v) the sediments are not appreciably 

bi oturb ated. 

Although the profiles of 210  Pb activity are exponential with depth, 

suggesting that the assumptions are valid, Benninger et al. (1979)  have 

shown that exponential curves may still be produced in sediment subject 

to considerable bioturbation. Lack of data on an ind.ependan-t tracer in 

the Etive sediments allows no assessment to be made of mixing of the 

sediment by macrofauna. The 210  Pb chronology, therefore, gives a maxi-

mum rate of sedimentation. The high elemental fluxes to the sediment 

calculated when using the 210 F sediment accumulation rate (Chapter Four) 

is further suggestion of this. The possibility of 210  Pbmobility is 

discussed in Chapter Eight. Sediment accumulation rates are shown in 

Table 3.1. 

	

3.4.2 	Pollen stratigraphy 

Examination of the pollen contained in a 6 metre core from Airds 

Bay was undertaken by W. Tutin (F.B.A., Windermere, A. Edwards, pers. 

comm.). Ages were assigned to the core at one metre intervals, the 

age at 1 m being 1000 y B.P. suggesting that other rates are within 

the correct range. 

	

3.14.3 	Sulphate reduction chronology 

Goldhaber and Kaplan (1975) noted that the rate of reduction of 

sulphate in interstitial water was proportional to the rate of sediment 

accumulation in organic rich sediments. Their method of dating relied 

on the presence of concave-down concentration profiles which could be 

modelled unambiguously. Berner (1977), however, developed a simple 

model from observation, and theoretical consideration, that the sedi-

mentation rate for many sediments is directly proportional to the 

initial gradient of sulphate depletion. 
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The model used 	w = -M(C/z)O 

where w = sedimentation rate (cm/y) 

M = constant cm2/mM (equal to 1 for 'mainline' sediments) 

(C/z)O = initial gradient of sulphate depletion in mM/cm. 

The method is claimed to provide an estimate of sedimentation 

rate to within a factor of two. The profiles of interstitial water 

sulphate are shown in Fig. 5.2 (Chapter Five) and the measured sedi-

ment accumulation rates in Table 3.1. 

	

3.4.4 	Sediment trap collection rate 

Sediment traps were deployed at stations ET8 and ET11 on three 

consecutive days in May 1977. The material collected in the traps 

was weighed after washing and drying and the data used to estimate the 

annual sedimentation rate (Table IL ). Full details of the collections 

are presented in Chapter Four with some consideration of the represen-

tivity of the samples. This technique is a crude approximation of 

sedimentation rate based on few observations, no account was taken of 

either hydrographic conditions at the stations (and hence amount of 

resuspension) or the collection efficiency of the samples (Gardner, 

1980). 

	

3.4.5 	Results 

The rates of sedimentation as measured by the various techniques 

are shown below (Table 3.1). 

TABLE 3.1 

Sediment Accumulation Rates Measured by Four Techniques 

210Fb  SO 	Sed trap Pollen 

Inner Basin 	0.31 	0.147 	0.35 	- 	(units cm 
at constant Outer Basin 	0.52 	0.1411 	O.45 	0.1 	porosity) 
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The most striking feature of the data is the similarity of the 

sedimentation rates measured by such diverse methods. The rates are 

of the magnitude expected for nea.rshore sediments, i.e. mm/y  - cm/y. 

Close agreement between 210 
 Pb rate and S0 rate is perhaps to be 

expected as Berner (1977)  developed the method using sediments dated 

210 	 210 by 	Pb chronology. The similarity of sediment trap rates and 	Pb 

rate is probably fortuitous as annual variations are known to occur 

in organic sedimentation in Loch Etive (Ansell, 1973); however, as 

shown in Chapter Four, the daily sedimentation rate obtained here and 

the extrapolated average from Ansell's data are similar. Applying 

the 210 Pbsediment accumulation rate as a maximum and the pollen sedi-

ment accumulation rate as a minimum (to both basins) the deepest sedi-

ments samples are between 245 and 760 years old in the inner basin and 

between 155  and 810 years old in the outer basin. 210 Pb dates are 

shown in Fig. 3.2. 

3.5 Major Components of the Sediments 

3.5.1 	Mineralogy 

The gross mineral composition of the sediments shows a suite of 

minerals, quartz, feldspars, chlorite, muscovite/illite and minor 

calcite, typical of weathering in a cool temperate climate (Biscaye, 

1965). The sediments of other fjords in the temperate zone contain 

similar mineral assemblages (Gucluer and Gross, 1963; Krom, 1976). 

Quantitative analysis of the sediment mineralogy is difficult to 

achieve, but relative peak heights on the X-ray diffractograms vary 

little with depth in each core or between cores from the two basins 

of Loch Etive. There appears to be no major variation in the mineral 

composition of the sediments with time. 
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3.5.2 	Major element composition 

The most important feature of the Al, Si, K, Mg, Ca, Fe and Ti 

data (Table A.3) is the nearly constant composition with depth in the 

cores from both basins; the Al concentration profile is shown in Fig. 

3-3(a). This near uniformity of major element composition with depth 

should be noted when the trace element geochemistry is examined. 

There are minor variations of the element/Al ratios (Figs. 3.3(b), 

3.(a), 3.1 (b)) with depth in each core and between the two basins. 

In the upper 10 cm of the sediments the Mg/Al, Ca/Al and Fe/Al ratios 

increase slightly and the K/Al ratio decreases. These changing ratios 

probably reflect small variations in recent sedimentation and, in the 

case of Fe, possible enrichment of Fe in the surface sediments due to 

diagenetic reactions. The compositional changes may also be due to 

decreasing dilution by organic C in the outer basin sediments (see 

Chapter Three, section 3.5.3),  however, 	the inner basin sediments 

exhibit a similar change of ratios and no decrease of organic carbon 

concentration. Fe/Al and Mg/Al ratios are higher and Si/Al and K/Al 

ratios are lower in the inner basin sediments than in the outer basin 

sediments. These differences are due to differences in the types of 

material entering the two basins (Price and Calvert, 1973;  Chapter 

Four). 

3.5.3 	Organic matter 

As organic matter forms up to 15% (approximately 2 x organic C 

content) of the Loch Etive sediments, its nature may have a profound 

effect on the distribution of some minor elements; e.g. I and Br 

(Price and Calvert, 1978)  and Zn, Pb and Cu (Calvert and Price, 1970; 

Leland and Shixup, 1972;  Calvert and Morris, 1978). 

Although the surface concentration of organic C is similar in 

both basins (7%) there is a decrease of organic C content (6.8-5.7%) 
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in the top 10 cm of the outer basin (Core ET75/5) compared with no 

decrease with depth in the inner basin (Core ET75/1) (Fig. 3.5(a)). 

The 13.8% loss of organic C with depth in the outer basin sediments 

could be due to 	(a) enhanced bacterial degradation in the more 

aerated outer basin (see Chapter Five); (b) reflect the differing 

composition of organic matter between the basins (see below); or 

(c) indicate a recent increase in the input of organic matter to the 

outer basin sediments. 

There is also a marked decrease in the organic N concentration 

(0.69% to 0.52%) in the upper 30 cm of the sediment in the outer 

basin. The inner basin sediments exhibit a smaller decrease in or-

ganic N concentration from 0.57% to 0.52% within this depth interval. 

The C/N ratio increases, as a result, in both basins (Fig. 3.5(b)). 

The increase occurs over the same depth range in both basins suggest-

ing that there is, perhaps, a time variation in the nature of the 

organic input. However, as there is known to be significant bacterial 

degradation of organic matter in these sediments (Chapter Five) and N 

is known to be more labile than C during diagenesis (Martens et a7. 

1978) it is suggested that the decrease of organic N concentration and 

the increase of C/N ratios are due to the preferential destruction of 

N rich organic matter, the debris of phytoplankton, in these sediments. 

The high values of the C/N ratio (9-13) is these sediments reflects 

the large input of terrigenous organic material to the basins of Loch 

Etive (see also below). 

The P concentration does not vary significantly with depth in 

either basin (Table A.3.1) sediment which is surprising in view of the 

extent of mineralisation and the greater relative (to organic C) lab-

ility of P during diagenesis (Martens et al. 1978). C/P ratios decrease 

as organic C concentration decreases suggesting that in these sediments 
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the organic P (total P data is presented here but detrital alumino-

silicates contain little P, P/Al ratio = 0.006) is less reactive 

than organic C. P released from organic matter may be retained in 

the sediments in mineral phases (see Chapters Five and Seven). 

3.5.4 	Components of the organic input 

Two important trends arise from the organic C and C/N ratio data 

(Fig. 3.6) for the surface (0-1 cm) sediments of the loch. Firstly, 

there is a general increase in the organic C concentration from 1.9% 

at Dunstaffnage to between 6% and 1% in the inner basin and, secondly, 

a general increase in the C/N ratio from about 6 to about 15 from 

Dunsta±'fnage to the inner basin. 

The large lateral variation in the surface C/N ratios can be 

utilised to estimate the proportion of terrigenous and marine organic 

matter at each location. Assuming that (1) there are two sources of 

organic material, terrigenous and phytoplankton, (ii) there is no post 

depositional alteration of C/N ratios in the surface sediments, and 

(iii) there is no variation in the C/N ratio of either component, 

the.ri taking C/N ratios of 5.2 (average Etive outer basin plankton) 

and 17.3  (River Etive particulate matter) as the end members, a mixing 

curve can be produced (Fig. 3.7). The percentage of either component 

may be read from the curve if the sediment C/N ratio is known. It may 

now be seen that the proportion of marine organic matter decreases 

towards the inner basin as the influence of terrigenous organic mater-

ial increases (Fig. 3.8). Martens and Goldhaber (1975)  observed a 

similar trend of decreasing terrigenous influence off-shore in the 

White Oak Estuary, U.S.A.. 
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3.6 Trace Element Distribution 

3.6.1 	Nickel (Ni), Zirconium (Zr) and Chromium (Cr) 

Nickel content does not vary significantly with depth in cores 

from either basin of the loch (Fig. 3.9(a)). Similarly,Erlenkeuser 

et al. (1971),  Goldberg et al. (1977)  and Skel and Paus (1979)  obser-

ved a constant concentration of Ni with depth in the sediments of the 

Baltic, Narragansett Bay and. Ranafjord, respectively, suggesting that 

Ni is not subject to significant anthropogenic or diagenetic mobili-

sation. The content of Ni ranges between 21  and  11  ppm in the sedi-

ments of Loch Etive, similar to the concentrations reported for 

Ranafjord sediments (3116 ppm), southern Chesapeake Bay (3O-9 ppm) 

(Goldberg et al., 1978) and. Narrangansett Bay sediments (15-3  ppm). 

Concentration of Ni in the surface sediment samples shows no apparent 

trend although the range of concentration is quite large. 

Zr content, like Ni, shows no variation with depth in the sedi-

ments of Loch Etive (Fig. 3.9(b)). The range of concentration in the 

cores and surface samples is 1I4 ppm to 228 ppm. The Zr concentration 

is higher, on average, in the outer basin sediments than in the inner 

basin sediments. The differing concentrations may be due to different 

sources for the sediments of either basin (Price and Calvert, 1973). 

Minor differences in the major element composition have already been 

noted. 

Although neither Ni or Zr contents show any particular trend in 

the surface sediment samples, the Ni/Zr ratio is constant, suggesting 

a correlation between the two elements. As Zr is strongly associated 

with the detrital alumino-silicate fraction of the sediments (Hurst, 

1962) this implies that Zr and Ni are mostly contained in alumino-

silicates in the Loch Etive sediments. The lack of variation in the 

Ni/Al and Zr/Al ratios with depth in the cores (Table A.3.) also 

supports the detrital association of the two elements. 
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Chromium concentration data from one core in the outer basin 

(ET77/1) (Table A.3.3) suggests that Cr exhibits a similar distribu-

tion to Ni and. Zr. 

3.6.2 	Manganese (Mn) 

Manganese shows a pronounced enrichment in the surface layers of 

sediment from both basins. Concentration decreases from the sediment/ 

water interface to near constant values below 20 cm in the sediments 

(Fig. 3.10). Decrease is most rapid in the top few centimetres. Maxi-

mum surface concentrations are higher in the inner basin (12940 ppm) 

than in the outer basin (1690 ppm) as are the concentrations below 

20 cm (average 'below 20 cm' concentrations inner basin 3000 ppm, 

outer basin, 600 ppm). 

The profiles are similar to those observed in some nearshore areas 

e.g. southern Chesapeake Bay (Goldberg et al., 1978),Oslofjord (Doff, 

1969), Ranafjord (Skei and. Paus, 1979),  Baltic Sea basins (Hartmann, 

1964), however, enrichments of Mn are not always found in nearshore 

sediments (Benninger et al., 1979, Erlenkeuser et al., 1974, Goldberg 

et al., 1977, Bruland et al., 1974). Benninger et al. (1979) consid-

ered that erosion may have removed a few centimetres from their core 

prior to sampling. The lack of a Mn enrichment is perhaps surprising 

in view of the otherwise similar natures of thsediments. 

The economic and geochemical interest in Mn nodules has prompted 

much work on the behaviour of Mn in sediments (Lynn and Bonxiati, 1965; 

Li et al., 1969; Calvert and. Price, 1972;  Elderfield,  1975).  The dia-

genetic redistribution has been well documented. Mn is incorporated 

into oxic surface sediments associated with Fe oxides and hydroxides. 

Burial and the onset of anoxic conditions leads to reduction of the Mn 

oxides and release of Mn 2+ into the interstitial water. Concentration 

of dissolved Mn builds up and the resulting concentration gradient 
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causes diffusion of Mn both towards the sediment surface, to be re-

precipitated as Mn oxide, and away from the sediment surface to be 

precipitated as Mn carbonates and Sulphide (Suess, 1919). The pro-

files described above are the result of this recycling occurng in 

the upper few centimetres of the Loch Etive sediments. Additional 

evidence for this process is presented in Chapter Seven which deals 

with the pore water compositions. 

Suess (1979)  suggests that terrigenous organic matter may be an 

important source of Mn to nearshore sediments. In principle this 

could account for the higher Mn content of the inner basin sediments, 

however, there is no correlation of Mn with the terrigenous fraction 

of organic material in the surface sediments nor does the particulate 

material in the River Etive have more Mn than particulate matter in 

the outer basin of the loch. A more detailed study of the river in-

put is required to resolve this problem. 

3.6.3 	Iodine and Bromine 

Iodine (I) concentrations vary widely in the Loch Etive surface 

sediments (Fig. 3.11) ranging from 208 ppm to 721 ppm, while Bromine 

(Br) concentrations range from 206 ppm to 801 ppm. These concentra-

tions represent a considerable enrichment compared to the concentra- 

tions of the halogens in seawater (I =04,^ Br 	Both I 

(Vinogradov, 1939;  Shishkina and Pavlova, 1965;  Price and Calvert, 

1973) and Br (Price and Calvert, 1977)  have been found at high concen-

trations in the surface sediments of other shallow water marine areas 

associated almost entirely with organic matter (Price et al., 1970; 

Price and Calvert, 1977).  In the Loch Etive surface sediments neither 

I nor Br show a good correlation with organic C (Fig. 3.11) but there 

is a good correlation of both halogens with the marine fraction of 

organic C, as defined above (Fig. 3.12). This suggests that only 
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marine organic matter ,i.e.plankton debris, controls the distribution of 

I and Br in marine sediments and perhaps explains why Sugawara et al. 

(1958) found that Mn and Fe oxides were important in controlling I in 

some Japanese lakes where only terrigenous organic matter is present. 

Although there is known enrichment of I and Br in the tissues of 

marine organisms (Bowen, 1966; Shaw, 1962) the concentrations of halo-

gens found in the surface sediments are far higher than simple accumu-

lation of plankton debris would allow. If all of the I in the Loch 

Etive sediments was due to accumulation of plankton debris and ALL of 

the organic C was of planktonic origin, then the expected concentra-

tion in the living plankton would have to be about 7000 ppm. This 

value is much higher than the range of I concentration in most marine 

organisms of 200-300 ppm (Bowen, 1966). Price and Calvert (1973) 

suggest that adsorption of I (and Br) onto seston at the sediment/ 

water interface is responsible for the observed concentrations. 

While the precise mechanism of uptake is unknown, Price and Calvert 

(1973, 1977) show that the adsorption of I depends on the presence of 

oxidising conditions at the sediment surface and that under reducing 

conditions uptake is inhibited. In contrast, the uptake of Br appears 

to be independant of redox conditions. It should be noted that both 

I and Br are linearly related to marine organic C in the surface sedi-

ments of Loch Etive despite the differing redox conditions in the two 

basins. There is, however, always an appreciable oxygen concentration 

in the bottom water of both basins. 

I and Br both show marked surface sediment enrichment profiles 

in the sediments of Loch Etive. These are shown in Figs. 3.13 and 

3.11. The I concentration decreases exponentially from the sediment 

surface (350-360 ppm inner basin, 450  ppm outer basin) to approach 

150 ppm at depth in both basins. The Br concentration also decreases 
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from the sediment surface (350 ppm inner basin, 610 outer basin) to 

about 150  ppm in the inner basin and 350 ppm in the outer basin. The 

decrease of both elements is due to the degradation of organic matter 

and the release of bound halogens (Price and Calvert, 1973, 1977). 

Further evidence, given by Edwards and Truesdale (1979) of I diffusing 

out of the Loch Etive sediments and into the water column, suggests 

that the profiles are due to the release of bound I and not to an 

increasing input of I to the sediments. A similar argument may be 

posed for Br, but it would be difficult to detect the flux of Br out 

of the sediments due to the already large concentration in seawater. 

The I/org.0 and Br/org.0 ratios decrease below the sediment surface 

suggesting that the halogens are mobilised at a greater rate than the 

bulk of the organic matter, supporting the contention that I and Br 

are associated with a particular but unknown and relatively reactive 

part of the organic matter (Price and Calvert, 1973, 1977). 

The different behaviour of Br at depth in the two basins is 

puzzling as it appears that in the outer basin, where it has been 

argued from carbon and nitrogen data, that organic breakdown is rapid, 

the Br is relatively refractory. 

3.6.4 	Zinc (Zn) 

Zn exhibits surface sediment enrichment profiles in both basins 

of Loch Etive (Fig. 3.15). In the inner basin the surface concentra-

tion (-270 ppm) is maintained to a depth of 10 cm below which there is 

a decrease to about 100 ppm at 50 cm. In the outer basin the surface 

concentration is maintained to a depth of between 20 and 25 cm below 

which there is a rapid decrease to 100 ppm at 50 cm. The baseline 

concentration, 100 ppm, is maintained to the bottom of the cores in 

both basins. The surface sediments are, therefore, enriched in Zn by 

a factor of 2.7 relative to the baseline concentration. 
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Zn concentrations in the surface sediment (0-1 cm) samples (Table 

A.3.5) range from 197  ppm to 289 ppm, all much higher than the baseline 

concentration in the sediments. There are no consistent trends in the 

data. 

The baseline concentration in the Loch Etive sediments and the 

baseline Zn/Al ratio are similar to the baseline values in other 

coastal marine sediments, both polluted and unpolluted (Table 3.2). 

This amount of Zn is present predominantly in the detrital alumino-

silicate component of the sediment. About 50 cm in the sediments of 

both basins the concentration of Zn is in excess of that in alumino-

silicates. Skei and Paus (1979) and Hamilton-Taylor (1979)  used sel-

ective chamical leaching to suggest that the excess metal in the 

Ranafjord and Lake Windermere sediments is indeed present in a non-

detrital phase. Neither chemical nor physical separation techniques 

to assess element associations were used on the Loch Etive sediments 

because of the poor resolution of currently used techniques and be-

cause time to develop suitable techniques was limited. In the surface 

sediments the correlation between Zn and elements associated with 

particular phases in the sediment, Zr for aluminosilicates, Mn for 

oxides, organic C for organic matter and the marine fraction of 

organic C, are poor (Table 3.3). The excess Zn in the surface sedi-

ments is, therefore, not associated predominantly with any of the 

major components. 

There are two main points of geochemical interest in the Zn data. 

Firstly, the presence of surface sediment enrichment profiles in sedi-

ments where Zn is usually assumed to be immobile and there is no local 

source of pollution. Secondly, maximum enrichment of the sediments 

extending to different depths in the two basins. 



TABLE 3.2 Baseline sediment content of Zn, Pb and Cu in Loch Etive and 
other polluted and non-polluted coastal marine sediments 

Location Zn 
* 

z('J6u Pb Cu CJc12 

Loch Etive, inner basin 1 105 ' 35 47 21 

Loch Etive, outer basin 1 103 35 ° 17 2.4 

Baltic Sea, Eckernforderbucht 2 119 7 21 36 ° 
Baltic Sea,Bornholm Basin 2 105 l 27 .7 29 ° 
Chesapeake Bay, CHSP 1411 100 4 25 20 

California Borderlands, Santa Barbara 100 7  11 30 £0 

California Borderlands, San Martin 130 1 -6 9 i 45 '° 

California Borderlands, San Pedro 110 7  10 45 7.0 

Loch Duich, Scotland 97 14  26 20 27 

Oslo Fjord, Norway 6 227 32 24 '' 39 

Narrangansett Bay 69 12 15 

Mofjord,Norway 8 90 16 18 

Average Shale 95 20 45 

Sources 1, this study: 2,Erlenkeuser et al (1974): 3, Goldberg et al 

(1978): 4, Bruland et al, (1974): 5, Krom (1976): Doff (1969): 7, 

Goldberg et al (1977): 8, Hamilton-Taylor (1974): 9,.Turekian and 

Wedepohi (1972). 	kOJ? X\o 
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3.6.5 	Lead (Pb) 

Pb also shows surface sediment enrichment profiles in the sedi- 

ments of both basins of Loch Etive. However, there are marked differ-

ences between the two basins (Fig. 3.15).  In the outer basin the 

surface concentration (ioo ppm) is maintained to 20-25 cm below, 

while there is a decrease to a baseline concentration of 35-40  ppm at 

50 cm; the profile follows the Zn profile. In the inner basin the 

surface enrichment is less marked, an enrichment factor of 1.5-2.0 in 

the inner basin compared to a factor of 3 in the outer basin, and Pb 

concentration decreases from the sediment surface to the baseline 

concentration, 35-40 ppm, at 50 cm depth. The baseline concentration 

is maintained to the bottom of the cores in both basins. 

The surface sediment data shows a range of Pb concentration from 

34 ppm to 106 ppm, the higher concentrations clustering in the outer 

basin sediments. Similar arguments may be posed for Pb associations 

in the sediments as were used for Zn; Pb is not predominantly asso-

ciated with any of the major phases of the surface sediments (Table 

3.3). The baseline concentrations are slightly higher than those in 

other coastal marine sediments (Table 3.2). 

	

3.6.6 	Copper (Cu) 

Although Cu does show surface sediment enrichments (Fig. 3.16) 

in the sediments of both basins of Loch Etive, the enrichment factors 

are not large (inner basin 1.5,  outer basin 1.3). Concentration 

of Cu decreases from the sediment surface in both basins reaching 

baseline concentration (20 ppm) at 50 cm in all cores. 

Cu concentration ranges from 16 ppm to 30 ppm in the surface 

sediment samples and like Zn shows no trend. Correlations of Cu with 

the major phases are poor (Table 3.3)  suggesting, as for Zn and Pb, 

that the 'excess' Cu is not associated predominantly with any of the 

major components of the sediment. 
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Fig 3.16 Distribution of copper in Loch Etive sediment cores, salt—
free basis. 
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TABLE 3,3 	Correlation of Zn, Pb and Cu with major components 

of the surface sediments 

Zn 

(alumino- 	Mn 	Organic C Organic C 

silicates) 	(oxide phase) 	(total) 	(marine) 

Zr 	0.23 	0.31 	0.26 	0.23 

Pb 	0.19 	0.22 	0.21 	0.31 

Cu 	0.18 	0.31 	0.07 	0.19 

Correlation coefficient n = 20 
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In common with Zn and Pb the presence of surface sediment enrich-

ments of Cu is an enigma, if it is assumed that these sediments are 

not polluted and the three elements are immobile. 

3.7 Discussion: Origin of the Zn, Pb and Cu Surface Sediment Enrichments 

Although Mn, I, Br, Zn, Pb and Cu all show surface sediment enrich-

ment profiles, the shapes of the profiles with depth are very different. 

The form of the Mn, I and Br profiles can be contrasted with the form 

of the Zn, Pb and Cu profiles suggesting that the known diagenetic 

processes enriching the former elements in these sediments may not be 

responsible for the Zn, Pb and Cu enrichments. Before the question 

posed in Chapter One, 'Can diagenetic processess result in the enrich-

ment of estuarine surface sediments with Zn, Pb and CuV can be answered 

the impact of both local and remote sources of pollution on Loch Etive 

must be considered. It should be remembered that Zn, Pb and Cu have 

significant anthropogenic inputs to the environment (Chapter One). 

(i) Pollution from local sources 

Loch Etive was chosen for study because it is in an area 

subject to little local pollution. However, it transpires that between 

1730 and 1860 an iron smelter was active beside the loch. It is unlikely 

that this industry caused the enrichments as the 'excess' metals appear 

in the cores (18 0  inner basin, 1880 outer basin; 210  Pbdates) at shout 

the time of closure of the industry. Furthermore, even if the start of 

enrichment were to coincide with the introduction of the industry, the 

maximum metal concentrations in the sediments clearly post-date the 

operations. This industrial period, which involved the almost complete 

deforestation of the area, has left no record in the sediments as e'nvin-

ced by the uniformity of major and minor element composition in the 

period up to 1860. As this was the only major industry to disturb Etive 



it seems reasonable to assume that local industry is not an important 

contributor of excess Zn, Pb or Cu to Loch Etive. 

(ii) Pollution from remote sources 

There are two possible pathways for pollutant material from 

a remote source to enter Loch Etive: (a) via the atmosphere; and (b) 

via coastal water. The atmosphere is considered the main pathway of 

excess metals to lake sediments (e.g. Galloway and Likens, 1979)  and 

ice-fields (Weiss et al., 1971a, 1971b; Zoller et al., 1974; Duce et 

al., 1975) in isolated locations, and, indeed, it is difficult to en-

visage how excess (anthropogenic) metal would enter a lake such as 

Loch Morar (Price et al., 1978), also on the west coast of Scotland, 

except via the atmosphere. However, the northward transport of 137Cs 

into the coastal waters of the west of Scotland is well documented 

(Jeffries et al., 1973) and thus suggests that there is potential for 

transport of other pollutants by the same route. 

Assuming that the excess metal is being supplied from a remote 

source and entering the sediments by simple particle accumulation, 

then the ratios of the metals to one another should be the same in 

the sediments of both basins. However, the Pb/Zn (total Pb/total Zn) 

ratio in surface sediments is much higher (mean = 0.37) in the outer 

basin than the Pb/Zn ratio in the inner basin (mean = 0.23). Thus 

assuming uniformity of input to Loch Etive there is evidence for 

differentiation of Pb and Zn in the loch system, either in the water 

column or in the sediments. If the fractionation occurs in the water 

column then it may be suggested that the residence time of Pb in the 

outer basin is much less than the residence time of Pb in the inner 

basin leading to a preferential accumulation of Pb in the outer basin 

sediments. A removal mechanism for this may be preferential accumu-

lation of Pb by phytoplankton in the outer basin, which has a higher 
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productivity than the inner basin (Wood et al., 1973) and subsequent 

deposition of the Pb enriched plankton debris. This removal mechan-

ism will be considered using data presented in Chapter Four. 

(iii) Processes in the sediments 

Although the recent input of metals to the Loch Etive sedi-

ments may be enhanced by anthropogenic pollution, some features of the 

presented profiles of Pb, Zn and Cu may result from processes in the 

sediments. Thomson et al. (1975) report depth invariant profiles of 

Zn, Pb and Cu in Long Island Sound sediments and suggest that these 

are caused by rapid bioturbation of the sediments, i.e. mixing by the 

activities of the macro-infauna. Only some of the data presented here 

is consistent with this hypothesis. Zn data,suggests that the outer 

basin sediments are bioturbated to a depth of 25 cm while the inner 

basin sediment is mixed to a depth of 10 cm. However, of the remain-

ing elements only Pb, and then only in the outer basin, shows a simi-

lar 'mixed' zone at the top. It may be significant that the zones of 

bioturbation proposed using the Zn data are the same as the zones of 

irrigation of the sediments proposed from the pore water data (Chap-

ters Five and Seven). 

If, as is usually assumed, Zn, Pb and Cu are entirely particle 

associated in the sediments, then the input of each element to the 

sediments must be varying independantly with time and differently in 

the two basins of the loch. There should be important differences, 

therefore, in the particulate matter suspended in the two basins 

(Chapter Four). If Zn, Pb and Cu are not entirely particle associated 

in the sediments then they have some degree of mobility and may be re-

cycled by the diagenetic processes in the sediments. 
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3.8 Sunary 

The near uniformity of the Loch Etive sediments with depth, in 

mineral and major element composition, suggests that the pattern of 

sedimentation in Loch Etive has not changed in the last 150-250 years. 

This is an important feature of the sediments making them ideal mater-

ial in which to study possible trace element redistribution indepen-

dant of major component variation. The sediment accumulation rates 

measured are reasonable (<0.5 cm/y) for near shore marine sediments, 

although the 
210 

 Pb rates may be too high due to biological mixing 

(bioturbation) of the sediments (Benninger et al., 1919). 

Mn, I, Br, Zn, Pb and Cu are all enriched in the surface sediments 

of the loch due to known diagenetic processes in the case of Mn, I and 

Br, and to either pollution from a remote source or d.iagenetic proces-

ses in the case of Zn, Pb and. Cu, or a combination of the two. Even 

if the enrichments are solely due to pollution then there is a frac-

tionation of Zn and Pb either in the water column or after deposition 

in the sediments. 
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CHAPTER FOUR 

THE CHEMISTRY OF SUSPENDED PARTICULATE 

MATERIAL IN LOCH ETIVE 
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4.1 Introduction 

The chemistry and distribution of suspended particulate material 

in Loch Etive was examined to quantify the fluxes of the minor 

elements (Zn, Pb, Cu, Ni, Mn) to the sediments and to elucidate any 

biogeochernical processes within the water column of the loch. An 

estimate of the aeolian input to the loch was also examined because 

the atmosphere has been suggested as a major pathway of 'pollutant' 

trace elements to sediments (Chow et al. , 1973; Galloway and Likens, 

1979; and others). 

4.2 Sampling and Analysis 

For this study five types of particulate matter were collected 

from the loch by the following techniques and analysed for their 

major and minor element contents: (i) surface water samples (0-5 m) 

were collected at 16 stations along the length of the loch (Fig. 4.1) 

using a clean bucket technique in May 1977. The samples were collec-

ted and stored in 0.5 1 polythene bottles. The bottles were acid 

cleaned, rinsed with distilled water and rinsed with a sample prior 

to use. The samples were filtered, within 12 hours, through acid 

cleaned 0.4 urn1  Nuclepore polycarbonate membrane filters using nitro-

gen pressure to collect the particulate material. 

A separate sample was filtered onto a pre-combusted Whatman GF/F 

glass fibre filter for organic C and N analysis. 

All filters were washed free of residual salt water with two lOmi 

portions of distilled water immediately after filtration and stored in 

Petrislides (Millipore); 

(ii) at one station in each basin (ET8 and ET11, Fig. 4.1) water samples 

were collected at various depths in the water column using Niskin 

1Material collected by a 0.4 pm membrane filter is considered particu-
late whereas that which passes through is taken to be dissolved. 
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(General Oceanics Inc.) 'top-drop' 301 water bottles. The samples 

were stored in 9  1 acid cleaned polythene carboys until filtration 

as above; 

'Plankton material' was collected by towing a 100 mesh clean 

nylon plankton net through the upper 30 m of the water column along 

the lines shown in Fig. 14.1, in May 1977. The material collected was 

washed free of salt water with a solution of ammonium nitrate of the 

same ionic strength as seawater (0.7). This was done to avoid burst-

ing plankton cells by a sudden change is osmotic pressure. An ali-

quot was left unwashed, however, for Corg and N analysis. The samples 

were stored in acid cleaned glass vials for 224  hours prior to freeze 

drying; 

Three conical sediment traps (Payne and Davis, 1977)  were deploy-

ed in the loch for three consecutive days in May 1977.  One trap was 

suspended 10 m above the bottom at ET11 in the outer basin, while the 

two remaining traps were suspended 10 m and 240 m, respectively, above 

the bottom at ET8 in the inner basin. The traps were recovered, the 

sample removed and the traps redeployed daily. The sample (11 of 

water + particulate matter) was shaken to form an homogenous suspen-

sion and aliquots withdrawn for filtration onto Nuclepore membranes. 

The residue was collected by centfifugation and freeze-dried; 

The surface sediment 'floe' was collected from the surface of Craib 

cores collected at 7 stations in the loch (Fig. 14.1). A syringe was 

used to remove the surface very carefully and the samples stored in 

acid cleaned glass vials until freeze-dried. 

Major element (Al, K, Mg, Si, Ca, Fe, Ti) analysis of material 

collected on Nuclepore membranes was by a thin film X-ray fluorescence 

technique (Price and Calvert, 1973;  Sholkovitz,  1979)  and calibration 

achieved using standards previously analysed against standard rock 

powders. Details in Appendix A.2. 
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Trace element (Zn, Pb, Cu, Ni, Mn) analysis was by flameless 

atomic absorption spectrophotometry. The sample was first digested 

in hot (80°c) HF + I03 + 1120 in the ratio 1:1:5 for 1 hour, fumed 

to dryness and taken up in 0.1N 11NO3. Polycarbonate filters were 

carefully removed after the initial hour and washed free of particu-

late material. The filters show no signs of attack after 1 hour in 

the digestion mixture and reagent blanks were very low. 

The spectrophotometer used was an Instrumentation Laboratories 

IL151 equipped with an 1L455  graphite furnace. The cuvettes used were 

pyrolrtically coated graphite. The instrument was run at optimum con-

ditions for each element based on the manufacturers recommendations. 

All machine conditions and performance data are in Appendix A.2. 

4.3 Results and Discussion 

It should be borne in mind that the data presented here was col-

lected at one time of year, on one occasion and may, therefore, not 

be typical of the overall distribution of suspended particulate mat-

erial in Loch Etive. The data can as a result, only be treated in a 

general way and cannot be used to build a rigorous model of sedimen-

tation in Loch Etive. 

4.3.1 	Major elements in particulate material 

(a) surface particulates 

There are a number of observations of geochemical interest which 

may be made on this data (Figs. 4.2 (a-g)). Although the distribution 

of total suspended load (TSL) (Fig. 4.2(a)) shows much variability, 

there is generally more material in suspension in the outer basin 

than in the inner, probably due to resuspension caused by the more 

vigorous water movement in the outer basin (Edwards and Edeisten, 

19I7) (see Chapter Two). The concentrations (% dry weight) of Al, Si, 
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K, Mg, Ti, Fe and Ca follow the distribution of TSL, i.e. at higher 

suspended loads there are more of these elements in suspension, indi-

cating, following Sholkovitz (1979), that a physical (hyth'ographic) 

control is dominant. In contrast, the concentration (% dry weight) 

of organic C decreases from the inner to the outer basin (Fig. .2(c)). 

However, as the volume concentration (pg per litre of seawater) of 

organic C (Table A.3.6) is uniformly distributed in the loch, the 

observed decrease is mostly due to the greater suspended load of 

detrital material in the outer basin. 

The use of Al as a reference element in particulate studies is 

well established (Spencer and Sachs, 1970; Price and Calvert, 1973; 

Sholkovitz, 1979;  Sholkovitz and Price, 1980). Al is assumed to be 

a major and unreactive component of the detrital aluiriinosilicates and, 

therefore, particular minerals and mineral assemblages will have de-

fined element/Al ratios. This device allows the examination of the 

particulate data free of variations in the biogenous (SiO2, CaC.03) 

and authigenic (e.g. metal oxides) components. 

All the element/Al ratios in the Loch Etive surface particulates 

samples fall in the range previously reported for Loch Etive by Price 

and Calvert (1973). The distribution of the element/Al ratios show 

the following main features: 

K/Al ratio (Fig. 4.2(h)) shows little variation in the loch and 

is the same as the underlying sediments (0.2-0.3); 

Fe/Al, Mg/Al and Ca/Al ratios (Figs. 14.2(f,i,e)) are slightly 

higher in the outer basin than in the inner basin. The ratios show 

much variability but are generally similar to the corresponding values 

in the underlying sediments; 

Si/Al ratios (Fig. 4.2(j)) are slightly higher in the inner basin 

than in the outer basin. The values are higher than the sediment 
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values of 2.5-3.0 in the inner basin (3.5-5.5) due to the higher 

aluminosilicate concentration in the outer basin and to the presence 

of a biogenic opal component in the inner basin. 

The minor differences between the two basins have been examined 

by Price and Calvert (1973) who suggest that the particulate material 

in the outer basin is more 'mature' than that in the inner basin and 

is derived from outside the loch. 

A particularly interesting feature of the data is the C/N ratio 

(Fig. 4.2(d)) which decreases from the inner basin (C/N = 18.5) 

through the outer basin (C/N = 6.9). This gradient is similar to that 

observed in the surface sediments (chapter Three) of the loch and in-

dicates the changing influence of marine and terrigenous organic mat-

erial. This coincidence also suggests that the organic matter in the 

sediments is of very local derivation. 

(b) depth profiles 

The depth profiles of discreet samples of suspended matter show 

several major points of geochemical interest: 

TSL (Fig. 1.3)  is slightly higher (>90 mg l) near the sediments 

than further up in the water column (<90 mg 1_i)  in both basins sugges-

ting that resuspension is active at both stations; 

Al concentration (% dry weight) increases with depth by a factor 

of about 3.5 at both stations (Fig. I1.4(a)), while organic C concen-

tration (% dry weight) decreases by a factor of about 1  in both basins 

(Fig. Il.IL(b)). The organic C/Al ratio decreases with depth from 20 to 

about 2. These changes may be due to the degradation of sinking 

organic material produced in the upper water column and to resuspen-

sion of Al rich material (the sediments) in the lower water column. 

The high particulate organic C concentrations in the surface waters 

are certainly due to biological production; 
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Fe concentration is higher in the lower water column than at 

the surface in both basins (Fig. l.l(c)), the increase being greatest 

in the inner basin (factor 3). The Fe/Al ratio in the lower water 

column of the outer basin is similar to the value in the sediments 

(0.6-0.7) suggesting that the increase is due to resuspension of the 

surface sediments. In the inner basin, however, the Fe/Al ratio is 

greater than the sediment value (0.6-0.7), there is, therefore, 'excess' 

Fe in these samples which probably originates by diffusion from the 

sediments (see Chapter Seven). Similar enhanced iron concentrations 

were observed by Price and Calvert (1973) and attributed, as here, to 

diffusion from the sediments and precipitation in the water columns 

Fe/Al (Fig. 4.4(c)), Si/Al (Fig. 1 .5(c)) and Ti/Al (Fig. 4.1(d)) 

ratios in the upper part of the water column from both basins are 

greater than the sediment values (Fe/Al = 0.6-0.7, Si/Al = 3.0, Ti/Al 

= 0.055-0.076). K/Al and Mg/Al ratios in the upper 10 m of the outer 

basin are higher than the sediment values (K/Al = 0.2-0.3, Mg/Al = 

0.4-0.55). These enrichments occur in the euphotic zone of the water 

column, it is suggested that they may be due to incorporation of Fe, 

Si, Ti, K and. Mg into the tissues of phytoplankton (Sholkovitz and 

Price, 1980; Bishop et al., 1977, 1979). This conclusion is very ten-

tative, however, see below. 

(c) 'plankton' material 

The composition of the 'plankton' material (Figs. -4.4 and 4.5) 

differs markedly from the discreet particulates samples. The following 

are the two main points of interest: 

(i) Al and Fe have lower concentrations (% dry weight) than in the 

discreet particulates samples, probably due to thelack of clay minerals 

which will be poorly collected by the sampling technique; 
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(ii) K, Mg, Si and Ca concentrations (% dry weight) are much higher 

than in the discreet particulates samples and the Ti/Al, Fe/Al, K/Al, 

Mg/Al, Si/Al and Ca/Al ratios are all in excess of the respective 

sediment values. This reinforces the observation made on the discreet 

particulates samples, that biological incorporation is an important 

process affecting the distribution of these elements in the water 

column. Biological incorporation has also been suggested to be impor-

tant for Si, P, Ca, Mg, Ti and Mn (and with less certainty, K and Fe) 

into skeletal and organic phases of phytoplankton in the Amazon Estuary 

(Sholkovitz and Price, 1980) and Bishop et czl. (1977, 1979) have shown 

the presence of 'excess' Si, Mg, Ca and K associated with phytoplan.kton 

in the upper waters (0-50 m) of the equatorial Atlantic. 

sediment trap material 

The most important feature of the sediment trap data is its broad 

compositional similarity to the underlying sediments indicated by very 

similar (Table Li) element/Al ratios (Fig. 4.1 and 4-5). This is 

suggestive that the material sinking through the water column is sim-

ilar to the sediments that are accumulating albeit the sampling tech-

nique will be influenced by resuspended sediment and again it should 

be emphasised that the three data points available for each trap repre-

sent collections over two tidal cycles and at one time of year. 

surface sediment 'floe' 

The element/Al ratios in the surface sediment floe are compared 

with the bulk sediment values in Table 14.1. The similarity of the two 

data sets is perhaps surprising as the samples were analysed by two 

different techniques, X-ray fluorescence for the sediments and thin 

film X-ray fluorescence for the floe samples. It should be noted that 

apart from Fe which is in excess of aluminosilicate values, the floe 
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TABLE 4.1 Mean element/aluminium ratios in the sediments and sediment 
traps from both basins of Loch Etive. 

Si/Al K/Al Mg/Al Fe/Al Ca/Al Ti/Al P/Al 

Sediment trap 4.54 0.32 0.28 1.01 0.29 0.071 0.028 

Surface floc 2.91  0.13 0.23 0.80 0.19 0.068 0.014 

Bulk sediment 2.87 0.13 0.21 0.69 0.17 0.066 0.010 

Sediment trap 4.67 0.32 0.24 0.98 0.20 0.072 0.028 

Surface floc 2.72 0.12 0.25 0.74 0.19 0.065 0.012 

Bulk sediment 3.05 0.13 0.18 0.69 0.20 0.058 0.041 

TABLE 4.2 Correlation of Zn, Pb, Cu, Ni and Mn with Al and organic C 
in the surface water particulates samples. 

Zn 	Pb 	Cu 	Ni 	Mn 
Al 	 0.21 	0.19 	0.23 	0.89 	0.37 

organic C 	0.28 	0.22 	0.18 	0.21 	0.12 

Correlation coefficient, n = 16. 
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samples are not enriched with any of the major elements. This is 

important as it is this material which is easily resuspended. 

Simary 

It is clear from the data presented briefly above that there are 

two main processes determining the distribution of the major elements 

in the suspended particulate matter in Loch Etive. These are (i) bio-

logical uptake in the euphotic zone enriching the particulate phase 

in Si, Ca, K, Mg (Fe and Ti); and (ii) resuspension of the surface 

sediment. In addition, diffusion of reduced iron out of the sediments 

and subsequent precipitation enriches the particulates in the lower 

water column of the inner basin (and possibly the outer basin) with 

Fe. 

4.4 Trace metals in particulate material 

The trace metal data falls into two groups on the basis of dis-

tribution in the Loch Etive particulates samples. These are (1) Zn, 

Pb and Cu which show generally decreasing concentration with depth in 

the water column and enrichment in the plankton material; and (ii) Ni 

and Mn which show increasing concentration with depth and no enrich-

ment in the plankton material. 

4.4.1 	Zinc (Zn), Lead (Pb) and Copper (Cu) 

In contrast to the major element data, neither Zn, Pb nor Cu 

concentrations (pg g) (Fig. 4.6) show any obvious trend in the sur-

face particulates data. All three elements show positive correlations 

with Al and with organic C (Table 4.2). Although the correlations are 

not very good, they are suggestive of some association of Zn, Pb and 

Cu with both the detrital and the organic components of the particu-

lates. 
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The plankton material has higher Zn/Al, Pb/Al and Cu/Al ratios 

than the discrete particulates samples in both basins (Figs. 4.7, 

4.8, 4.9), however, only the Zn concentration is significantly higher 

than in the discrete samples. Large enrichments have been reported 

for Zn, Pb and Cu in marine phytoplankton (Bowen, 1966; Martin and 

Knauer, 1973).  Zn5Cuaf essential elements so 	 is not 

surprising, however, 	Pb 	 very toxic, therefore the rea- 

son for any enrichment in plankton tissues is puzzling. 

In the discrete particulates samples the concentrations of Zn, 

Pb and Cu all decrease by a factor of 2 with depth in the water col-

umn from surface particulates values to concentrations comparable with 

the baseline concentrations seen in the sediments (Zn = 100 ppm, 

Pb = 35-40 ppm, Cu = 20 ppm). Furthermore, the Zn/Al, Pb/Al and Cu! 

Al ratios all decrease with depth. The decrease is most marked in 

the upper 20-30 m of the water column. The enhanced element/Al ratios 

in the upper part of the water column are probably due to incorpora-

tion of metals into the tissues of phytoplankton. 

The concentrations of Zn (82-104 ppm), Pb (14-52 ppm) and Cu 

(17-30 ppm) in the sediment trap material are similar to the concen-

trations in the discrete-particulates samples from the lower water 

column in both basins. Compared to the surface sediment concentra-

tions (Zn = 265-303 ppm, Pb = 53-113 ppm, Cu = 28-40 ppm) the sediment 

trap material contains less Cu and much less Zn and Pb. Zn/Al and. 

Pb/Al ratios are higher in the surface sediment than in the sediment 

trap material, while the Cu/Al ratios are similar (Table 4.3). 

There are important implications in this data for the transfer 

of metals into the sediments of Loch Etive. Firstly, there is bio 

accumulation of Zn, Pb and Cu by phytoplankton in the upper part of 

the water column enriching particulate matter in this zone with these 
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TABLE 4.3 Mean minor element/aluminium ratios in the sediments and 
sediment trap samples from both basins of Loch Etive. 

Zn/Al Pb/Al Cu/Al Ni/Al Mn/Al 	( x io) 

Sediment trap samples 18.4 3.5 3.5 8.7 543 
Surface floe samples 40.5 8.7 4.6 5.9 1100 	PEI= 

Bulk surface sediment 36.4 7.8 3.6 5.8 942 
Bulk baseline sediment 13.8 4.8 2.8 5.9 350 

Sediment trap samples 31.6 15.9 8.2 12.6 283 
Surface floe samples 	37.5 	1 3.6 	4.5 	5.1 	432 
Bulk surface sediment 	39.3 	14.5 	4,3 	10.9 	534 
Bulk baseline sediment 26.8 10.2 	3.5 	9.9 	224 
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three metals. Furthermore, the concentrations of Zn in the plankton 

material is similar to the enriched concentration at the sediment 

surface. However, particulate material in the bottom waters is not 

significantly enriched with either Zn, Pb or Cu and has the composi-

tion of non-enriched sediment. It might be considered that the input 

of material enriched with metals is episodic and not sampled in the 

present study. 

The data we collected at a time of high productivity when bio 

accumulation would be at a maximum and sedimentation of seston also 

at a maximum. The dead organic material (seston) is not significantly 

enriched in Zn, Pb or Cu. 

Although resuspension has been shown to be important in the bot- 

tom waters of both basins of Loch Etive, neither Zn, Pb nor Cu, which 

are enriched in the surface sediments, show enhanced concentrations 

in the suspended particles of the bottom waters. Nor are these metals 

diffusing out of the sediments and precipitating in the water column 

following the behaviour of Fe. Another important point is that the 

precipitation of fresh Fe oxide in the bottom waters does not lead to 

significant scavenging of Zn, Pb or Cu which might have been suggested 

as a possible sediment enrichment mechanism. The lack of significant 

enrichment of the oxide phase with these metals is in agreement with 

data on shallow water Fe/Mn concretions which also do not contain high 

concentrations of these metals (Calvert and Price, 1970). 

Nickel (Ni) and Manganese (Mn) 

Ni concentration appears to be high (-16 ppm) at the 'marine end' 

of the outer basin and low (-10 ppm) in the freshwater at the head of 

the inner basin (Fig. 1.6). There is a good correlation (Table 1.2) 
Ni 

of Ni with Al, thedistribution follows that of Al, as indicated by 

the near uniform Ni/Al ratio in the surface particulates. Mn shows no 

particular trend in the surface particulates (Fig. 1.6). 
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The concentration of Ni increases with depth (Fig. .lO) follow-

ing Al, as indicated by the almost invariant Ni/Al ratio. There is 

no enrichment of Ni, either concentration or Ni/Al ratio, in the 

'plankton' material, but the Ni/Al ratio is enhanced in the sediment 

trap samples. Ni appears to be unreactive and entirely associated 

with alumino-silicate material, its distribution is controlled by 

physical processes, i.e. resuspension. 

After an initial decrease Mn concentration increases to high 

values, similar to those in the sediments, in the bottom waters of 

both basins (Fig. 4.11). The enhanced Mn/Al ratios in the bottom 

water suggest that resuspension is not the only process increasing 

particulate Mn concentration, but following Price and Calvert (1973) 

and Sundby (1976) and Graham 8t al. (1975), it may be suggested that 

diffusion of dissolved Mn 2+  from the sediments (see Chapter Seven) 

and precipitation in the lower water column is responsible. It should 

be noted that Mn is not accumulated in the 'plankton' material, con-

trary to the findings of Sholkovitz and Price (1980). 

4.5 Sedimentation Rates and Elemental Fluxes 

The annual flux of material to the Loch Etive sediments has been 

derived from the sediment trap data, assuming (1) that the data as 

collected applies on a yearly basis, i.e. there is uniform sedimenta-

tion throughout the year; and (ii) that the sediment traps are 100% 

efficient. These assumptions are obviously simplifications as there 

are known annual cycles of sedimentation in sea lochs (e.g. organic 

matter sedimentation is highest during the spring peak of phy-toplank-

ton production (Steele and Baird, 1973; Ansell, 1973)) and the traps 

as used here are always <100% efficient (Payne and Davis, 1977). 

The sedimentation rates measured in this study are higher in the 

-2-1 inner basin (1980 g m y ) by a factor of 2.7, than the rates obtained 
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from the data of Ansell (1913) (inner basin, 582 g m 2  y1).  In the 

outer basin, however, the rates are similar (1382 g m 2  y1  this study, 

1805 g xa 2  y Ansell, 1973). As Ansell's data was collected over more 

than a year, it is likely that his figures provide a better estimate of 

true annual sedimentation rates. The rates of sedimentation derived 

from the sediment trap data and the rate of sediment accumulation ob-

tained from the 210  Pb distribution in the sediment were compared in 

Chapter Three and found to be similar. 

Using the sediment trap sedimentation rates and the concentrations 

of each element in the sediment trap material, an estimate of the fluxes 

of Zn, Pb, Cu, Ni and Mn to the sediments of each basin has been made. 

As a comparison,fluxes of these elements have also been calculated from 

the sediment data of Chapter Three using equation 4.1. 

(100 - WC) 
= 	C.W.P. 	100 	. 10 	 Eq. 4.1 

where 	F. = flux of species ± 

C1  = concentration of species in the sediment (ppm) 

w 	= sediment accumulation rate (cm y) 

p 	= dry sediment density 

WC = water content of sediment (% wet weight) 

Two sedimentation rates have been used. The 210  Pb sedimentation 

rate is used as a maximum and the sediment trap rate is used as a 

minimum estimate. Two fluxes have been calculated: (1) the flux nec-

essary to create the surface enriched concentration; and (ii) the 

flux necessary to supply the background baseline concentration. The 

various flux extimates are recorded in Table 

The following observations may be made: 
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TABLE 4.4 Sediment trap fluxes and calculated fluxes of Zn, Pb, Cu, 
Ni and Mn to the sediment surface in Loch Etive. 

Method 	 Zn 	Pb 	Cu 	Ni 	Mn 

Sediment trap 	0.142 	0.026 	0,037 	0.068 	3.75 
Calculated 1. 

Surface 

Baseline 

Calculated 2. 

Surface 

Baseline 

Sediment trap 

Calculated 1. 

Surface 

Baseline 

Calculated 2. 

0.416 0.092 

0.163 0.048 

0.737 0.164 

0.281 0.082 

0.184 0.091 

0.535 0.198 

0.198 0.069 

0.051 0.065 

0.032 0.068 

0.090 0.115 

0.055 0.117 

0.048 0.073 

0.059 0.053 

0.038 0.050 

10.51 

1.19 

18.61 

2.05 

1.63 

3.34 

0.99 

	

Surface 	1.236 	0.458 	0.137 	0.124 	7.73 

	

Baseline 	0.458 	0.160 	0.087 	0.114 	2.29 

Calculated 1 = calculated using the 'sediment trap' 
sediment accumulation rate. 	

210 Calculated 2 = calculated using the 	Pb sediment 
accumulation rate. 
Surface 

	

	= calculated using the surface sediment 
content of Zn, Pb, Cu, Ni and Mn. 

Baseline 	= calculated using the content of Zn,Pb, 
Cu, Ni and Mn in the sediments below 
50cm. 

0 
34:3 

TABLE 4.5 Estimated atmospheric fluxes of Zn, Pb, Cu, Ni and Mn into 
the sediments of Loch Etive. 

Zn Pb Cu Ni Mn PL 

Model 1 	 0.146 	0.035 	0.030 	0.007 	0.02 043 

	

(0.130) 	(0.034) 	(0.028) 	(0.006) 	(0.03) (o19 

Model 2 	 1.75 	0.42 	0.36 	0.084 	0.24 

	

(1.56) 	(0.41) 	(0.34) 	(0.072) 	(0.36) 

Flux values in brackets derived from atmospheric - 
data for the Shetland Isles and may be compared with the 
data derived from the Clyde Sea to suggest that the 
atmospheric 	 contribution is uniform on a 
regional scale. 
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the measured fluxes, from sediment traps data, of Zn, Pb, Cu and 

Mn are very similar to those estimated using the baseline sediment 

concentration; 

the fluxes of Zn, Pb, Cu and Mn estimated from the sediment sur-

face concentration are invariably higher than the measured fluxes; 

(iii)measured and calculated Ni fluxes are similar in both basins; 

measured and calculated organic C fluxes are similar in both 

basins; 

the measured fluxes of Al are lower than the calculated fluxes; 

the calculated fluxes, using the 210  Pbsedimentation rate, are 

always much higher than the measured fluxes. This is probably 

due to the inaccuracy (overestimation) in the sedimentation rate 

caused by the effects of bioturbation on the 210  Pb profile. 

The most important point to emerge from this data is that the 

fluxes of enriched elements (Zn, Pb, Cu and Mn) are too low to account 

for the concentrations found in the sediment surface. In other words, 

the surface sediment enrichments are not due to the deposition of par-

ticles with enhanced metal concentrations. This is not surprising in 

the case of Mn, which is mobile in the sediments, but still leaves 

the question as to the cause of the Zn, Pb and Cu enrichments. It is 

possible that the deposition of particulate metals is higher at another 

time in the year, but it is likely that the input is high in May asso-

ciated with the high phytoplankton productivity. The input of Al must 

be higher at another time of year, probably during the winter months, 

in order to supply all the Al required in the sediment. 

4.6 Potential Atmospheric Input 

The atmosphere may transport significant amounts of metal to sedi- 

ments and thus cause surface sediment enrichment profiles (see Chapters 
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One and Three). To assess this possibility an estimate of the inputs 

of Zn, Pb, Cu, Ni and Mn has been derived from data on the atmospheric 

deposition to the Clyde sea (Canibray et al., 1975). Two models for 

the collection of atmospheric fallout have been used with the follow-

ing assumptions: 

in Model 1 the collection surface is the area of Loch Etive (26 

km 2) 

in Model 2 the collection surface is the entire catchment area of 

Loch Etive (1300  km2) 

(iii)there is 100% transfer of metals to the sediments in both models 

(this is unlikely to apply to the real situation as metals would 

be retained, in Model 2, in soils and the peat moors which form 

a substantial fraction of the catchment); 

(iv) the sediment area receiving the input is the same as the surface 

area of the loch. 

The data has been corrected for the higher rainfall experienced over 

Loch Etive as compared to the Clyde sea. 

The derived fluxes are compared (a) with those measured using 

s-edi-ment-traps- presentedpresented above, and (b) with those calculated from 

the sediment data also presented above, in Fig. 4.12 and Table 4.5. 

The following observations may be made: 

(i) model 1 fluxes of Zn, Pb and Cu are similar to the baseline cal-

culated and sediment trap fluxes; 

- (ii) model 2 fluxes of Zn, Pb and Cu are factors of 3.7, 3.5 and 6.5 

respectively larger than the mean surface sediment calculated 

fluxes; 

(iii)model 2 fluxes of Ni are similar to the sediment fluxes; 

(iv) neither model shows a significant flux of Mn to the loch. Mn has 

a low atmospheric concentration. 
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It has been suggested (Wahien and Thompson, 1980) that only the 

fraction of the atmospheric input actually impinging on the surface of 

a water body is important in the sediment flux, the fraction falling 

on the catchment is retained. Model 1, described here, provides 

fluxes in themselves lower than the 'surface sediment' flux, but if 

the model 1 flux is added to the detrital flux which is always present 

('baseline flux') then the surface sediment flux would be approached. 

Alternatively, the total surface sediment flux can be accounted 

for by a small proportion of the flux derived from the entire catch-

ment in Model 2 (Zn 27%3  Pb 29%, Cu 15%). 

It would seem that the atmosphere is potentially, if not factually 

a very significant source of Zn, Pb and Cu to Loch Etive, however, 

unless the uptake of these metals occurs at the sediment water inter-

face from the dissolved phase or the sediment traps have failed to 

collect the enriched material, it is difficult to envisage how the 

transfer from the atmosphere to the sediments occurs. 

This work must be considered a preliminary study and that much 

more work needs to be done on the transfer of metals via the atmosphere 

and water column to sedimentscr'r-'. 
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CHAPTER FIVE 

INTERSTITIAL WATER CHEMISTRY: 

MAJOR COMPONENTS 



5.1 Introduction 

In organic rich sediments where the major changes are brought 

about by bacterial degradation of organic matter, the chemistry of 

the interstitial water is known to be a snsitive indicator of early 

diagenetic transformations (Sholkovitz, 1973;  Hartmann et al., 1974). 

Degradation occurs by way of a number of well known reactions (Stu 

and Morgan, 1970;  Claypool and Kaplan, 1974,  Fig. 5.1) from which 

bacteria gain the evolved free energy. The reaction which yields the 

most energy will dominate and a series of zones is developed as shown 

in Fig. 5.1. Distinct as these zones are thermodynamically, there is 

often a blurring of the boundaries due to mixing of the sediment and 

the development of micro-environments. 

Sulphate, sulphide, titration alkalinity, dissolved organic car-

bon, phosphate and calcium were measured to define the distribution 

of the major processes in the sediments. 

Not only were interstitial waters extracted from sediment cores 

analysed for the above species, but surface sediment was incubated in 

the laboratory under anoxic conditions in an attempt to experimentally 

mimic the progress of diagenesis (M.U.D.L.E.). The use of jar experi-

ments has been demonstrated by Goldhber et al. (1977) for study of 

sulphate reduction in marine sediments and Aller and Yingst (1980) 

for organic degradation processes. 

5.2 Materials and Methods 

Two gravity cores, one from each basin (ET75/4 inner, and ET75/6 

outer) were collected in November 1975  and one core from the outer 

basin in May 1977 (ET77/1) for extraction of interstitial water. The 

cores were handled as outlined in Chapter Three, however, it should 

again be pointed out that the 1977  samples were handled in a nitrogen 

atmosphere to minimise oxidation of reduced species. 
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Several kilograms of sediment were collected from station ET11 

using a Craib corer in May 1977. The sample, from the upper 10 cm 

of sediment, was homogenised and then divided into aliquots in acid-

cleaned centrifuge tubes. The tubes were flushed with nitrogen, 

sealed, placed in a sealed barrel under an overpressure of nitrogen 

and then maintained in the dark at laboratory temperature (-21°). 

The tubes were removed at 0, 5, 18, 22, 27,  40, 47, 60, 126 and 203 

days after the start of the experiment. 

The interstitial water was removed from the core and experimental 

samples by centrifugation at 5000 r.p.m. for 10 mins and immediately 

filtered through a 0.4 urn acid-cleaned, rinsed Nuclepore membrane 

filter and divided into aliquots for analysis. One aliquot for sul-

phate and sulphide analysis was 'pickled' by addition of 1 nil of 10% 

w/v Cd1O3  solution which precipitates the sulphide as CdS. A second 

aliquot was sealed in a vial without treatment for the alkalinity 

analysis by titration with standard HC1 and subsequently used for 

phosphate and calcium analysis and the remainder was stored untreated 

for dissolved organic carbon analysis. Details of the analytical 

techniques are given in Appendix 2, with estimates of analytical pre-

cision. 

re- 

cisiOn. 

5.3 Results for Core Samples 

The vertical distribution of SO4  (Fig. 5.2) is similar in cores 

from both basins of the loch. Sulphate concentration is maintained 

close to the supernatant water concentration (-24 mM) to a depth of 

10 cm in the inner basin and to 30 cm in the outer basin sediments, 

below which sulphate depletion occurs. Sulphate is almost completely 

removed from the interstitial water leaving a zone of low concentra-

tion (l mM) at the bottom of all cores. This zonation in the sulphate 
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distribution can be used as a framework within which to examine the 

remainder of the interstitial water chemistry. Three zones may be 

-considered as follows: 

Zone I 	: zone of high sulphate concentration 

Zone II : zone of decreasing sulphate concentration 

Zone III : zone of low sulphate concentration. 

The three zones are shown in Fig. 5.2. 

	

5.3.1 	Zone I 

Titration alkalinity (TA) (Fig. 5.3) increases from the overlying 

water concentration of -2 meq 1 1to 3 meq 1 1in Zone I (outer basin) 

while sulphide (Fig. 5.4)  and dissolved organic carbon (DOC) (Fig. 5.5) 

remain close to the supernatant water concentration (ZH2S = not detec-

ted; DX = -ljnM). Calcium concentration (Fig. 5.6) decreases and there 

is a peak phosphate concentration of 34 pM at 15 cm depth (Table 5.1). 

Phosphate data from the November 1975  cores are not reported as there 

was a severe oxidation problem. 

	

5.3.2 	Zone II 

Sulphide, titration alkalinity, phosphate and dissolved organic 

carbon concentrations increase in zone II following the decrease in 

sulphate concentration. These changes are qualitatively those expec-

ted from the models presented in Fig. 5.1. Titration alkalinity in-

creases to between 26 and. 36 meq/1 at the bottom of the zone, equiva-

lent to approximately twice the decrease in sulphate concentration 

(Sholkovitz, 1973). However, at the bottom of zone II in the outer 

basin there is a change in the slope of the sulphate and TA profiles. 

Sulphide concentration increases to a maximum at the bottom of 

zone II (Fig. 5.1)  where sulphate is completely depleted (Go1dher 

and Kaplan, 1974, 1975). In most sediments the concentration of sul-

phide measured does not reflect the amount of sulphate depleted as much 
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TABLE 5.1 Phosphate (pot) data for core E77/1 and M.TJ.D.L.E. 

Depth Phosphate Depth Phosphate Time Phosphate 
(cm) (PM) (cm) (pm) 	I (d)  

1 NA 28 19.8 0 20.4 

2 2.1 30 31.3 0 20.0 

2.3 32 34.7 5 22.6 

4 5.0 34 36.4 5 21.8 

5 6.5 36 38.4 18 23.7 
6 7.5 38 40.0 18 22.9 

7 8.5 40 36.5 22 29.2 

8 9.2 42 39.4 22 28.4 

9 10.4 44 40.1 27 29.8 

10 14.5 46 40.2 27 29.3 
11 21.0 48 43.0 40 19.2 
12 24.3 50 40.9 40 16.5 

13 26.6 52 40.6 47 17.3 
14 33.6 55 42.6 47 16.0 

15 27.8 60 45.0 60 22.4 
16 15.1 65 41.8 	[ 60 20.9 

22 14.6 70 44.7 126 15.2 

24 14.1 75 41.7 126 36.3 

26 14.3 80 45.0 203 50.2 

203 53.8 
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of the sulphide is precipitated as Fe sulphide (hydrotroilite and 

pyrite). The maximum concentration of sulphide is 3.2 mM compared 

to a total of 24 mm sulphate reduced. 

DOC concentration increases several fold in zone II and continues 

to increase in the underlying zone III (Fig. 5.5). 

Phsophate concentration increases from 15 pM to 40 pM which con-

tinues to the bottom of the core (Table 54). 

Calcium concentration decreases to the bottom of the cores due to 

probable precipitation of CaCO3  consuming part of the alkalinity. 

5.3.3 	Zone III 

Below the zone of active sulphate reduction titration alkalinity 

(Fig. 5.3) continues to increase while sulphide decreases (Fig. 5.4) 

and phosphate (Table 5.1) remains constant. These distributions are 

similar to the distributions observed in similar organic rich sedi-

ments (Nissenbaum et al. , 1972; Murray et al., 1978; Krom and Sholkovitz, 

1978). 

An important feature of the above data is the remarkable simil-

arity of the two profiles for cores taken at the outer basin station. 

This is important evidence (i) that the sampling of the sediments is 

reproduceable from one year to another, and (ii) that there is no 

seasonal variability in the pore water profiles of the type demonstra-

ted by Goidhaber et al. (1977). 

Several of the species measured react to form authigenic mineral 

phases (e.g. phosphate to form Fe phosphates (Troup et al., 1975), 

sulphide to form iron sulphides (Berner, 1964) and carbonate (alkalin-

ity) to form carbonates of iron and manganese (Li, Bischoff and Mathieu, 

1969; Suess, 1979)). For instance, sulphide does not achieve its pre-

dicted maximum concentration from the sulphate reduction model (Table 

5.) and as the sediments were black/dark grey it may be suggested that 

iron sulphides are present. 
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5.4 Results Experimental Samples 

The results of the 'jar' experiments are recorded in Fig. 5.7, 

it should be borne in mind that the axes are concentration and time 

in these diagrams. 

Sulphate concentration is reduced from 23 mM to 7.6 mm over the 

203 day duration of the experiment, that is about 2/3 of the available 

sulphate is reduced. It is of particular interest here that sediments 

which do not appear to support sulphate reduction in situ do so when 

incubated anaerobically. 

The rate of sulphate reduction is greatest in the initial stages 

(0-5 days) of the experiment (290 mM) but declinesrapidly; the aver-

age rate is 27 mMTj for the entire experiment. This 'initial' beha-

viour was also noted by Gold.haber et al. (1977) and Naka± and Jenson 

(1961 ) for their experiments and may be interpreted as due to the mix-

ing of readily degradable organic matter from the sediment surface 

into the sediments temporarily enhancing the rate of sulphate reduc-

tion. 

Alkalinity concentrations (Fig. 5.7) increase during the course 

of the experiment as observed in the core samples, however, in the 

experimental samples the increase of alkalinity is the same as the 

decrease of sulphate. (In core samples S0 :TA = 1:2; in jar samples 

S0:TA = 1:1). Two explanations of this behaviour may be given; 

(i) that the stoichiometry of the reaction is different in the experi-

mental situation, or that (ii) alkalinity is being consumed by preci-

pitation. The major consumption of alkalinity is precipitation of 

CaCO3  but Ca 2+ concentration (Fig. 5.7) varies little during the 

course of the experiment. It is likely that the alkalinity increase 

is dependant on the substrates available to the sulphate reducing 

bacteria which will be limited by the lack of diffusive exchange in 

the experimental samples (Malcolm, 1980, personal observations). 
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TABLE 5.2 Alkalinity, phosphate and sulphide models 

Alkalinity model 

from the sulphate reduction equation (Pig. s.i) 

-'TA = 2 S0 	( 	S0 = S0(init) - sot) 
assume precipitation of CaCO3, Ca 2+ + 2HC0 	CaCO3 + CO2  + H20 

2+ / , 	2+ 	2+,. . 	2+ : TA = -2 	 1 Ca 	—Ca = Ca 	n1t) - Ca 

therefore 	TA = TA 	+ 2 L SO 	- 2-Ca 2+  initial 	4 

2. Phosphate model 

from the sulphate reduction equation (Fig-5.1) 
2 S0 

H3PO4 = H3PO4iitii + H3P0 ('H3Po4 = C:P 

C:P is the carbon to phosphorus ratio in the decomposing 
organic matter. 

Sulphide model 

H 2  S = H 2 initial 
S 	+ZE 

2  S (H 2  s=so 4) 

ignoring small contributions from organically bound 
sulphur. 
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TABLE 5.3 Predicted interstitial water concentrations using the alkalinity, 
sulphide and phosphate models. 

Sample Measured Predicted Index Measured Predicted Index 
Alkalinity Alkalinity Sulphide Sulphide 

E75/4 
5 3.89 2.16 1.80 0 0 

10 5.79 2.76 2.10 0 0 
15 9.56 9.16 1.04 0 0 
20 15.52 18.36 0.85 0.1 8.3 0.01 
25 19.68 24.96 0.79 0.42 11.7 0.04 
30 23.0 32.0 0.71 0.68 15.2 0.05 
35 26.36 37.92 0.70 1.43 18.4 0.08 
40 31.74 44.36 0.72 2.10 21.9 0.10 
45 34.45 46.16 0.75 1.50 23.2 0.07 
50 3.21 46.96 0.71 1.42 23.5 0.06 
55 35.19 45.96 0.77 1.21 23.3 0.05 
60 36.75 45.56 0.81 1.13 23.0 0.05 
65 .35.72 44.76 0.80 1.05 22.8 0.05 
70 39.40 46.56 0.85 0.92 23.6 0.04 
75 39.63 45.56 0.87 1.05 23.4 0.05 
80 42.15 46.56 0.91 0.8 23.7 0.03 
85 42.55 45.96 0.93 0.62 23.7 0.03 
90 41.70 45.36 0.91 0.7 23.2 0.04 
95 45.18 46.16 0.98 0.05 23.7 0.00 

100 45.75 46.16 0.99 0.05 23.7 0.00 

E75/6 
5 2.76 2.76 1.0 0 0 

10 2.79 -1.04 -2.7 0 0 
15 3.29 0.96 3.4 0 0 
20 4.73 -2.44 -1.9 0 0 
25 3.52 0.36 9.8 0 0 
30 3.51 0.16 21.9 0 0 
35 5.16 3.16 1.6 0.05 1.2 0.04 
40 8.3 7.16 1.2 0.15 3.5 0.04 
45 13.18 15.96 0.83 0.10 8.1 0.01 
50 16.94 20.36 0.83 0.31 10.4 0.03 
55 21.61 28.96 0.75 0.72 14.9 0.05 
60 27.35 40.36 0.68 1.40 20.5 0.07 
65 28.40 40.96 0.69 1.55 21.1 0.07 
70 31.91 42.76 0.75 1.60 22.2 0.07 
75 34.27 44.36 0.77 0.90 22.8 0.04 
80 35.99 45.16 0.80 0.28 23.1 0.01 
85 36.36 44.64 0.82 0.20 22.7 0.00 
90 40.52 44.76 0.91 0.15 23.0 0.00 
95 41.37 44.96 0.92 0.05 23.1 0.00 

100 42.83 44.36 0.97 0.05 23.2 0.00 

The index for each prediction is calculated as follows 
Measured concentration 

Index 	= 
Predicted concentration 



TABLE 5•3  (cont.) 

Sample Measured Predicted Index Measured Predicted Index 
Alkalinity Alkalinity Sulphide Sulphide 

E77/1 
2 1.72 3.41 0.50 0 0 
3 2.07 2.61 0.80 0 0 
7 3.21 -2.39 -1.34 0 0 
8 2.31 0.21 11.00 0 0 
14 2.91 0.81 3.59 0 0 
15 2.99 0.61 4.90 0 0 
16 3.02 1.61 1.88 0 0 
18 2.80 -2.39 -1.17 0 0 
28 4.03 0.81 4.98 0 0 
30 5.64 4.21 1.34 0.06 1.80 0.03 
36 8.98 9.01 0.99 0.41 3.56 0.11 
42 12.81 12.41 1.03 0.53 4.40 0.12 
44 12.28 14.01 0.88 0.82 7.2 0.11 
46 13.24 15.01 0.88 0.76 7.6 0.10 
48 15.04 14.81 1.01 0.93 7.70 0.12 
50 16.13 18.21 0.89 1.14 9.5 0.12 
55 16.87 18.41 0.92 1.42 9.5 0.14 
60 20.15 23.01 0.88 1.86 11.9 0.16 
65 21.83 28.81 0.78 2.78 14.8 0.19 
75 24.13 38.81 0.62 3.15 16.9 0.19 
80 25.27 35.81 0.71 1.92 20.7 0.09 

M . U . D . L . B. 
0 2.45 2.45 1.00 0 0 
0 2.16 1.65 1.31 0 0 
-5 5.62 8.85 0.64 0 0 
5 4.57 11.05 0.41 0 0 
18 5.79 11.05 0.52 0 0 
18 6.63 11.45 0.58 0 0 
22 5.22 12.25 0.43 0 0 
22 4.40 12.65 0.35 0 0 
27 3.91 12.85 0.30 0 0 
27 4.49 13.05 0.34 0.087 6.70 0.01 
40 9.64 15.85 0.61 0.076 7.70 0.01 
40 8.81 17.65 0.50 0.063 7.10 0.00 
47 9.83 16.85 0.58 0.267 7.80 0.03 
47 10.4 18.65 0.56 0.149 9.50 0.02 
60 13.91  22.25 0.63 0.078 9.80 0.00 
60 13.34 22.45 0.59 0.212 13.00 0.02 
126 15.27 28.85 0.53 0.244 12.10 0.02 
126 14.97 26.65 0.56 0.144 13.20 0.01 

203 18.42 28.45 0.65 0.171 14.7 0.01 
203, 17.54 31.25 0.56 0.144 13.2 0.01 

64 



TABLE 5.3 (cont.) 

Sample Measured Predicted Index 
Phosphate Phosphate 106 

E77/1 
1 2.1 2.1 1.00 
7 8.5 2.0 4.12 
10 14.5 2.07 6.98 
14 33.6 2.10 16.02 
24 14.1 2.11 6.68 
30 31.3 2.13 14.67 
36 38.4 2.18 17.59 
40 36.5 2.19 16.65 
46 40.2 2.24 17.92 
50 40.9 2.28 17.94 
55 42.6 2.28 18.69 
60 45.0 2.32 19.36 
65 41.8 2.38 17.57 
70 44.7 2.42 18.48 
75 44.7 2.48 18.00 
80 45.0 2.49 18.07 

M.U.D.L.E. 
0 20.4 20.4 1.00 
0 20.0 20.4 0.98 
5 22.6 20.5 1.11 
5 21.8 20.4 1.06 
18 23.7 20.5 1.16 
18 22.9 20.5 1.12 
22 29.2 20.5 1.42 
22 28.4 20.5 1.39 
27 29.8 20.5 1.45 
27 29.3 20.5 1.43 
40 19.2 20.5 0.94 
40 16.5 20.5 0.80 
47 17.3 20.53 0.84 
47 16.0 20.6 0.78 
60 22.4 20.6 1.09 
60 20.9 20.6 1.02 
126 35.2 20.6 1.70 
126 36.3 20.6 1.75 
203 50.2 20.7 2.43 
203 53.8 20.7 2.60 

65 



Sulphide is not detected in the pore waters until the 40th day 

of the experiment (Fig. 5.7), concentration then increases to 240 'kiM 

at the 126th day before decreasing to 150  uM at the end of the experi-

ment. The maximum concentration of sulphide (20 iilvl) is small compared 

with the amount of sulphate reduced (12.3 mM) suggesting that much of 

the sulphide has probably been precipitated as iron sulphides. 

Phosphate date (Table 5.1) varies about the initial concentration 

(20 pM) during the first 47 days before increasing to a maximum of 53 

pM at the end of the experiment. If the Sholkovitz model (Table 5.2) 

to predict phosphate concentration (Table 5.3) is used, then a C:P 

ratio of 900:1 has to be assumed to fit the data. This ratio (900:1) 

is rather higher than that found in decomposing organic matter in 

either marine sediments (e.g. 212:1 (Sholkovitz, 1973), -150:1 (Martens 

et al., 1978)) or living marine plankton (e.g. 106:1 (Redfield et al. 

1963)). The lack of phosphate compared to carbon may be due to phos-

phate removal by mineral precipitation. 

The experiment while not precisely modelling the processes that 

occur in the sediment, does not show any behaviour inconsistent with 

organic decomposition by the sulphate reduction pathway. 

5.5 Discussion: Diagenesis in Zone I 

A most important feature of the pore water data presented for the 

core samples (Figs. 5.2-5.5)  is the lack of variation with depth of 

sulphate, sulphide, alkalinity and dissolved organic carbon. Two 

explanations may be offered: (i) either the sediment does not support 

bacterial sulphate reduction, or (ii) there is rapid irrigation of the 

sediment (Goldhaber et al., 1977; Aller, 1978). 

The jar experiments demonstrate that sediment from the upper 10 

cm in the outer basin support very rapid reduction of sulphate and 
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the sediments are black/dark grey due to the presence of iron mono-

sulphide. The sediment of zone I, therefore, supports bacterial 

reduction of sulphate and the invariant profiles must be due to 

irrigation of the sediments. Mixing of the upper part of the sedi-

ment column by bioturbation has already been suggested to explain 

the high sedimentation rate measured by the 210 Pb chronology (Chapter 

Three), however, the irrigation of the sediments must proceed at a 

high rate if the supernatant concentrations axe to be maintained 

throughout zone I. This forced irrigation of sediments, principally 

by tube dwelling organisms, is now well known from the experimental 

studies of Aller (1977),  Aller and Yingst (1978) and from observations 

on interstitial water profiles (Goldhaber et al., 1977). 

The presence of burrows in the Loch Etive sediments has been 

noted (Chapter Three) but the occupants were never observed. They 

are likely to be large polychaetes known to move significant volumes 

of water through their burrows for respiratory and nutritional needs. 

The extent to which a sediment is irrigated depends on the population 

density of organisms and on the average depth of the burrows (10 cm 

in the inner basin and 30 cm in the outer basin in the case of Loch 

Etive). 

Irrigation can be considered as the mixing of two components: 

(i) supernatant water, and (ii) pore water, the resulting mixture will 

have a composition dependant on which process is dominant, either 

irrigation or bacterial degradation of organic matter. As the compo-

sition of the water in zone I is similar to that of the supernatant 

water it may be concluded that irrigation is the dominant process. 

The presence of iron monosuiphide and the results of the jar 

experiments suggest that bacterial sulphate reduction is taking place 

in zone I, however, sulphate reducing bacteria are obligate anaerobes 
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which implies that the oxygen is rapidly removed from the supernatant 

water during its residence in the burrows and associated sediment. 

The rapid removal of oxygen is accomplished by the macrofauna, by the 

aerobic bacterial flora known to line the burrow walls and chemical 

processes in the burrow walls, i.e. oxidation of reduced S, Fe and Mn. 

The presence of organisms in the sediment also means that there will 

be a good supply of readily degradable organic matter in the sediments. 

In conclusion, zone I is the site of a number of physical (irri-

gation) and chemical (sulphate reduction, organic degradation) proces-

ses whose rates compete to produce the profiles of pore water consti-

tuents observed here. The rates of sulphate reduction, sulphide, 

alkalinity and DOC production are smaller than the rate of irrigation 

of the sediments by the macrofauna. 

5.6 Diagenesis in zone II and zone III 

Below the zone of irrigation the main process for the transfer of 

pore water constituents is molecular diffusion (Berner, 1969;  McCaffrey 

et al., 1980, and others). As a result of this much slower type of 

exchange the metabolic reactions become the main control on the inter-

stitial water chemistry. The biogeochemical zones become separated 

And distinct. Zone II, the sulphate reduction zone, shows the expected 

changes in the interstitial water chemistry, sulphate decreases and 

sulphide, alkalinity and phosphate increase in concentration. Zone III 

by analogy with other sediments, is the carbonate reducing/methane pro-

ducing zone (Martens and Berner, 1974). 

Sholkovitz (1973) has shown the efficacy of simple models to des-

cribe the distribution of the major pore water components in the zone 

of sulphate reduction. His model for the alkalinity distribution 

(Table 5.2) is applied to the Loch Etive data in Table 5.3. It is 



assumed that the sole contributor to the alkalinity is sulphate reduc-

tion. The model is a good fit to the data from the inner basin core 

ET14 but only applies at high (>5 M) sulphate concentrations in the 

outer basin cores. There is a change at the 5 mM level from a rate 

of 2 Eq of alkalinity for every Mole of sulphate reduced to a rate of 

1 Eq for every Mole of sulphate reduced. At low sulphate concentra-

tions conditions become favourable for competition between sulphite 

reducing and methanogenic bacteria (Bryc 	e€.c.l., 17) 

provided neither substrates (organic compounds) nor nutrients are 

limiting (Parkes, pers. comm.). The altered apparent alkalinity pro-

duction may be due to concurrent sulphate reduction and methane pro-

duction (from CO2). 

Using simple models (Table 5.2) the distributions of sulphide 

and phosphate (Table 5.3) suggest that much of the production of these 

species is consumed in the sediments by precipitation of authigenic 

minerals (see Chapter Seven for further discussion). 

The most important points to note from this data are: (a) that 

the major process in the sediments is sulphate reduction; and (b) that 

the distribution of chemical processes in the sediments is importantly 

affected by macrofaunal irrigation of the sediments. 
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CHAPTER SIX 

TRACE METAL ANALYSIS OF MARINE PORE WATERS 
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6.1 Introduction 

It is difficult to make an accurate analysis of trace metals in 

marine pore waters for, although concentrations may be as high as 

102  g/1 (for Zn, Pb, Cu) the size of the sample is small and concen-

tration therefore impractical. There are, fortunately, a number of 

analytical techniques available with the sensitivity to measure these 

concentrations directly (e.g. Flameless atomic absorption spectro-

photometry, anodic stripping voltametry and neutron activation analy-

sis), however, all are subject to major interferences due to the salt 

component and organic matter dissolved in pore waters. 

Representative samples are also difficult to obtain due to serious 

sampling artifacts. These arise from three main causes (i) 'tempera-

ture of squeezing' effects; (ii) oxidation of anoxic samples; and 

(iii) contamination. The temperature of squeezing has been demonstra-

ted to affect the equilibria between the dissolved and solid phases of 

marine sediments. Mangelsdorf et al. (196) showed that removal of 

pore water from deep sea sediments at greater than in situ temperature 

led to a large over-estimation of the Si and K concentrations and an 

under-estimation of the Mg concentration. However, the author is aware 

of no information on the effects of extraction temperature on the con-

centrations of trace metals measured in pore waters, due no doubt to 

the general paucity of trace metal data. 

Considerable care is required when , 	anoxic sediments as 

even small amounts of oxygen have been shown to oxidise Fe(II) to 

Fe(III) which will remove inorganic phosphate from solution (Bray et 

al., 1973). The iron oxides precipitated are potent adsorbents and, 

therefore, likely to scavenge trace metals from solution, resulting 

in the under-estimation of the metal concentration. Again the author 

is not aware of any data relating specifically to this artifact. 
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Contamination of the samples is perhaps the worst problem to be 

overcome in trace metal analysis for not only is it difficult to con-

trol at parts per billion (10 9) concentrations, but also difficult 

to detect. Recent determinations of the distribution of various 

metals in the oceanic water column have revealed that metals follow 

the behaviour of the major nutrients (e.g. Cu, Boyle et al., 1975; 

Cd, Boyle and Edmond, 1976;  Zn, Bruland et al., 1979) providing pro-

files which are internally consistent and consistent with known bio-

geochemical processes. This criterion ccuc be used to test the pore 

water data. 

A sampling procedure and analytical technique, using flameless 

atomic absorption spectrophotometry, for Fe, Mn, Zn, Pb and Cu are 

presented which seek to minimise the problems outlined above. 

6.2 Sampling Scheme 

All equipment was leached in a 5% EC1 5% HNO3  solution prior to 

use. Soft glass sample bottles and polycarbonate centrifuge bottles 

were leached in 5 HC1 5% lIMO3  solution just below boiling point for 

two days, rinsed several times with high purity water, dried carefully 

and sealed in polythene bags until used. Nuclepore membranes were 

stored in the acid solution and rinsed with high purity water several 

times immediately before use. Although this procedure is not as ex-

tensive as that recommended by Patterson and Settle (1975)  and Bruland 

and Franks (1979)  it was effective and rather less timeconsuming. 

Air-borne dust is a major source of contamination for trace 

metals (Zief and Horvath, 1976)  exposure of samples and equipment 

should therefore be minimised. Initial sample handling was performed 

in an enclosed filtered nitrogen atmosphere and later laboratory mani-

pulation performed, as far as possible, in a Class 100 laminar flow 

clean air bench. 
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Sediment samples were collected using the stainless steel gravity 

corer as described in Chapter Three. Upon recovery the plastic core 

barrel was capped tightly and transferred, within three hours, to the 

laboratory. Although the temperature of the core was not controlled, 

ambient temperature was low and measurement of the supernatant water 

on recovery and at the laboratory showed no change at all (9.5°C). 

The supernatant water was removed using an acid cleaned polythene tube 

and an aliquot stored in a soft glass vial. 

Pore water was extracted from the sediment as described in Chapter 

Five. A 10 ml aliquot was immediately placed in a soft glass vial and 

acidified to <pH2 with 'Aristar' HC1. The vials were stored at 140C 

until required for analysis. 

Storage of the samples is a problem because of the loss of metals 

by adsorption to container walls and contamination. Adsorption may be 

reduced by acidifying the sample, as here, but this may lead to other 

artifacts. The low pH could result in the precipitation of dissolved 

humic compounds with associated trace metals, particularly in pore 

waters with much dissolved organic carbon, leading to an under estima-

tion of the metal concentrations. The acid conditions could also re-

sult in the leaching of the sample containers with subsequent contam-

ination, this is minimised by effective cleaning of the vials before 

hand, as described above. 

Freezing is often employed as a preservation technique for water 

samples, however, when the waters contain high DOC concentrations 

freezing leads to precipitation of the organic material which may 

then remove some of the metals from solution. The samples used in 

this study were not frozenco 
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6.3 Flemeless atomic absorption spectrophotometry 

Graphite furnace atomic absorption spectrophotometry suffers from 

major interferences from the major seawater salts and organic matter. 

The vapourization of the major salt elements (Na, Cl, K, Ca, Mg) 

results in the production of 'smoke' in the furnace which masks the 

atomic absorption signal. Simultaneous measurement of atomic absorp-

tion and non-atomic absorption at the analytical wavelength allows an 

estimation of the atomic absorption signal to be made. Most instru-

ments contain a built in deuterium lamp and automatic 'background' 

correction system. The correction system works best at low background 

concentrations and, therefore, some reduction in the non-atomic absorp-

tion signal will enhance the quality of the analysis. There are three 

ways of achieving this: (i) selective volatilization; (ii) matrix 

modification; and (iii) extraction of the metals from the matrix prior 

to analysis. 

Selective volatilization is perhaps to be preferred, if it is 

possible, as the sample manipulation required is minimal. An aliquot 

of the sample is pipetted into the graphite furnace and its tempera-

ture is increased in stages to (a) dry the sample, (b) ash the sample, 

(c) vapourize the salt elements, and, finally (d) atomize the sample. 

The wider the difference in salt vapourization and atomization temper-

atures the more effective the technique. The technique is very much 

more difficult to apply if the temperatures are close together, however, 

if the analyte is present at high concentration, as is the case for Fe 

and Mn in some samples, then the technique works well. 

Although Campbell and Ottaway (1977)  report a selective volatili-

zation technique for the analysis of Cd and Zn in sea water, resolution 

of the Zn, Pb and Cu signals from the non-atomic absorption signal 

proved impossible with the Instrumentation Laboratories IL55/IL151 
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system. The procedure appears to depend on the precise temperature 

control not available on the IL455  furnace. 

Matrix modification has been applied to sea water analysis 

(Ediger et al., 1971) to overcome the problems of close volatilization 

temperatures in selective volatilization program s. Ammonium nitrate 

is reacted with the sample, in the furnace, to produce compounds of 

lower volatility than the common salt components and thus increasing 

the temperature difference. A preliminary investigation suggested that 

there was no improvement in analysis using selective volatilization 

with matrix modification for Zn, Pb, Cu, Fe and Mn. A selective vol-. 

atilization techniquewa.s used for the analysis of Fe and Mn. 

Interference of organic compounds in the graphite furnace is not 

well documented as most natural water samples have a low dissolved 

organic content. Specific interference from acetic acid on several 

elements has been noted (Kingston et al., 1978) while oxalic acid will 

enhance Pb analysis. Sholkovitz (pers. comm.) and work carried out 

during current methods development suggest that natural organic matter 

in river water and marine pore waters degrades the reproduceability of 

Fe and Mn analysis, oxidation of the samples with nitric acid prior 

to analysis improves the analysis. 

Several methods have been used to extract the metal from the 

saline matrix, the most widely used techniques are; (i) coprecipita-

tion (Boyle and Edmond, 1976); (ii) chelation and solvent extraction 

(Brooks et al.,, 1967; Duchart et al., 1973) and ion exchange chroma-

tography (Riley and Taylor, 1968; Kingston et al., 1978; Florence and 

Batley, 1975). Each method has its virtues but for ease of handling 

an ion exchange technique was used here (see below). 

Furnace programmes and spectrophotometric conditions for the 

analysis of Fe, Mn, Zn, Pb and Cu are recorded in Table 6.1. Estimates 
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TABLE 6.1 Flameless atomic absorption spectrophotometry. Spectrophotometer 

conditions and flameless atomiser programmes. 

1L151 Fe Mn Zn Pb Cu 

Wavelength(nm) 248.3 279.5 213.9 283.3 324.7 
Slit Width(im) 160 320 320 160 320 

Analysis Mode A—B A—B A—B A—B A—B 

Lamp Current(m.A) 7 5 5 5 3 
Deuterium Lamp (mA) 20 20 20 20 20 

Integration (sec) 1/16 1/16 1/16 1/16 1/16 

mA/count 1 1 1 1 1 

Integrate Mode P/H P/H P/H P/H P/H 

P/H = peak height A—B = background correction 

IL 455 	Plameless Atomiser 

Fe Power 10 	30 30 30 60 60 

Time 5 	5 7 4 0 2 

Mn Power 10 	25 25 25 60 60 

Time 4 	3 3 2 0 2 

Zn Power 5 	10 15 15 60 60 

Time 4 	4 4 4 0 2 

Pb Power 5 	10 15 15 60 60 

Time 2 	3 6 3 0 1 

Cu Power 5 	10 15 20 60 60 

Time 2 	4 3 3 0 2 

Power = percentage of full power 
Time = units of five seconds 

Purge gas 	argon at 15scfh. 



77 

of sensitivity, reproduceability and precision are recorded in Table 

6.2 based on repeated measurements of several pore water samples. 

6.4 Extraction of Zn, Pb and Cu from seawater 

The extraction technique developed for Zn, Pb and Cu is similar 

to the methods described by Riley and Taylor (1968) and by Kingston 

et al. (1978), however, the method described here was designed for 

handling small sample volumes with the minimum of manipulation and 

with no concentration. The sample is simply extracted from the salt 

water into a similar volume of dilute nitric acid. 

Reagents 

High purity water was prepared by distillation in silica of glass 

distilled water followed by ion exchange using Chelex-100 (Bio Rad in 

prepacked columns) as described below. Nitric acid was 'Aristar' grade 

reagent, further purification being found unnecessary. Standard stock 

solutions for atomic absorption spectrophotometry were prepared by 

dissolution of high purity reagents in 'Aristar' nitric acid made to 

volume with high purity water. Stock solutions of 1000 ppm of metal 

were prepared and working standards prepared by daily dilution of the 

stock solution with 0.1 N HNO3. All reagents and standards were stored 

in hot-acid-cleaned polythene bottles. 

Column preparation 

The pre-packed columns were soaked in 0.1 N HNO3  for one week 

prior to use with daily washing and replacement of the 0.1 N lIMO3. 

The column was then eluted with two 5 ml portions of 2N HNO3  and washed 

with 40 ml of high purity water. The p11 of the effluent is now above 

5. The resin is left in its acid form. 



il 

TABLE 6.2 Sensitivity and Precision of the flameless AAS analysis. 

	

Fe 	Mn 	Zn 	Pb 	Cu 

Sensitivity (pg) 	0.8 	1.0 	0.2 	5.3 	3.4 

Precision () +8,2 	±4.2 	±7.2 	±8.1 +12.3 

Sensitivity = weight of analyte in picograms to 
cause an absorption of 0.0044 units. 

Precision = relative standard deviation of 6 
replicates of the same pore water 
sample (n=6, icr) 

TABLE 6.3 Effect of HNO3  oxidation of seawater samples on the amount 
of zinc, lead and copper extracted using the Chelex method. 

Zinc 

Sample 	Concentration before 	Concentration after 
oxidation 	 oxidation 

1 	 0.00 	 17.23 
2 	 0.00 	 0.02 
3 	 0.60 	 5.61 
4 	 1.41 	 6.45- 
5 	 0.63 	 13.41 

Lead 

1 	 4.38 	 15.26 
2 	 0.00 	 0.74 
3 	 2.86 	 6.70 
4 	 3.26 	 8.40 
5 	 2.36 	 9.62 

Copper 

1 	 0.24 	 11.31 
2 	 0.00 	 0.10 
3 	 9.14 	 14.76 
4 	 6.79 	 2.59 
5 	 12.13 	 1 2.55 

Samples used are 1, pore water, 2 double distilled high purity water, 
3 Loch Etive surface water spiked with Zn, Pb abd Cu standard solution 
4 and 5  pore water. 
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Extraction procedure 

1 ml of concentrated HNO3  is added to each 10 ml pore water sample 

and is taken nearly to dryness at 100°C on a hot plate (care must be 

taken not to dry the sample completely as it then is difficult to re-

dissolve). The sample taken up in 10 ml of high purity water now has 

a pH of about 5 ready for the Chelex column. The sample is passed 

over the prepared Chelex column twice. The flow of the sample through 

the column was not controlled but never exceeded 1 ml/min. The column 

is washed free of residual salt water with two 10 ml portions of high 

purity water. The sample is eluted from the column with 2 ml of 2N 

followed by 8 ml of high purity water. The column is then put 

through the preparation procedure ready for use again. 

6.5 Discussion 

During the course of method development the retention of metals 

by and elution of metals from the Chelex resin were investigated as 

well as the separation from the salt matrix. 

It was found that organic material in the sample interferred with 

the retention of metals on the Chelex 100 column making an initial 

oxidation step essential. Florence and. Batley (1975)  and Moore and 

Burton (1976) found similar interferences. The former authors oxidised 

their samples with ENO 3, as here, while Moore and Burton (1976) found 

that UV oxidation of seawater resulted in a higher concentration of 

Cu collected on Chelex. The results for five test samples are shown 

in Table 6.3. The samples were divided into two aliquots, one was 

digested while the other was not, and passed over identical Chelex 

columns. Concentrations of lead and zinc measured in the undigested 

samples are much lower than in the digested samples, the results for 

Cu are variable. The digestion step appears to introduce little 



pg!I added 
Fig. 6.1 Recovery of zinc added to a seawater sample. 

pg/I added 

Fig. 6.2 Recovery of lead added to a seawater sample. 
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Pig. 6.3 Recovery of copper added to a seawater sample. 

mis of effluent 

IHNOJ 	HPW 	Isampie I HPW 

Fig. 6.4 Variation of column effluent pH during sample 
extraction using Chelex-100. N.B. The pH should 
be >5 for good recovery of Zn, Pb and Cu. 



contamination as seen in a sample (sample 2) of high purity water 

taken through the procedure. The technique measures total dissolved 

trace metal as opposed to Chelex extractable metal. 

It is usual to use the resin in its aonium form to remove 

metals from seawater, however, use of the resin in its acid form 

proved efficient and reduced the amounts of reagents needed in the 

procedure. Spiked artificial seawater samples were passed over the 

column at a pH above 5, the metals were retained quantitatively while 

the major salt components were poorly held and almost completely elu-

ted with high purity water. Figs. 6.1, 6.2 and 6.3 show the concen-

trations of Zn, Pb and Cu recovered, compared with the concentrations 

added to the samples, recovery was always better than 95% efficient. 

Two further elution steps showed that little metal was retained by 

the chelating resin after the initial elution (Table 6.4). 

The variation of pH throughout the extraction. procedure is shown 

in Fig. 6.4. The pH must be above 5 if quantitative retention of the 

Zn, Pb and Cu is to occur. 

Fig. 6.5 shows two sample traces for Zn analysis showing the re-

duction achieved in the size of the salt peak after the Chelex extrac-

tion procedure. The salt matrix is not completely removed but reduced 

sufficiently to allow good background correction. Kingston et al. 

(1978) have shown that it is possible to remove the salt components 

completely but the additional work and additional chance of contamina-

tion was not considered worthwhile. 

It is a feature of this technique that there are few reagents 

involved and a minimum of sample manipulations, lessening the chance 

of contamination. The application of this technique is described in 

Chapter Seven. 
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TABLE 6.4 Elution of zinc, lead and copper from Chelex-100. 

Zinc 
1 1 

Pg Pg 
sample Zinc added Eluant 1 Eluant 2 Eluant 3 

1 0 0.35 0.1 0.1 
2 1 1.3 0.05 0.07 
3 5 4.8 0.15 0.08 

4 8 7.3 0.3 0.13 
5 10 10.5 0.1 0.05 

Lead 
11 ig1 .igl 

Sample Lead added Eluant 1 Eluant 2 Eluant 3 

1 0 0.5 0.0 0.0 
2 5 4.4 0.4 0.1 

3 10 8.9 0.0 0.0 
4 15 14.9 0.1 0.0 
5 20 19.1 0.0 0.0 

Copper 
1 1 

igl 
Sample Copper added Eluant 1 Eluant 2 Eluant 3 

1 0 0.3 0.1 0.0 
2 5 4.8 0.1 0.0 

3 10 9.5 0.0 0.0 
4 15 15.4 0.1 0.0 
5 20 19.6 0.05 0.0 

Elution stage using HNO3  repeated two times as described 

in the text to check for completeness of removal of each 

metal from the resin. Each sample spiked filtered Loch 

Etive surface water. 
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Fig. 6.5 The effect of sea salt in the graphite furnace atomiser. 
(a) and (b) untreated seawater. (c) and (d) the same sample 
after the Chelex-100 extraction procedure. Iote the reduction 
of salt interference during the ashing stages. Zn analysis. 



CHAPTER SEVER 

PORE WATER CHEMISTRY 

- TRACE METALS 
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7.1 Introduction 

Variations in the composition of interstitial water are the 

most sensitive indicator of the diagenetic reactions causing net 

chemical change in the organic rich sediments of Loch Etive (Chapter 

Five). In this chapter the trace metal composition of the same 

interstitial waters is examined using the methods described in 

Chapter Six. There are two main objectives to this research, (1) 

to help answer the question posed in Chapter One 'Can diagenetic 

reactions cause the surface sediment enrichments of Zn, Pb and Cu?' 

and (ii) to provide some reliable data on trace metal concentrations 

in the pore waters of these near shore marine sediments. The chemi-

cal controls on the trace metal concentrations will be briefly con-

sidered but only simple thermodynamic solubility calculations were 

attempted because the data is incomplete and there are many uncer-

tainties in the assumptions that have to be made to apply the models. 

For instance, there are great variations in the solubility products 

reported in the literature for the various mineral phases (Table 7.1) 

formed in marine sediments and these solubility products may not be 

applicable because few sedimentary minerals are pure phases. The 

speciation of individual metals in the pore waters is not well known 

and may be dominated by complexation for which there is little rele-

vant data e.g. organic and polysulphide complexation. 

The interstitial waters were analysed for iron (Fe), manganese 

(Mn), zinc (Zn), lead (Pb) and copper (Cu). Fe and Mn were measured 

because their chemistry and expected distribution under these dia-

genetic conditions is comparatively well studied and may control the 

distribution of the other trace metals. Zn, Pb and Cu were measured 

because they show varying enrichment behaviour in the sediments and 

may be mobile under diagenetic conditions. In addition to the core 



TABLE 7.1 Solubility of several sediment mineral phases. 

Mineral Range of values k 
sp Preferred k 	value sp 

Reddingite 10_34 P6  - 
Vivjanjte - 	io 10 36i5 

Iron Nonosulphide -17 - 	10_19  10 7'3  

Alabandite 1026 - 	10_18 107.8 

Siderite 10- 10.2 - 	10_10.4 10 -10.2 

Rhodochrosite 10_10.3 - 	10 101.4  10-10-3  

Zinc Sulphide 1014'7 - 	10_25  10_23 8  

Lead Sulphide -25 - 	10_28  10 263  

Copper Sulphide 10 253  10_36.2  10-36.2  

k8  values taken from Sillen and Nartell(1964), Brooks et al. (1968), 

Sillen and Martell (1971), Spencer and Brewer (1971), Leckie and 

James (1974), Lu and Chen (1977), A].ler (1978), Murray et a]. (1978), 

Lyons et a]. (1980). 

Preffered k values selected from Sillen and Martell (1964,1971) 
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samples, the M.U.D.L.E. jar experiment was used to follow the effect 

of progressive diagenesis (Chapter Five) on the metal concentrations. 

7.2 Materials and Methods 

The pore waters examined were removed from core E77I1 collected 

at station ET11 in the outer basin, in sediments subject to consider-

able biological irrigation. The sediment for the jar experiment was 

also collected from station ET11. Descriptions of core collection 

and sample processing were given in Chapters Five and Six. 

7.3 Results and Discussion 

A notable and important feature of the metal data presented is 

its consistency (Figs. 7.1-7.5),  the profiles are not erratic, which 

suggests that the data is reliable and is a good approximation to 

the distribution of Fe, Mn, Zn, Pb and Cu in the pore waters. The 

results from the M.U.D.L.E. experiment also appear reasonable as 

there is good agreement between replicate samples taken at each time 

(Figs. 7.6-7.10). 

The data for each metal from both the core and the M.U.D.L.E. 

experiment will be examined separately. 

7.3.1 	Distribution of total dissolved iron (Fe) 

The interstitial water profile of total dissolved Fe is shown 

in Fig. 7.1 (and concentrations in Table A.3.8 Appendix 3). The 

profile is characterized by a peak (780 pM) in the top-most centimetre 

of the sediment below which the Fe concentration decreases rapidly. 

Between 5 and 17 cm depth a concentration of about 12 pM is maintained 

while below 17 cm a concentration of about 50 pM obtains to the bottom 

of the core. 
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Fig.7.1 (upper) Depth profile. of Fe in interstitial water. Core E77/1 

Fig.7.2 (lower) Depth profile of Mn in interstitial water. Core E77/1 



A qualitatively similar profile of dissolved Fe is reported by 

Aller (1978) from experimental tanks irrigated by Clymenella torquata, 

a maldanid polychaete, and by Aller and Yingst (1978) for intertidal 

sediments irrigated by the terrebelid polychaete, Amphitrite ornata; 

both organisms are sedentary tube dwellers. It should be remembered 

that large burrows were observed in the Loch Etive sediments (Chapter 

Three) and that Gage (1972) reports the presence of similar organisms 

to those mentioned above in these sediments. The interstitial water 

profiles of dissolved Fe are therefore likely to result from a number 

of kinetically competing transport and reaction processes. 

The major processes tending to increase the concentration of 

dissolved Fe are (a) reduction of ferric oxide phases (Krauskopf, 

1957), (b) oxidation of ferrous sulphides (e.g. Sturm and Morgan, 

1970), and (c) oxidation of dissolved sulphide (Aller, 1978). The 

major processes tending to decrease the concentration of dissolved 

Fe are (a) precipitation of ferric oxides and (b) precipitation of 

ferrous sulphides (Berner, 1963). The oxide and sulphide phases 

dominate the chemistry of Fe in the pore waters of organic rich 

marine sediments (Berner, 1967, 1970, 1971; Aller, 1978;  Murray et al., 

1978; Lyons et al., 1980). 

Ion activity products and saturation indices have been calculated 

(Table 7.2) for Fe monosulphide (amorphous, FeS) and also for Fe car-

bonate (siderite, FeCO3 ) and Fe phosphate (vivianite, Fe3(P0j)2.8H20). 

The thermodynamic data and relevant equations are shown in Table 7.3. 

The Fe concentrations in the pore waters are several orders of magni-

tude supersaturated (<107times) with respect to FeS while there is a 

close approach to saturation with respect to FeCO3  and considerable 

undersaturation with respect to Fe3(P0)2.8H20. Similar relative 

solubilities, based on the activity of Fe and the appropriate anions, 

have been observed in other nearshore sediments (e.g. Aller, 1978; 
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TABLE 7.2 Calculated saturation indices for Fe and Mn sulphides 
carbonates and phosphates in core E77/1. 

Saturation Index 
Sample 	FeS 	MnS 	FeCO3 	MnC0 	Fe3  (PO 4)2. ER 20 Mn3  (PO 4)2.i20 
depth 

2 6.08 4.47 -0.36 -0.67 -21 -20.5 
6 5.39 5.68 -1.64 -1.25 -25 -22.1 

11 4.23 5.55 -1.65 -1.49 -25 -21.9 
15 4.23 5.46 -1.22 -1.44 -24 -21.3 
20 4.59 5.23 -0.99 -1.69 -23 -22.4 
26 4.69 5,07 -0.56 -1.70 -22 -23.0 
30 5.47 5.52 -0.53 -1.59 -22 -22.5 
36 6.24 6.00 -0.46 -1.84 -21 NC 
40 6.14 6.32 -0.58 -1.7 -21 -22.6 
46 6.39 5.26 -0.10 -2.58 -21 NC 
50 6.74 5.74 -0.21 -2.19 -22 NC 
55 6.75 6.19 -0.21 -1.87 -22 NC 
60 7.21 6.09 0.15 -1.85 -21 NC 
65 7.01 5.99 NC -2.18 NC NC 
70 6.93 6.35 0.04 -1.87 -22 NC 
75 7.25 6.41 NC -1.77 NC NC 
85 6.78 6.23 NC -1.68 NC NC 

NC = not calculated by the computer program used values too 
small. 

Saturation index tabulated = iog10 ki ( 
k LAP 

where k' equals apparent solubility 

product and IA? equals ion activity 

product as defined in Table 7.3. 



TABLE 7.3 Saturation calculations for various authigenic minerals. 

Fe-suiphide 

FeS + 	Fe + HS 	(amorphous) 

IA? 	= [Fe 2+j XFe 

k = 1o_17  
sp 

= (%free)(free) = 2.6 x 10_2  

%free = 13% at pH 7 (Kester et al.,1975) 

'' free = 0.198  (Whitfield,1975) 

2- = 0.1 
S2_] calculated from total sulphide data for pH = 7 and pk 

from Goldhaber and Kaplan (1975) 

2. Mn-sulphide 

MnS + H 	Mn+ HS 	(alabandite) 

IA? 	=Mn 21 Mn [s2_] 

k = 10 178 
sp 

YMn 2+= 3.9 x 102 

Mn is not strongly complexed in sea-water 

sulphide as for Fe-sulphide above 

Fe-carbonate 

FeCO3 	Fe 2+ + CO2 	(siderite) 

lAP = [Fe2] 	[cJ 003  

k 	= 	10- 10.2 sp 

Fe = same as for Fe-sulphide above 

= 0.021 (Berner,1971) 

rc2_1 = titration alkalinity 
L3 	H/K+2 

K21  = 7.9 x 10- 10 

Mn-carbonate 

MnCO3 	+ co (rhodochrosite) 

lAP= [Mfl2+][co_]00 

k = 10° sp 

data for activity coefficients and speciation as above. 



TABLE 7.3 (cont.) 

Fe-phosphate 

Fe3  (PO 4)2.8H20 	3Fe + 2PC +EH  20 (vivianite) 

lAP 	= [Fe 2] 3 31 	2 'F P041 	
88 

4 1H 

k  = 10"' sp 

activity coefficient for Fe as for Fe-sulphide above 

PO4  = (2free)( free) = 3.3 x 10 

[o4] = 	 measured phosphate 

{H] 	+ [] 	+[u] /K + 1 

Kf = 1.95 x 10 2  

= 7.82 x 10 	Atlas et al,0976) 

= 1.00 x 10 

Mn-phosphate 

Mn3  (PO 4)2.8H20 	3Mn 	+ 2P0 	+ aR 20  (reddingite) 

lAP 	= 	'[po4J 2'0[H2o] 2 4 8\8 

k 	=10-34.6  sp 
activity coefficient for Mn as for Mn-sulphide above 

data for PO4  as for Fe-phosphate above 

Zn-sulphide 

ZnS+H 	Zn2  + H3 

10-23  
z = Zn2j  

Y Zn = 0.051 

data for sulphide as for Fe-sulphide above 

Pb-sulphide 

PbS + H 	Pb2  + H5 

lAP 	= [Pb 2+] 'Pb 
 [2_]., 

k 	= 10-26.3  

V Pb - 0.042 

data for sulphide as for Fe-sulphide above 



TABLE 7.3 (cont.) 

9. Cu-sulphide 

Cu3 + H 	Cu 	+ HS 

lAP = [cu2 ]' [s2i 

k 	= 1 o_362  
sp 

data for sulphide as for Fe-sulphide above 

Cu = 0.091 

mm 
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Murray et al., 1978). It is unlikely, however, that either FeCO3  

or Fe3  (PO 11)2.81120 form in the marine environment, even when the 

apparent solubility product is exceeded, due to competition of Ca, 

Mg and Mn for the 003  ion and the greater affinity of Fe for S 

than for PO- 4' 

An important omition from these calculations is the effect of 

dissolved organic matter (DaM) on solubility as Krom and Sholkovitz 

(1978), Lyons et al. (1979) and Elderfield (1980) have all shown 

that between 10 and 814 of the Fe dissolved in pore waters is asso-

ciated with DON and suggest, following other authors (Krauskopf, 

1956; Brooks et al., 1968; Rashid and Leonard, 1973;  Elderfield and 

Hepworth, 1975;  Presley et al., 1972; Lyons et al., 1980), that the 

apparent supersaturation of FeS is due to organic complexation or 

chelation of the dissolved Fe. This hypothesis was not tested but 

one further observation may be made: the complexation maintains the 

Fe in solution even after prolonged storage of acidified samples in 

air as concentrations of dissolved Fe were similar before and after 

nitric acid digestion of the samples. The possibility of polysulphide 

complexation as discussed below for Zn, Pb and Cu should, perhaps, 

also be borne in mind.. 

Application of thermodynamic solubility products rest on the 

assumption of equilibrium conditions which may be reasonable in 

Zones II and III of the sediments where pore water residence time 

is likely to be long. However, in Zone I, the zone of irrigation, 

pore water residence time is short compared to the rates of the 

major diagenetic reactions (e.g. sulphate reduction) and equilibrium 

therefore less likely to develop. The processes producing the pro-

file of dissolved Fe may be viewed qualitatively, as follows: 

Fe oxides are only stable in the topmost few millimetres of the 
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sediments, shown by the distinct red brown colour of this layer. 

Below this reduction of the Fe oxides leads to the major peak of 

dissolved Fe in the 0-1 cm sample, lack of sampling resolution 

makes it difficult to establish the exact concentration gradients 

in this zone. Sulphate reduction is occuring in the sediments below 

1 cm producing sulphide which reacts with the dissolved Fe to pro-

duce authigenic FeS. At the interface between oxidised and reduced 

sediment (between the redbrown and black sediment layers) oxidation 

of both dissolved sulphide and precipitated FeS will take place due 

to invasion of oxygen from above (Sorenson et al. , 1979). Similar 

oxidation and reduction processes will be taking place in the walls 

of the irrigational conduits (burrows) (Aller and Yingst, 1978) 

resulting in very heterogeneous conditions in Zone I. Some support 

for the occurence of sulphide oxidation in this Zone may be seen in 

the lowered alkalinity (1.72 meq 1_i)  at the top of Zone 1 as corn- 

-1 pared to that in the overlying water (3.21 meq 1 ). It is likely 

that this is due to titration of the alkalinity with acid produced 

during sulphide oxidation in the burrows. Aller (1978) and Aller and 

Yingst (1978) observed lowered alkalinity and pH in the burrows of 

Anrphitrte sp. and in sediment irrigated by Clymenella torquata, 

respectively, suggesting that oxidation of sulphide, possibly aided 

by Thiobacilli (Vishnaic and Santer, 1957), is an important process 

in marine sediments. These processes are well known in acidic soils 

(e.g. Bloomfield, 1972), but have received comparatively little 

attention in marine sediments (Pankow and Morgan, 1980). 

The remobilisation of Fe between aerobic and anaerobic zones of 

the Loch Etive sediment does not result in a pronounced surface sedi-

ment enrichment (as for Mn) it should be noted, however, that Zone I 

of the sediments does contain "excess" Fe (Chapter Three). The dif-

ference between the'Fe and Mn sediment profiles is discussed below 

(Sect. 7.3.2). 
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In Zones II and III the concentration of dissolved Fe is con-

trolled by a competition between sulphide precipitation and the corn-

plexation tending to maintain the Fe in solution. 

7.3.2 	Distribution of total dissolved manganese (Mn) 

The interstitial Mn profile is shown in Fig. 7.2 (concentrations 

are listed in Table A.3.8 in Appendix 3). The profile is character-

ized, like Fe, by a major peak (123 viM) at 1-2 cm depth below which 

concentration decreases pseudo-exponentially, to the detection limit 

(about 2 M) at 40 ciii depth. This distribution, while similar to 

that observed by Hoidren et aZ. (1975) in the Chesapeake bay sediments 

and similar to profiles produced in sediments irrigated by the seden-

tary tube dweller Clymenella torquata (Aller, 1978), is rather differ-

ent to that commonly observed in marine sediments due to the more 

rapid,\activity of the Loch Etive sediments 	which probably results 

in a very low redox potential within miflimetres of the sediment sur-

face. 

The two major reaction processes usually shown to be controlling 

the distribution of Mn in marine sediment pore waters are dissolution 

of oxide phase Mn by reduction due to bacterial activity producing 

Mn 2+  and precipitation of a Mn-carbonate phase (Lynn and Bonatti, aq 

1965; Li et al. , 1969; Calvert and Price, 1972; Holdren et aZ., 1975). 

The presence of authigenic minerals is difficult to establish in most 

sediments due to the small quantities present, however, the presence 

of Mn-carbonates is well established (Manheim, 1961; Hartmann, 1961; 

Lynn and Bonatti, 1965; Calvert and Price, 1970; Pedersen, 1979; 

Suess, 1979). Less common in marine sediments are Mn-sulphides. 

However, Baron and Debyser (1957) and Suess (1979) report the presence 

of a Mn-sulphide in the sediments of the Baltic Sea. Another possi-

bility is the formation of Mn-phosphate although there are few reports 



of its identification in marine sediments (Suess, 1979). Phosphate 

minerals are better represented in the freshwater environment 

(Tessenow, 197)4)  where the concentration of sulphide is low. 

Solubility calculations were made on the Loch Etive pore water data 

to test for saturation with respect to MnCO3, MnS and Mn3  (PO 4 ) 2 .3H20; 

the results are presented in Table 7.2 (the thermodynamic data and 

various assumptions are listed in Table 7.3). 

The pore waters are just saturated at all depths with respect to 

pure Mn-carbonate, as has been observed in many sediments (see above 

for references). However, considerable oversaturation with respect 

to MnS (a.labandite) exists which might suggest (1) that sulphide 

precipitation is controlling the Mn concentration in these sediments 

and (ii) that Mn, like Fe, is subject to complexation. As Krom and 

Sholkovitz (1978) and Elderfield (1980) show, a poor association of 

Mn with DOM (<17% and <10% of total Mn, respectively) and Mn does not 

have a tendency to form thie- or polysuiphide complexes (Stumm and 

Brauner, 1975).  It is also unlikely that MnS would form in sediments, 

like the Loch Etive sediments, with a high content of Fe. Although 

Mn and Fe may be controlled by similar mineral equilibria in these 

sediments the pore water profiles are different which may be explained 

by differing reaction kinetics of Fe and Mn consistent with (a) the 

faster reaction of Fe to Mn in oxygenated seawater (Stunm and Lee, 

1961; Hem, 1964; Morgan, 1967)  and (b) the different Fe and Mn sedi-

ment profiles (Chapter Three). If we assume that irrigation of Zone 

I occurs via idealised burrow structures, i.e. vertical pipes through 

which partially oxygenated seawater is pumped at relatively high rates 

and that pore water with a certain dissolved Fe/dissolved Mn ratio 

comes into contact with burrow water, two processes may take place 

(i) oxidation of the reduced species and (ii) advection out of the 
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burrow to the overlying water. Fe oxidises rapidly and some is dis-

tributed in the burrow walls while the slower reacting Mn is advected 

into the water column where oxidation is completed. Precipitated Mn 

will accumulate on the sediment surface. The net result is likely to 

be a more homogeneous distribution of Fe in the zone of irrigation 

(Zone I) and a preferential accumulation of Mn at the sediment surface, 

creating the observed profiles of the two elements (Chapter Three, 

Figs. 3.4b, 3.10). 

7.3.3 	The distribution of total dissolved zinc (Zn), lead (Pb) 

and copper (Cu) in pore waters. 

The pore water profiles of total dissolved Zn, Pb and Cu are 

shown in Figs. 7.3-7.5 and in Table A.3.8 in Appendix 3. 

Zn and Pb show a concentration peak (Zn = 0.75 pM, Pb = 0.1 i-tN) 

in the uppermost centimetre of the sediment below which concentration 

decreases to about 0.22 pM Zn and 0.01 pM Pb in Zone I. Cu does not 

show a similar surface sediment peak, dissolved concentration remain-

ing similar to that in the overlying water (0.13 i.iM). Zn, Pb and. Cu 

each exhibit a peak in Zone II (the zone of sulphate reduction) (Zn = 

0.65 pM at 42 cm; Pb = 0.05 pM at 65 cm and Cu = 0.18 pM at 50 cm) 

below which concentration decreases to the bottom of the core. 

The peaks of Zn and Pb concentration at the top of the core are 

probably related to (1) dissolution of the hydrated Fe and Mn oxides 

at a redox boundary and (ii) oxidation of sulphide minerals (Aller, 

1978; Parkow and Morgan, 1980) releasing bound and co-precipitated 

Zn and Pb into solution. It is well known that Fe and Mn oxides scav-

enge metals such as Cu, Zn, Co, Ba and Ra (Goldberg, 195;  Krauskoff, 

1957; Jenne, 1968; Kharker et al., 1968; Murray, 1975)  in marine sedi-

ments implying that destruction of the oxides would result in the re-

lease of certain metals. Zn and Pb diffuse both upward into the over-

lying water and down into the sediment. The metal diffusing into the 
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water column will probably be precipitated or reprecipitated together 

with fresh hydrous Fe oxide. Precipitation occurs close to the inter-

face as particulate material collected 10 m above bottom (Chapter Four) 

does not show a significant Zn or Pb enrichment. The downward diffus-

ing metal will become either fixed in the sediment as sulphide minerals 

or 'flushed' out of the sediment by irrigation and will also precipi-

tate in the water column. While some Zn and Pb appears to recycle in 

the uppermost layers of sediment, Cu does not but is maintained close 

to the concentration present in the overlying water. It should be 

noted that this surface sediment recycling does not appear to affect 

the distribution of total Zn and Pb in the sediments (Chapter Three) 

as measured on a centimetre by centimetre basis, finer sampling near 

the interface may demonstrate a more complex structure. 

The data presented for Zone II of the sediment is contrary to the 

behaviour that might be expected of these metals in the presence of 

dissolved sulphide. Krauskoff (1956) considered that metals, like Zn 

and Cu, should be removed from seawater by precipitation of sulphide 

minerals but subsequent work (e.g. Brooks et al., 1968; Spencer and 

Brewer, 1971;  Gardner, 1971; Elderfield and Hepworth, 1975;  Lyons et 

al., 1980) has indicated that the concentrations of various metals in 

anoxic seawater are often greater than sulphide solubility would allow. 

Saturation calculations have been performed for ZnS, PbS and CuS using 

the Zone II data; the results are presented in Table 7.4. It is clear 

that the pore waters are considerably supersaturated with respect to 

these sulphides. It has variously been argued that (1) organic complex-

ation (Elderfield and Hepworth, 1975), (ii) polysulfide or bisulfide 

speciation (Gardner, l97; Boulegue, 1978), (iii) kinetic hindrance to 

nucleation by organic coatings (Horzempa and Helz, 1979),  or (iv) 

metastable mineral equilibria (other than sulphide) (Helz and Sinex, 
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TABLE 7.4 Calculated saturation indices for Zn, Pb and Cu sulphide 
in core E77/1. 

Saturation 	Index 
Sample ZnS PbS CuS 
depth 

2 3.71 3.21 3.23 
6 2.98 3.13 2.82 

11 2.93 3.23 3.91 
15 2.71 3.41 3.89 
20 2.82 3.67 3.81 
26 3.13 3.71 4.01 
30 3.02 4.05 4.23 
36 4.21 3.91 4.12 
40 4.13 4.31 4.42 
46 4.92 4.19 4.34 
50 3.98 4.17 4.82 
55 4.31 4.28 4.13 
60 4.52 4.31 4.92 
65 4.43 4.22 4.81 
70 4.39 4.18 4.91 
75 4.22 4.08 4.83 
85 4.61 3,95 4.61 

sp I 
Saturation index tabulated = 1o lo[ k' 1 

lAP j 



197) are responsible for these supersaturated conditions, but none 

of these possibilities has yet been tested thoroughly for metals in 

anoxic marine sediments. 

While processes (iii) and (iv) cannot be ruled out, t seems 

more likely that either organic complexation or sulphide complexation 

is responsible for the degree of supersaturation as both these con-

stituents (DOM and s=) are abundant in the pore waters. Published 

data exists showing a strong association of Fe and dissolved organic 

matter (DOM). However, association of DOM with other metals in marine 

pore waters, for instance Zn, Cu (Krom and Sholkovitz, 1979)  and 

Cu and Ni (Elderfield, 1980) are more equivocal. 	Theoretical 

and laboratory studies of the stability constants of metals complexed 

by humic materials extracted from seawater and sediments suggest that 

organic complexes may be important in controlling the activity of cer-

tain metals. 

The concentration of DOC reaches a very high level (6 n) in the 

pore water of Loch Etive sediment and is, therefore, likely to have 

important effects on the speciation of some of these heavy metals. 

However, it should also be remembered that elements such as Ca and 

Mg which are very abundant in seawater, have a greater affinity for 

humic materials than base and transition metals (Mantoura et al., 1978) 

and may therefore inhibit to some degree complexation of heavy metals 

with DOM. Destruction of organic matter, in the analytical procedure, 

increases the concentration of Zn and Pb measured in the pore waters 

(Chapter Six) perhaps suggesting that DOM is an important factor in 

the chemistry of these elements in the Loch Etive sediments. 

Krauskoff (1956) was the first to suggest that metals may form 

complexes more soluble than the simple sulphides in the presence of 

dissolved sulphide. Barnes and Czmanske (1967)  further suggested 

from data on hydrothermal ore solutions, that metal-polysulphide 



species are formed and the recent work of Boulegue and others (e.g. 

Boulegue and Michard, 1973;  Boulegue,  1977,  1978a, 1978b; Boulegue 

and Michard, 1979; Boulegue et al., 1979) have shown that metal poly-

sulphide species are important in hydrothermal springs and brines 

contained in rocks. There is little available data on polysulphide 

speciation in the pore waters of marine sediments but from rough 

thermodynamic calculations (based on the work of Cloke, 1963; Boulegue, 

1977, 1978; and. Boulegue and Michard, 1979)  Lyons et al. (1980) have 

considered that the copper polysulphide species, Cu(S) 	and CuS1 S 

may be important in the pore fluids of anoxic carbonate sediments. At 

the high levels of sulphide (up to 3 mM) present in the Loch Etive pore 

waters it is, therefore, likely that polysulphide species are important. 

However, from the available data it is not possible to determine the 

nature of the complexation but it is important to note that in the pre-

sence of high concentrations of DOM and sulphide Zn, Pb and Cu are dis-

solved into the pore waters. This solubilisation results in an upward 

concentration gradient along which the metals may diffuse into Zone I 

of the sediments. 

7.3.1 	Upward fluxes of Zn, Pb and Cu in sediment Zone II 

In Zone II diffusion is the major and may be the only transport 

process. Therefore, the flux of a dissolved species may simply be 

calculated from Equation 7.1: 

Flux =dC .Da 	 7.1 Cix 

	

where 	
d.0 = concentration gradient at the top of Zone II dx 

	

and 	Da = apparent diffusion coefficient 

The apparent diffusion coefficient takes tortuosity and adsorption onto 

sediment particles into account (Li and Gregory, 1971; Berner, 1976; 

MacCaffrey et al., 1980). Apparent diffusion coefficients are difficult 

to estimate in the absence of experimental determinations (e.g. Krom and 



Berner, 1980) hence, the apparent diffusion coefficients for Zn, Pb 

2+ and Cu are assumed to be the same as that used for Mn by MacCaffrey 

et al. (1980) (i.e. Dz = Dpb = DCu D Mn = 0.3 x lo 	cm2  s). 

This may be an overestimate because Zn, Pb and Cu may be more strongly 

adsorbed onto sediment particles and some fraction of the metal is 

probably associated with DOM and not in a simple ionic form. Hence, 

the fluxes determined here must be regarded as maxima. Upward fluxes 

have been calculated for Zn, Pb and Cu and are recorded in Table 7.4 

where they may be compared with (a) the calculated average rate of 

loss of metal from Zone II, assuming the decreasing concentration from 

the solid phase (Chapter Three) with depth is due to loss of metal 

from the sediment, and (b) an estimate of the rate of accumulation of 

'excess' metal in Zone I of these sediments. 

It can be seen that the calculated upward diffusive fluxes of Zn 

and Pb are similar to the estimated Zone II 'loss' flux but that there 

is a large discrepancy in the case of Cu, the calculated upward diffu-

sive flux is much greater than the apparent 'loss' from the sediment.. 

Therefore, while the similar dissolved metal profiles suggest a common 

process affecting distribution upward diffusive loss of Cu may be much 

less than that of Zn and Pb. The flux calculations depend to a great 

extent on the assigned Da value and there is no reason to suppose that 

as assumed here DCU  DZn DPb. Further experimental determinations 

of apparent diffusion coefficient must, therefore, be made. 

An important point to note from Table 7.5 is that the upward 

diffusive flux is larger than the estimated accumulation of 'excess' 

metal in Zone I. While it is difficult to compare these two error 

sensitive calculations there is some suggestion that upward diffusion 

can 	supply enough Zn Pb (and Cu) to support the surface sediment 

enrichments. 
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TABLE 7.5 Diffusive fluxes of Zn, Pb and Cu in the interstitial 
water of core E77/1. 

Concentration Diffusion 	Flux1 	Flux 	Flux' 
gradient 	Coefficient 	 pm cm y ) 

Zinc 	 0.047 	0.3 	4.45 	6.85 	0.40 

Lead 	0.002 	0.3 	0.19 	0.10 	0.02 

Copper 	0.034 	0.3 	3.22 	0.04 	0.03 

Flux' flux due to concentration gradient in Zone II of 

the sediments. Calculated as discussed in the text. 

Flux2  apparent flux assuming that the sediment of Zone 

II looses metal equally at all depths/calculated 

as follows 

Flux = h.w.o.1JC 

where h = depth of sediment losing metal 

w = sediment accumulation rate 

o = sediment density 

1 = total loss of metal over depth h 

WC= water content of sediment 

flux required to produce the 'excess' metal 

content in the surface sediments. Derived from 

the 'sediment' fluxes presented in Table 4.4. 
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7.4 M.U.D.L.E. 

The M.U.D.L.E. experiment was an attempt to examine the effect of 

progressive diagenesis on the concentration of metals in the pore 

water of the Loch Etive sediment and was particularly directed at 

understanding the processes which occur when Zone I sediment enriched 

with Fe, Mn, Zn, Pb and Cu, is forced, by maintaining the sediment 

under anaerobic conditions, into conditions similar to those present 

in Zone II. The experiment is somewhat artificial in that diffusive 

loss and addition cannot occur and the bacterial populations present 

in the sediments will be disrupted during sample handling. For in-

stance, it was pointed out in Chapter Five that the apparent stoichio- 

metry of the sulphate reduction process is different in the experiment 

and in the sediments in situ. 

The changes of Fe, Mn, Zn, Pb and Cu with time in the experimen-

tal samples are shown in Figs. 7.6-7.10. The first point to be made 

is that the concentrations measured are similar for each metal in both 

experimental and core samples which may suggest the presence of simi-

lar controlling reaction equilibria. Saturation calculations were 

performed for the same mineral species as for the sediments. The 

results are recorded in Table 7.6 and show very similar results to 

those for the sediments (Table 7.2). The pore waters from the experi-

mental samples are considerably supersaturated with respect to the 

simple sulphides of Zn, Pb, Cu, Fe and Mn, and closely approach sat-

uration with respect to MnCO3  and. FeCO3. However, as discussed above, 

it is unlikely that either MnS or FeCO3  form in these sediments. The 

precise behaviour of each metal with time during the experiment is 

difficult to explain and will, therefore, only be examined in general 

terms. Fe and Mn follow a similar pattern of change with time (Figs. 

7.6 and 7.7) from an initial high concentration (Fe = 180 11M, Mn 
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180 pM) both elements decrease during the first 18 days. Concentration 

increases to a maximum (Fe = 500 pM, Mn = 150 pM) at 27 days, then falls 

to an "equilibrium" concentration at 40 days which is maintained during 

the rest of the experiment. The increased concentration between days 

18 and 27 may represent the dissolution of residual coarser grained Fe 

and Mn oxides. However, this explanation is not entirely satisfactory 

as the redox potential in the experiment had been low enough for very 

active sulphate reduction from the start and therefore low enough for 

dissolution of these oxides to occur rapidly. It was noted that the 

sediments were black during the first 18 days but changed rapidly to 

grey at day 27 and it may be suggested that an important change from 

Fe xuonosulphides to pyrite has occurred. This process would alter the 

Eh/pH conditions which would perhaps cause a parallel trend in the Mn. 

The "equilibrium" concentration is higher for both elements than the 

equivalent "equilibrium" concentration in the sediments which suggests 

that there may be a kinetic hindrance to the attainment of equilibrium 

i.e. equilibrium cannot be attained during the time span (200 days) of 

this experiment. Another possibility is that there are insufficient 

reactive ions either in the originally included water or produced dur-

ing sediment diagenesis, but this seems unlikely. 

The concentration of Zn increases from 0.04 pM at the beginning 

of the experiment to -0.45 jiM at the end. The increase is most rapid 

when measurable (>10 pM) sulphide appears in the pore waters at day 40. 

The apparent overall rate of Zn production is therefore, higher than 

in the sediments in situ and implies that there will be a progressive 

loss of Zn from the sediments. Pb and Cu concentrations show a general 

increase in the first 60 and. 40 days, respectively. After day 40 Cu 

concentration falls dramatically and approaches the detection limit 

(0.005 pM) after day 120. Pb concentration decreases from -0.12 pM 



FeS 

5.40 
5.26 
4.36 
5.55 
5.82 
5.91 
6.16 
6.11 
6.22 
6.03 

MnS 

6.61 
6.55 
6.50 
6.51 
6.60 
6.79 
7• 
7.10 
7.25 
7.13 

Saturation Index 
ZnS 	PbS 
	

CiiS 

3.51 3.29 3.23 
3.71 3.38 3.41 
3.80 3.33 3.36 
3.81 7.42 3.42 
3.98 3.31 3.51 
4.42 3.79 3.81 
4.41 3.81 3.97 
4.31 4.00 3.83 
4.51 3.99 3.45 
4.81 3.98 3.31 

Sample 
time 

0 
5 
18 
22 
27 
40 
47 
60 
126 
203 
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TABLE 7.6 Calculated saturation indices for Fe and Mn sulphides, 
carbonates and phosphates in the M.U.D.L.E. 

Sample 
time 

0 
5 
18 
22 
27 
40 
47 
60 
126 
203 

Saturation 
FeCO3  MnCO3  

-0.57 -0.43 
-0.29 -0.16 
-117 -0.11 
-0.08 -0.16 
0.11 -0.21 
-0.05 -0.22 
().03 -..19 
0.09 -0.06 
0.09 -0.03 
0.14 -0.06 

Index 
Fe3  (PO 4)2.81120 

-21 
-21 
-24 
-20 
-19 
-21 
-21 
-21 
-21 
-21 

Mn3  (PO 4)2.81120 

-18 
-19 
-19 
-19 
-19 
-20 
-20 
-20 
-19 
-19 
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at day 60 to 0.003 W'I at day 203. Thus both Pb and Cu appear to pre-

cipitate in the presence of dissolved sulphide while Zn appears to be 

unaffected by the sulphide. This may be due to kinetics during this 

comparatively short experiment. 

From the changes in concentration of Zn, Pb and Cu during the 

experiment it can be suggested that Cu is less soluble than Pb which 

in turn is less soluble than Zn in the anoxic environment, and this 

may be due to the relative solubilities of the simple sulphides. 

Table 7.1 indicates that KZfl sp > K sp 
Pb 	Cu 

sp 
> K . Further, the tendency to 

form polysuiphide complexes occurs in the following order Zn > Pb > Cu 

(Stum and Brauner, 1975).  These results may be a further indication 

that polysulphides are important complexing agents in these pore waters 

but the possibility of organic complexation cannot be ruled out. 

However, one measurement of DOC (0.9 mM) made on the final experimental 

sample suggests that DOM did not increase during the course of the 

experiment. 

While the results of this experimental system are broadly similar 

to those found in situ and indicate that similar processes with regard 

to sulphate reduction and metal uptake and release in the pore waters, 

they must be considered with some caution. It may be, however, that 

further examination of such systems will provide much information on 

the bhaviour of metals in sediments, particularly near the sediment/ 

water interface where processes are 3ikely to be rapid. These experi-

mental systems may be of less use for modelling deeper sediment systems 

where a useable experimental time scale is much shorter than the in 

situ time scale. 
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CHAPTER EIGHT 

ANTHROPOGENIC INPUTS VERSUS 

DIAGENETIC REACTIONS 
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8.1 Processes Outside the Sediments 

It is important to assess the relative contribution of natural 

and anthropogenic processes in the creation of surface sediment 

enrichment profiles using the data presented in Chapters Two to Seven. 

The basis of nearly all preceding studies of metal enrichments 

in the surface sediments of coastal environments has been the 

"baseline" approach in which the level of enrichment is assessed by 

comparison with a baseline concentration, usually the concentration 

in a preindustrial sediment. Such enrichments of heavy metals are 

normally assumed to be due to an increased metal input from man's 

activities. Most cases cited in the literature (e.g. Bruland et a7., 

19714; Suess and Erlenkeuser, 1975;  Goldberg et al., 1977; Goldberg 

et al., 1978; Skei and Pass, 1979)  assume that the metals in the 

sediments are entirely particle associated (not mobile) and that the 

sediments are stratigraphically intact, i.e. there is no bioturbation 

(Erlenkeuser et al., 19714; Goldberg et al., 1977). If we use the 

'baseline' approach it follows that the upper 50 cn of the sediments 

of both basins of Loch Etive contain anthropogenic Zn, Pb and Cu. 

It has been shown (Chapter Three) that 50 cm of sediment would accu-

mulate in 100-500 years, depending on the method used for dating. 

It would be difficult to argue that these enrichments were due to 

pollution if they extend back 500 years as suggested by the pollen 

dating technique. A source of pollution in the 15th  century is un-

realistic as the first local industry in the form of iron smelting 

did not begin until the middle of the 18th century. Employing a more 

realistic dating using 210 Pb geochronology, the enrichments seem to 

have commenced about 100 years ago post dating the iron smelting in 

the region. 

A refinement to the 'baseline' approach which also gives more 

information about the source of the possible pollutant input is the 
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study of specific assemblages of elements. Erlerikeuser (1974) 

attempted to assess a source causing pollution in the Baltic basin 

sediments and inferred that "coal residues" washed into the Baltic 

enhanced the surface sediment concentrations of Cd, Zn, Pb and Cu. 

This coal residue assemblage is metals known to have large enrich-

ment factors in fly-ash, however, many other elements not analyzed 

by Erlerikeuser et al. (1974)  are enriched in fly-ash (Bertine and 

Goldberg, 1971). Contamination of sediments may come from the atmos-

phere, for instance, Galloway and Likens (1979)  showed that atmospher-

ic fallout can contribute Ag, Au, Cd, Cr, Cu, Pb, Sb, V and Zn to 

lake sediments. Of 44 elements analyzed only those and all of those 

enriched in the atmosphere were also enriched in the sediments provi-

ding a more systematic and convincing test of the assemblage approach. 

It should be noted that the elements enriched in the Loch Etive sedi-

ments are present in both assemblages and are the most comon1yre-

ported enriched heavy metals in sediments. Their occurrence in Loch 

Etive suggests that the atmosphere may be important in the transport 

of these elements. 

Associations of enriched metals with other sedimentary components 

have been used to indicate pollutant input. For example, Erlenkeuse 

et al. (197I) have shown the increase of Cd, Zn,Pb and Cu in the Baltic 

basin sediments to parallel the increase in the fossil 14C_carbon  in 

the sediment prompting them to claim the association of the metals with 

coal residues (fly-ash etc.). Goldberg et al. (1977 and  1978)  demon-

strated that the sediment of Narrangansett and Chesapeake bays contain 

more frequent carbon particles in the core tops than in sediments at a 

greater depth. 

Isotopes of Pb have been used to determine the relative amounts 

of natural and anthropogenic (gasoline) Pb in sediments (Chow et al. 
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1975; Shirahata et al. , 1980). Gasoline leads in most countries are 

manufactured from lead with a distinctly lower 
20 6 	7- 7 

Pb! Pb ratio 

(<1.2) than custa1 rocks (-1.3) making it possible to distinguish 

each type in a sediment. These studies have suggested that the 

major increases in Pb concentration in the sediments are due to 

industrial Pb released to the atmosphere and that the distribution 

of atmospheric industrial Pb is probably worldwide (Shirahata et al., 

1980) and affects the last 130 years of sediments in certain remote 

lakes. The increase of Pb concentration in the Loch Etive sedimehts 

occurred about 100 years ago which may indicate that the Pb is derived 

from this world wide atmospheric source. 

It may be reasonable then to assume that because of the above 

baseline concentrations, the association of Zn, Pb and Cu which is an 

important part of the pollutant assemblage, and their occurrence in 

sediments accumulated in the past century, that the 'excess' metal in 

the Loch Etive sediments may be due to pollution derived from a remote 

source either via the atmosphere or via coastal water and introduced 

tidally into the loch. It is known, for instance, that 137Cs produced 

at Windscale in Cumbria is transported into Loch Etive via coastal 

currents (Jeffries et al., 1973; N. B. Price, pers. comm; M. Baxter, 

pers. comm.) but if metal enrichments in all remote locations, both 

lacustrine and marine, were to have a common source then the atmos-

phere must be the preferred pathway. Atmospheric flux calculations 

based on published data (Chapter Four) suggest that the atmosphere 

may be an important source of metal input to Loch Etive. 

The studies of suspended 	 particulate Zn, Pb and Cu 

Athe planktonic material in the upper 10 metres of the water column. 

It has often been considered that bioaccumulation of trace metals 

followed by sedimentation of the planktonic debris was an important 



110 

pathway for metals into sediments particularly in areas of high 

biological production in both natural (S.W. African continental 

shelf, Price and Calvert, 1970) and contaminated environments (Oslo 

Fjord, Doff, 1969). However, it has been shown that in Loch Etive 

sediment trap materials which are sinking vertically to form the 

surface of sedimentation are not enriched in Zn, Pb and Cu, but con-

tain the concentrations and metal/Al ratios of each of these metals 

at baseline values below 50 cm in the sediments. The results of this 

work suggest that the flux of Zn, Pb and Cu to the sediments even at 

times of high productivity when the flux of organism accumulated 

metal is at a maximum, is insufficient to account for the 'excess' 

metal present in the surface sediments. A greater heavy metal flux 

at other times of the year cannot, of course, be ruled out, but it 

seems unlikely. 

It was observed (Chapter Three) that the 	 P\,JZn ratio 

was 	ça'r in the surface sediments of the outer basiii than in the 

inner and it was argued (Chapter Four) that this was incompatible 

with either an unaltered atmospheric input as atmospheric material 

over both basins would have the same PZ ratio or with the similar 

fluxes of Zn and Pb to the sediments of each basin. It seems, there-

fore, that there must be a fractionation of Zn and Pb, possibly in 

the form of a preferential uptake of Pb at the sediment/water inter-

face. 

8.2 Processes within the sediments 

Depth invariant profiles of Zn and Pb occur to depths of 10 cm 

and 30 cm in the inner basin and outer basin sediments, respectively. 

Similar depth invariant profiles of Zn, Pb and Cu have been observed 

to depths <10 cm in the sediments of Long Island Sound (Thomson et al. 
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1975; Benninger et ci. , 1979) and ascribed to particle mixing during 

bioturbation by the infau.na. While it may be argued that the 210 Pb, 

I, Br and Mn profiles suggest that there is no bioturbation of the 

Loch Etive sediments Benninger et al. (1979) have shown that concave 

down profiles, like those of 210  Pb,are compatible with some degree 

of particle mixing. The lack of data on an assemblage of accepted 

tracers of particle movement in the Loch Etive sediments prevents an 

assessment of the amount of active bioturbation. 

The zones of depth invariant Zn and Pb coincide with the zones 

of macrofaunal irrigation of the sediments inferred from the data on 

major biogeochexnical processes in the pore waters (Chapter Five). It 

was shown that irrigation is probably more important than bioturbation 

and its rate to be greater than the rate of sulphate reduction. The 

presence of a causal relationship between the zones of irrigation and 

the Zn, Pb and Cu distributions is likely. 

Analyzed pore waters taken from a core from the outer basin, 

containing a zone of irrigation down to 20 cm, show Fe and Mn profiles 

similar to those observed in other near shore sediments and imply 

dissolution of the sediment oxide phase across a redox boundary and 

precipitation of Fe-sulphide and Mn-carbonate. The different distri-

butions of Fe (excess in Zone I) and Mn (enrichment at the sediment/ 

water interface) can be explained in terms of oxidation kinetics 

within burrow walls and at the sediment surface. Fe oxide which pre-

cipitates more readily than Mn oxide is distributed more evenly in 

Zone I while dissolved Mn is advected into the overlying water before 

oxidation and precipitation occurs, followed by settling to the sedi-

ment surface. 

Some of the Zn and Pb in the surface sediments is associated with 

the Fe and Mn oxides for although neither element correlates well with 
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either Mn or Fe (Chapter Three) both elements are released into the 

pore waters immediately below the sediment/water interface with Fe 

and Mn. This mobilization of Zn and Pb either does not alter their 

distribution in the surface sediments or any alteration is not seen 

on the scale of slicing (1 cm) used in this study. Below the zone 

of irrigation the concentration of Zn, Pb and Cu increases to a max- 

imum creating a significant upward concentration gradient. These 

profiles imply a release of Zn, Pb and Cu from the solid phase and 

poses the question of what is causing the release. Two possibilities 

may be suggested, either release of organic bound metal as the organic 

matter is destroyed during sulphate reduction or dissolution of Zn, 

Pb and Cu sulphides in the presence of polysuiphide species. This 

is, of course, speculative and requires considerably more investiga- 

tion. 

The flux of Zn and Pb was shown (Chapter Seven, section 3.11) to 

compare well with the calculated loss of these metals from Zone II 

of the sediments. This is a very important observation as this would 

provide part of a process of diagenetic remobilization which could 

create the enrichment profiles observed in these sediments. 

The mobilization of Zn, Pb and Cu in anoxic sediments appears, 

from the pore water data, to be a real process, the chemistry of the 

process is still a matter for debate. In common with other studies 

it can be suggested that bisulphide or polysulphide speciation as well 

as organic complexation, which is so often quoted in the literature, 

are probably the major components in the process. 

It would be of considerable assistance to know the precise site 

of fixation of Zn, Pb and Cu in these sediments. Let us compare the 

Zn, Pb and Cu distributions with those of I, Br and Mn in the sediments. 

I and Br are known to be entirely associated with marine organic matter 
LI 



113 

(Chapter Three) from which they are released as the organic matter 

is degraded and diffuse towards the sediment/water interface. This 

process usually creates a concave down profile. It is clear that 

neither Zn, Pb nor Cu follow this diagenetic model nor do they fol-

low the redox mediated model of Mn. This suggests that Zn, Pb and 

Cu are not associated with the same type of readily degradable organic 

matter as I and Br nor do they show any redox change. 

Enrichment of Zn, Pb and Cu may occur in the sediments by the 

following speculative process, shown diagrammatically in Fig. 8.1. 

The sediments contain many regularly flushed burrows, as indicated by 

the relative importance of irrigation. The burrows and burrow walls 

in the top 20-30 cm of the sediment form a site of active precipita-

tion of Fe and Mn oxides and Fe sulphides which provides a site for 

scavenging of trace metals like Zn, Pb and Cu from the overlying sea-

water. The burrow structures provide other sites for metal uptake, 

most burrow building polychaetes secrete polysaccharide mucous which 

may adsorb metals and the whole structure is suffused with a bacterial 

flora many known to have requirements for specific metals. Aller 

(1978) has shown in his studies of burrows, that Fe, Mn and Zn are 

concentrated in the walls. Thus in the upper part of the sediment is 

a system designed to collect metal from seawater. During sedimenta-

tion 

edimenta

tion the burrow structures become buried and inactive below the depth 

to which the organism lives and d.iagenetic reactions undisturbed by 

irrigation take place. It is from this area that the bound metals are 

released and transported upwards by diffusion to be re-scavanged and 

recycled. It appears that qualitatively, and perhaps quantitatively, 

a plausible process can be envisaged to create the observed profiles. 
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8.3 Conclusions 

Despite the remote location of Loch Etive it would be difficult 

to argue that there is no anthropogenic input of Zn, Pb and Cu as it 

is now well documented that these metals and others are well distri-

buted in the atmosphere (e.g. Chester and Stoner, 19714; Lantzy and 

MacKenzie, 1979;  Shirahata et al., 1980). Although no data were 

available on the atmospheric input to Loch Etive a potential atmos-

pheric flux, based on data from the Clyde Sea, for Zn, Pb and Cu was 

calculated (Chapter Four, section 6) which suggested that the atmos-

phere may be an important input pathway for these metals. However, 

the study (Chapter Four) of the suspended and sedimenting particulate 

materials in the water column of the loch suggested that, although 

there was significant bio-accumulation of Zn and some Pb and Cu in the 

euphotic zone, it appeared that the material reaching the sediment sur-

face was not enriched in either Zn, Pb or Cu. Hence the transfer of 

atmospheric (or water borne) anthropogenic metals to the sediments does 

not occur via the particulate phase and that such transfer was not 

detected in this study. It is, therefore, possible that the anthro-

pogenic enrichment is in the dissolved metals which are subsequently 

scavenged by the sediments but then it would be surprising that none 

of the particulate material, below the active bio-accumulation zone 

in the surface waters, shows enrichment with Zn, Pb or Cu. 

The sediments are the site of very active early diagenetic 

activity as evinced by the depletion of sulphate in the pore waters 

and the redistribution of Mn, Fe, I and Br. While the profiles of 

Zn, Pb and Cu are clearly different to those of the other enriched 

elements, it is more than coincidence that the points of inflexion on 

the prQfiles correspond to the limits of the designated zone of irri-

gation of the sediments. The profiles of total dissolved Zn, Pb and 
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Cu although measurements from only one core provide strong evidence 

that far from being iobilised in these sediments all three elements 

are subject to diagenetic redistribution. Zn and Pb exhibit a simi-

lar mobility to Fe and Mn in the surface sediments but this does not 

appear to result in profiles in the solid phase like those of Mn. 

Zn, Pb and Cu are further mobilised in the sediments below the zone 

of irrigation where significant concentrations of sulphide and DOC 

are produced. The chemistry of this process is not defined but 

clearly leads to concentration gradients which suggest that upward 

diffusion could occur. A potential flux of Zn, Pb and Cu out of the 

sediments was calculated which, despite the assumptions and likelihood 

of order of magnitude error, agreed well with the assumed loss of 

these metals from the sediment at depth. Thus, even if the initial 

metal concentration in the zone of irrigation were due to an anthro-

pogenic input, the shape of the profile at depth is controlled by a 

natural diagenetic process. 

The answer to the question posed in Chapter One is, therefore, 

that diagenetic processes can result in the enrichment of estuarine 

surface sediments with Mn, I and Br and that diagenetic processes 

may result in the enrichment of these types of sediments with Zn, Pb 

and Cu. 

If it is assumed that the surface sediment enrichment of Pb is 

due to the loss from Zone II - scavenging in Zone I model presented 

above (Chapter Eight, section 2) then there are important consequences 

for the 210 Pb dating technique as there is no reason to suppose that 

210 Fb behaves differently to total Pb in the sediments. If the near 

surface sediments are enriched in 210  Pb and the sediments at depth 

are depleted then the qualitative effect of the chronology produced 

would be to over-estimate the age at any particular depth in the 
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sediment and hence under-estimate the sediment accumulation rate. 

It may be concluded, therefore, that before 210  Pb can be used with 

complete certainty to date sediments accurately more information is 

required on its possible mobility in the pore waters of sediments 

just as Benninger et al. (1979) have shown that data on the biotur-

bation of sediments is required to use 210  Fb properly. The effect 

of this possible inaccuracy in the chronology developed for the Loch 

Etive sediments is such as to bring the date of 'initial enrichment 

of the sediments' closer to the present day and to create a wider 

disparity between the flux of particulate Zn, Pb and Cu through the 

water column and the flux required to produce the surface sediment 

concentration of these metals. 

It is obvious from this brief discussion that the scope for 

further study of the diagenesis of metals during early diagenesis 

is vast and should be studied with the utmost urgency if the effect 

of pollutant metals in the marine environment is to be understood 

and ultimately predicted. 
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A study of the factors which influence the enrichment of elements, 

particularly Zn, Pb and Cu, in estuarine sediments is reported. The 

major emphasis was placed on determining the relative importance of an 

enhanced anthropogenic input and diagenetic remobilisation in creating 

the surface sediment enrichment profiles. The study was conducted in 

Loch Etive, on the west coast of Scotland, which may be considered to 

be in an area remote from major sources of pollution. 

The mineral, major element (Al, Si, K, Mg, Ca, Fe, P, Ti), organic 

(C, N) and minor element (Br, Cu, I, Zn, Pb, Ni, Zr) composition of 

shallow (<1 m) sediment cores and surface sediments have been investi-. 

gated. The major element (SO t, S2 , alkalinity, PO, Ca, DOC) 

and trace metal (Fe, Mn, Zn, Pb, Cu) composition of interstitial water 

from shallow cores from both basins was studied. The major element 

(Al, Si, K, Mg, Fe, Ca, P, Ti), organic (C, N) and minor element (Ni, 

Mn, Zn, Pb, Cu) composition of suspended and sedimenting particulate 

material in the water column was also investigated. In addition, the 

interstitial water composition of sediments collected from the loch 

and incubated anaerobically in the laboratory was studied. 

The following are the main conclusions to be drawn from this 

study: 

The sediments of both basins have similar mineral composition 

(quartz, feldspar, chlorite, muscovite (illite and minor calcite) 

and similar major element composition. 

The sediments of both basins are homogenous with depth with 

respect to major element composition and mineralogy which suggests 

that sedimentation has been uniform during the last two centuries. 

The rate of sediment accumulation is between 0.1 and 0.5 cm y 

in both basins which is reasonable for near shore marine sediments. 

4 	There is a decrease in organic carbon concentration below the 

sediment surface in the outer basin which is probably due to decomposition 
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of organic matter in the sediments. The increasing C/N ratio with 

depth in the sediments of both basins is suggested to be due to de-

gradation of a nitrogen rich fraction of the organic matter; possibly 

organic matter of 'marine' origin. 

There are two components contributing to the organic matter in 

the sediments of Loch Etive; a marine fraction distinguished by a 

C/N ratio of -5 and a terrigenous fraction distinguished by a C/N 

ratio of -17. 

Ni, Zr and Cr are associated with the detrital aluminosilicate 

fraction of the sediments and Ni, Zr and Cr content of the sediments 

is depth invariant. 

Mn is associated with the authigenic oxide phase of the sediments. 

Mn content shows marked surface sediment enrichment in the sediments 

of both basins which can be ascribed to the known redox driven diagen-

etic remobilisation process which is seen in many sediments, The Mn 

content of the inner basin sediments is greater than the outer basin 

sediments which might be due to the input of Mn with terrigenous or-

ganic material. 

I and Br are associated with the marine fraction of organic 

matter in the surface sediments. I and Br both exhibit marked surface 

sediment enrichment profiles which are due to the incorporation of I 

and Br into seston at the sediment/water interface and to release from 

the sediments at depth by degradation of a specific component of the 

organic matter. 

Zn, Pb and Cu are not associated predominantly with any of the 

major fractions of the sediment, however, the interstitial water data 

suggests that a fraction of Zn and Pb are associated with the oxide 

phase in the surface sediments. Zn, Pb and Cu show surface sediment 

enrichment profiles but of a different type to Mn, I and Br. The 
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enrichments post date the local iron smelting industry of 1790-1860. 

Zn, and Pb in the outer basin, content is depth invariant in a zone 

below the sediment surface, the limits of the zone (30 cm, outer 

basin; 10 cm inner basin) are the same as the zone of irrigation of 

the sediments. The different Pb/Zn ratios in the two basins of the 

loch and with depth in the sediments suggest that a simple uniform 

input cannot account for the enrichments. 

10. The suspended particulate material in the outer basin is enriched 

in Al, Si, K, Mg, Fe, Ti, P and. Ca compared to the suspended material 

in the inner basin due to the greater resuspension in the outer basin. 

II. The suspended particulate matter in the upper 20 m of the water 

column is enriched in Si, Ca, K, Mg and. possibly Fe and Ti by Ho-

accumulation in planktonic organisms. 

In addition to resuspension diffusion of dissolved Fe out of the 

sediments results in enhanced particulate Fe concentrations above the 

sediment surface. 

Sedimenting particulate material in both basins has a similar 

composition to the underlying sediments. 

11. Suspended particulate Ni distribution follows the distribution of 

the major aluminosilicate components. 

Diffusion of dissolved Mn out of the sediments leads to enrich-

ment of suspended particulate material with Mn in the lower water 

column. The sedimenting particulate material is also enriched in Mn. 

There is significant bioaccumulation of Zn, Pb and Cu in the 

upper 20 m of the water column of both basins. This enrichment does 

not lead to enhanced deposition of either Zn, Pb or Cu into the sedi-

ments. 

The sedimentation rates, measured using sediment traps in the loch, 

and derived sediment accumulation rates agree not only with the 210Pb 



121 

sediment accumulation rates but also with the rates of Ansell (1973) 

for Loch Etive. 

The present flux of particulate Zn, Pb and Cu to the sediments 

is the same as the flux calculated to supply the 'baseline' concen-

tration in the sediments. The surface sediment enrichments are, 

therefore, not due to enhanced particulate Zn, Pb and Cu deposition 

at the present day. 

A calculated potential atmospheric input to Loch Etive (based on 

atmospheric data for the Clyde Sea area) suggests that the atmosphere 

may be an important pathway for Zn, Pb and Cu. A It  seems,\that this 

material does not enter the loch or the sediments. 

Sulphate reduction is the most important biogeochemical process 

in the Loch Etive sediments. Sulphate in the interstitial water is 

completely removed at depth in the sediments. This process leads to 

an increase in alkalinity, sulphide, phosphate and DOC concentrations 

with depth in the sediments. 

The sediment can be described in terms of three depth biogeo-. 

chemical zones as follows:- 

Zone I the zone of irrigation by tube dwelling macrofauna; 

Zone II the zone of sulphate reduction; and 

Zone III the zone of low sulphate concentration (probably the 

zone of methane production. 

There is no significant seasonal variability in the interstitial 

water profiles. 

The outer basin surface sediment incubated anaerobically in the 

laboratory undergoes rapid sulphate reduction over the 200 day duration 

of the experiment. The changes of alkalinity, sulphide and phosphate 

are similar but not identical to those in the sediments. The experi-

ment is not a perfect model for the in situ processes. 
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The distribution of total dissolved Fe in the interstitial water 

is similar to that observed in other irrigated sediments. Fe under-

goes redox controlled remobilisation in the sediments and principally 

occurs as an oxide in the surface sediments and as a sulphide at 

depth. There is significant organic complexation of Fe in the inter-

stitial water. 

The distribution of total dissolved Mn in the interstitial water 

is similar to that observed in other irrigated sediments. Mn under-

goes redox controlled remobilisation in the sediments and principally 

occurs as an oxide in the surface sediments and as a carbonate at 

depth. 

The distribution of total dissolved Zn and Pb suggests remobil-

ization in the surface sediments by a process analogous to that of Fe 

and Mn. This appears not to lead to significant redistribution of Zn 

and Pb in the surface sediments. 

In Zone II of the sediments, in the presence of high concentra-

tions of sulphide and DOC, Zn, Pb and Cu concentrations increase sug-

gesting release from the sediments. The mechanism of release is a 

matter for conjecture but the maintainance of significant concentra-

tions of Zn, Pb and Cu in the interstitial water is argued to be due 

to either organic complexation or polysuiphide speciation. An upward 

flux is developed which is estimated to be of the same order as the 

calculated loss of metal from the Zone II sediments. 

The M.U.D.L.E. experiment confirms the mobilisation of Zn, Pb 

and Cu under diagenetic conditions. 

The possible mechanisms for the creation of surface sediment 

enrichments of Zn, Pb and Cu were discussed and a speculative d.iagen-

etic model outlined. 

It was concluded that while this study could not rule out the 
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possibility of an anthropogenic origin for the Zn, Pb and Cu enrich-

ments, it was likely that the profiles observed in the two basins of 

Loch Etive were the result of natural diagenetic processes. 

The implications of the likely mobility of Pb on the dating of 

these sediments by the 210 Pb technique were discussed but it was con-

cluded that further study would be needed to quantify the effect. 

Finally, it should be noted that the simple concept of "pollution 

histories" being recorded in sediments may not be valid in the type of 

sediment found in Loch Etive. 
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APPENDIX 2 

ANALYTICAL METHODS 
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A2.1 Sediment Mineralogy X-ray Diffraction 

Gross mineralogy was determined on unorientated mounts of finely 

ground (<200 mesh) sediment. The ground sediment was poured into 

aluminium holders and compressed to a self supporting pellet with a 

mechanical press. The holder is then mounted directly in the X-ray 

beam. 

Analytical conditions were as follows: Cu k radiation Ni filtered, 

X-ray tube with Cu anode run at 36kv, 20znA, dispersion slit of i°  20 

and appropriate chart speed. 

Peak heights were compared to give some measure of the variation 

between samples from the cores analysed. No attempt was made to accur-

ately quantify the amounts of particular minerals present. 

A2.2 Sediment Major Element X-Ray Fluorescence Spectrometry 

Pressed glass powder pellets were prepared using a method similar 

to that of Rose et al. (1962) (as used by Krom, 1976,  and. others). 

The sediment is ground for several minutes in a TEMA tungsten carbide 

disc mill (to pass through a 200xnesh sieve) and dried overnight at 600 

C. About 1 g of the ground sediment was accurately weighed into a 

graphite crucible and Lithium tetraborate (Li 2B1407), a flux, and 

Lanthanum oxide (La 203) were added in the proportions 1:1:8 (sample: 

La203  :Li 2B1407). The La203  is added to the sample to 'buffer' mass 

absorption differences between the samples and standards which have 

different compositions. The graphite crucible is placed in a muffle 

furnace at 10500C and the sample is fused. After cooling, the weight 

loss, due to loss of volatiles, is made up with fLux only (to maintain 

the sample element to La ratio) and the glass bead ground in the TEMA 

WC disc mill. A pellet is pressed from the ground glass and backed 

with boric acid, consolidation of the pellet is achieved under 15 tons 
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pressure supplied from an hydraulic press. The resulting 37 mm dia-

meter pellet is self supporting and is placed directly in the X-ray 

beam. 

Standardisation was achieved using USGS and other international 

rock standards and a number of in-house rock standards which had been 

previously analysed. The standards were prepared in exactly the same 

way as the samples and generated linear calibration curves for all 

elements. Analytical conditions for the Phillips PW 1210 are shown 

in Table A.2.1. 

A2.3 Sed.iment:Minor Elements :X-Ray Fluorescence Spectrometry 

37 mm and 16 mm diameter pressed powder pellets were prepared and 

analysed using a method similar to that of Reynolds (1962). A minimum 

of 5 g and 7 g (for 37 mm and 16 mm pellets respectively) of ground 

sediment were used, pressed into a pellet, backed with boric acid and 

consolidated under 5 tons pressure from an hydraulic press. The pres-

sure was held for 1 minute and released slowly. To ensure integrity 

of the sample surface the pellets were pressed onto a highly polished 

WC disc. 

Matrix absorption coefficients (p) were determined for all samples 

and standards by the method of Reynolds (1963) using the Mo k Compton 

scatter peak. The mass absorption correction was applied by computer 

program. 

Standardisation for Zn, Pb, Cu, Ni and Zr was achieved using inter-

national rock standards prepared in the same way as the samples. Cali-

brations for these elements were linear. I and Br analyses were made 

against synthetic standards made by adding Ba(103)2  and KBr to a ferro-

gabbro free of I and Br. Homogeneity of the standards was achieved by 

prolonged grinding in a TEMA disc mill. Calibrations were linear. 
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Analytical conditions for the Phillips PW 1210 and FW 1450 

spectrometers are shown in Table A.2.1; estimated precision of the 

analyses is shown in Table A.2.2. 

A2.4 Sediment Analysis:Correction for the effect of residual sea salt 

Correction must be made to the concentration of elements measured 

in marine sediments to allow for the diluting effect of residual sea 

salt. This salt is both a direct diluent and a contributor of certain 

elements (Na, Mg, Ca, K, S, Br and Sr, other elements occur at lower 

concentration and are therefore insignificant). 

An assumption is made that the salinity of the interstitial water 

is constant and the same as measured in the overlying water. Indivi-

dual element corrections are applied using the measured water content 

of the samples by means of the following equations: 

wt% Mg = 	wt% M easured - 	0.037 	X 
S x WC 
100 

wt% Ca = 	wt% Cameasureã - 	0.012 S x WC 
100 

wt%K = 	wt%K measured - 	0.011 	x S x WC 
100 

S x WC 
ppm Br = 	ppm Br measured - 19.070 	X 100 

A dilution correction is subsequently applied using the measured 

water content of the samples by means of the following equation: 

x 100 -' 

	

tion 	= concen S x WC' 

	

Concentration 	 concentration me  free 	 measured [100 - 100 

where S = salinity in % 

WC = water content of sample. 



131 

Table A2.2  XRF analytical precision for major and minor 
elements in Loch Etive sediments. 

Element Estimated total precision  
(relative standard deviation, io) 

Al 0.6 
Ca 0.7 
Fe 0.5 

K 0.8 

Mg 0.8 

P 3.2 
Si 0.5 
Ti 3.3 
Br 3.6 
Cu 3.2 
I 3.7 
Mn 1.8 

Ni 3.0 
Pb 2.6 
Zn 2.4 

Zr 3,4 

- Total precision includes counting error, disc reproducibility 

error in regression line and, in the case of the minor elements 

the error in the mass absorption determination. Based on 

analyses of duplicate samples of Loch Etive sediment. 

Table A2.3  XRP analytical precision for major elements in 

particulates samples 

Element 	Estimated total precision1  

(relative standard deviation, ic) 
Al 	 0.7 

Ca 	 0.7 

Fe 	 0.4 

K 	 0.5 
Mg 	 0.5 
Si 	 0.7 
Ti 	 0.9 

'Based on analyses of duplicate samples of Loch Etive 

particulate matter. 
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A2.5 Sediments: Carbon and Nitrogen Analysis 

Total carbon and nitrogen were measured on dried ground sediment 

samples using a Perkin-Elmer 211.0  Elemental Analyser. Manufacturers 

recommended conditions were used for analysis. Standardisation was 

achieved using accurately weighed aliquots of AcetaniJide. Precision 

of the analysis was ±11..5% (1 a, n = io) for C and ±6.5% (1 c,, n = 10) 

for N. 

Organic carbon was measured on samples from which the carbonate 

carbon had been removed by acid treatment. The 0.5 - 1 g sample of 

sediment was acid treated directly in LECO ceramic crucibles on a hot 

plate at 60°C by d.ropwise addition of 2N hydrochloric acid (HC1) until 

two treatments after effervescence had finished. The percentage of 

carbonate carbon in the Loch Etive sediments is in the main small and 

consequently acid treatment is minimal and it is therefore assumed that 

no hydrolysis of organic material takes place. 

Carbon was determined on the carbonate free samples by ignition 

of the sample in CO2-free oxygen in a. LECO 521-200 induction furnace. 

The volume of CO2  produced was determined using a LECO 572-100 gas 

burette after KOH absorption. Analytical precision was ±5.5% (1 Cr, 

n = 10) at 6.8% organic C. 

A2.6 Particulates Analysis 

A2.6.1 	Nuclepore filters 

All Nuclepore polycarbonate membrane filters used in this study 

were pre-cleaned by soaking in iN HC1 for two days followed by washing 

with fresh acid and rinsing with high purity water (see section on 

water metal analysis). The filters were dessicated, stored in indivi-

dual disposable Petrislides (Millipore) and weighed using an electro-

balance (Perkin-Elmer AD-2). Precision of the weighing was ±0.005 mg. 
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After filtration the membrane filters were washed with high purity 

water and dessicated. The filters were reweighed and suspended loads 

calculated. 

	

A2.6.2 	Major elements 

The major elements (Al, Si, Fe, Ca, K, Mg, Ti and Mn) were analy-

sed by a thin film X-ray fluorescence technique as described by Price 

and Calvert (1973), Sholkovitz (1976, 1979) and Baker and Piper (1976). 

Briefly, the sample, on a Nuclepore membrane, is mounted in a specially 

constructed nylon holder and placed directly in the X-ray beam. Stan-

dardisation was achieved using previously analysed natural suspended 

particulates samples on Nuclepore filters and standards prepared from 

geochemical reference rocks, also on Nuclepore filters. Analytical 

conditions for the Phillips PW 1450 X-ray spectrometer are shown in 

Table A.2.1; estimates of the analytical precision are shown in Table 

A.2-3. 

	

A2.6.3 	Minor elements 

The minor elements (Zn, Pb, Cu, Ni and Mn) were analysed by flame-

less atomic absorption spectrophotometry after acid digestion of the 

sample. The sample and Nuclepore filter were placed in an acid cleaned 

PTFE beaker and equal portions of HF and HNO3  added. The temperature 

was held at 80°c for 1 hour after which the beaker was placed briefly 

in an ultrasonic bath to assist in removal of particulate matter from 

the membrane which was carefully removed and rinsed with a very small 

volume of high purity water. The beaker was returned to the hot-plate 

and the sample fumed to dryness. The sample was taken up in 5 ml of 

0.1 N HNO3. The polycarbonate membranes were particularly resistant 

to attack and showed no sign of deterioration after the above treatment. 

Nuclepore membranes exposed to equal portions of HF and HNO3  at 80°C 

showed no sign of attack even after 12 hours, however, exposure to }1NO3 
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alone resulted in visible degradation after 1 hour. Filter blanks 

and reagent blanks contained very low concentrations of the elements 

of interest. 

An Instrumentation Laboratories IL151  atomic absorption spectro-

photometer was used, equipped with an 1L1455 graphite furnace atomiser. 

The cuvettes used were pyrolytically coated graphite which usually 

show low cell blanks. The instrument was operated at optimum condi-

tions based on the manufacturers recommendations with simultaneous 

background correction. Analytical conditions are recorded in Table 

A.2.14 and estimates of precision are shown in Table A.2.5. 

Samples of 'plankton' and the sediment trap sample residues were 

digested by an identical procedure to that outlined above. 

	

A2.6.4 	Organic carbon and nitrogen 

Separate samples were collected for organic C and N analysis on 

Whatman GF/F glass fibre filters which had been combusted at 1i50 °C 

prior to use. These filters were cut carefully in half and each half 

analysed using a Perkin-Elmer 240 Elemental Analyser. The instrument 

was run at the manufacturers conditions except that the combustion 

temperature was 730°C. Standardisation was achieved by combusting 

known amounts of acetanilide. Analytical precision based on two fil-

ters cut into quarters is ±7% (1 a, n = 8) for C and ±7.5% (1 a, xi = 8) 

for N. 

A2.7 Pore Water Analytical Techniques 

	

A2.7.1 	Extraction methodology 

Sediment samples collected. in November 1975 and in May 1977  were 

extracted for interstitial water in essentially similar ways with the 

important differences that the November 1975  samples were handled en-

tirely in air and those from May 1977  were handled as far as possible 

in an inert atmosphere. 
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In November 1975 the sediment samples were placed directly in 

centrifuge tubes and spun at 5000 rpm for 10 minutes to remove the 

interstitial water. The water was subsequently filtered through 

0.4 pm Nuclepore membrane and divided into aliquots for analysis. 

In May 1977  the sediment samples were extruded from the core 

liner into a nitrogen filled glove-box and placed in gas tight cen-

trifuge bottles which were then sealed. After centrifugation at 

5000 rpm for 10 minutes these samples were filtered through a 0.1 i.lm 

Nuclepore membrane under nitrogen and then divided into aliquots for 

analysis. 

Three aliquots of each water sample were taken. 10 ml was pip-

etted onto 1 ml of a 10% solution of CdNO3  which reacted with the 

dissolved sulphide precipitating CdS. This treatment preserved the 

sulphide concentration for analysis and prevented an increase in the 

sulphate concentration due to oxidation of the sulphide. 10 ml was 

pipetted into a soft glass vial and sealed with a clip on closure to 

be used for alkalinity analysis. 10 ml of the May 1977 samples was 

acidified to about pH 2 for trace metal (Fe, Mn, Zn, Pb, Cu) analysis. 

The remaining water was stored untreated for dissolved organic carbon 

analysis. 

Cleanliness of all equipment was a high priority especially for 

the apparatus used for handling the samples for trace metal analysis. 

A2.7.2 	Alkalinity analysis 

Titration alkalinity was determined by direct potentiometric 

titration based on the method detailed by Edmond (1970). The sample 

is titrated with standardised HC1 to the second endpoint of the car-

bonic acid system (bicarbonate endpoint). The volume of acid required 

is determined from a 'Gran plot' (Gran function versus volume of acid 

added) and alkalinity calculated from the following equation: 
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(V ) (N 
AT (meq/l) = 
	2 

v  a • 1000 mi/i 
0 

where 	V2 	= volume of acid needed to reach the bicarbonate 

endpoint (ml) 

V0 	= original sample volume (ml) 

Na 	= acid normality (eq/i) 

The Gran function and alkalinity were calculated using a computer 

program similar to that described by Edmond (1970). 

The precision of the alkalinity titrations was ±1.14% (1 a, n = 8) 

determined on IAPSO seawater. 

	

A2.7.3 	Sulphate analysis 

Sulphate was determined gravimetrically by the BaS014  precipitation 

method. The samples (supernatant water stored over CdS) were acidified 

heated to near boiling on a hot plate, warm 10% w/v BaC12  solution was 

added and BaS014  precipitated. After cooling overnight the precipitate 

was resuspended and vacuum filtered onto a pre-.weighed 0.14 pm Nuclepore 

membrane. The filters were dried in a vacuum dessicator for several 

days before reweighing on a Perkin-Elmer AD-2 electrobalance. 

The precision of the sulphate analysis was ±3.5% (1 a, n = 6) 

determined on IAPSO seawater and ±4.% (1 a, n = 14) determined on a 

pore water sample with a sulphate concentration of 10.5 mM. 

	

A2.7.14 	Sulphide analysis 

Sulphide was determined by an iodometric titration. A known 

excess of iodine is added to the sample which is acidified with IIC1 

to release sulphide from the CdS precipitate. After reaction in a 

sealed vial for about 5 minutes the excess iodine is titrated with 

thiosuiphate solution standardised against iodate in the usual manner. 

Precision of the sulphide analysis is ±8.5% (1 a, n = 14) determined on 

a pore water sample with a sulphide concentration of 650 pM. 
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A2.7.5 	Calcium analysis 

Calcium was determined by the complexometric titration method of 

Tsunogai et al. (1972). 

Precision of the calcium analysis was ±3.5% (1 a, n = 8) 

determined on L&PSO seawater. 

	

A2.7.6 	Phosphate analysis 

Phosphate was analysed by the method of Strickland and Parsons 

(1972) modified for a 5 ml sample volume. The sample used was the 

10 ml aliquot subsequent to titration for the alkalinity measurement 

and as a result no problem was encountered with the interference due 

to sulphide in the sample (author, pers. obs.). 

The phosphate results from the November 1975  sampling were very 

erratic and the measurement considered unreliable due to severe 

oxidation of the samples and are not reported. The results from 

May 1977 appear consistent, however, an unknown interference has 

rendered the analysis poor. Precision of the May 1977  phosphate 

analyses is ±21.5% (1 a, n = 8) determined on aliquots of a. pore 

water sample with a phosphate concentration of 43 PM. 

	

A2.7.8 	Dissolved organic carbon 

Dissolved organic carbon analyses were determined using a 

Perkin-Elmer 2140  elemental analyser. The pore water sample was 

treated with conc. 113PO4  to remove the inorganic carbon and carefully 

evaporated to dryness in an oven at 80°C. The resulting salts were 

scraped into a platinum boat and placed in the elemental analyser. 

Analytical conditions followed the manufacturers recommendations 

except that the combustion furnace was held at 730°C to avoid the 

spattering of the salts onto the walls of the combustion tube which 

would otherwise cause serious deterioration of the tube. 

Precision of the DOC analysis is ±10% (1 (7, n = 6) determined on 

a pore water sample. 
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A2.7.9 	Trace metal analysis 

Analysis of the pore waters for total dissolved, trace metals 

is described in detail in Chapter Six of the thesis. 
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APPENDIX THREE 

DATA 

Elemental analyses for sediment cores, surface sediments, 
and suspended particulate material are presented on a salt - 
free basis. Elemental ratios have been corrected for 
contributions from salt. 
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TABLE A3a3 
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'T'ABLE A33 
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TRELE iR3a3 
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-.04 ::4 :1 :' 535 

: 
I - 

,-. .•: -' - I - -, 
.- 4 4 

74 :4IA ..'s ' r: :: : 530 

45 1E4 C9 - :4 :r 

s' :4 :34 13 :r 542 :4 
:i 

. 

:: :4 :7 558 
2 5 

s: ::s  19  
-: 

44 i1545 44 
.4 	.4 .4 . .4 .1 1 ' 	-? .4 I .L  I 

41 :14 
- 

i:s 
.• 

:53 £3: is :s 5:3 
14:s 

:39 257 214 498 10:3 47 50 639 
5;: 1:17 45 

I 	•' 
 

331 -,.-, 
 

40 1 19 45 97 1? :4 503 

155 1'E :99 3E 545 

: F? :o: £:5 .3 554 
.4- . 

tn.n 71- 
195 :23 109 1? 59:3 
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RBLE A3.4 

::Cr RE E75/1 MIHOR ELEMENT/AL RATIOS 

E/AL N/AL t:L.L 

C 
36.4 4.4 

ci 
-.. 	I.4 
._ .'_..: 
.. 1. 

7 7. .34.9 4.4 
'-4.
.4  

f. '•_..L 
• -, 	.4 .' 

.• .) • - 	• 

13 6.7 31.9 4.4 

4.1 

19 5.7 4.1 
• -P 

f,p .4 

7.Ci 22.9 3.5 

.5.2 19.2 3.2 
E..Ei 13.5 3.3 

34 6• 1?.. 
16.6 

-r '. -. . ... 	-, .-, • 
44 51 14.8 3.3 
46 5.3 14.1 2.8 

= 	.-. , r. 
.L .J. ._ 

. .... 
4 14cj  

55 4.5  

5.0 3.4 1
-74 

2.3 

75 4,8 1..6 
is.: 
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RPLE P3.4 

CORE E75/5 MINOR ELEMENT/AL RATIOS 

DEPTH FE/AL ZN/AL CLYRL 

.4 

2 143 37.3 3.9 

14 ;4 
14.3 .(.1 

- 15.4 ._, 	j.  
i 	i -r . •i 

14.5 36.4 4.1 
9 12,8 4 • 

.4 	1 ..1. , 	. 
10 12.1 35.7 3.3 
1 	

4 ..L 15.2 t.., .4 	.-, 

-. 4.2 
1. . 	• 	. 36 • •. 

.1 • 
14 12.5 34.1 3.9 
15 13.3 35.9 
15 11.7 33.0 3.2 

7 14.7 34.9 4.0 
.4 

1 13.9 34.7 3.3 
L1 1:5 34.5 
12 $ 34,3 :33,  

:4  

-. 15.5 34.6 i  
121 .34.4 4.1 

2? 14.2 35.0 :3 
23 13.2 34.7 4.3 
29 12.7 :34.2 

32 11.4 28.3 3.7 
34 11.4 28.2 sa 

G 11.1. it.;  
36 .- 10.0 3A 
40 3.0 27.1 3.4 
4. 25.0 .3.5 
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TABLE R3.5 

;L!RFACE SEDIMENT SALT-FREE PPM 

ETSi1 137 34 15 

04 215 53 25 
._•• . 

TSOE 277 39 27 
38 3i 273
75 

4.4 : 
T.Ei3 35 
- 	-I 	-, 

77 -=,I .27 97 31 
T11 221 26 

ET312 252 96 29 
7.7 

- 	.j. 

NI ill4 R I BR 

j . 	.-.- 17...:.j. 

33 3i3i 177 490 565 
34 .3123 164 23 236 
22 1i523 117 394 355 
31 2415;1 127 559 571 
33 933 143 453 339 
35 21533 174 3' 373 
33 13793 184 422 361 

. 	. . 13 
33 9230 142 373 267 
.32 . 	155 431 484 

1 .1 

25 5320 121 398 489 
:33 4553 148 417 529 
.9 	. 
.-t. . t• 

j F. .14 
.. 4 _4 - E. 

3:3 143 542 701 
4 . 	.4 .  4 	•4 .4 . 644 

37 .3563 174 434 533 
.39 1933 176 253 263 
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TABLE A3.6 

E;URFAC:E PART I C:IJLATES WTELEMENT 

C'T 

SPI 3.1 	1.1 5.4 0.7' 0.4 ELi 0.21 2.5 
3P2 3.5. 2.6 11.9 £1.5 3.4 0.2 0.15 1.3 

Os o.: o.i 0.17  
SF4 0.9 4.4 15.8 1.0 0.9 0.2 £1.21 2.7 
BPS 0.5 3.0 11.4 £1.7 0.4 0.1 0.18 1.8 
:3P6 1.4 7.0 25.8 1.7 3.9 0.2 0.3 3.9 
3P7 0.2 1.9 10.1 1.3 EL? 0.1 0.26 3.3 
BPS 1.5 3.5 20.7 1.4 0.2 0.2. 0.34 4.0 
3P9 1.9 8.3 19.7 1.5 1.3 0.3 0.41 3.9 

SF13 2.2 3.7 11.3 1.1 1.1 3.4 0.28 6.6 
2.1 5.2 19.4 1.3 1.4 0.5 0.31 3.7 

L • t' inc. 
L C' • _' 1.2 .  I . c.. 	i ' c. 	J j - 

3P13 1.3 5.7 18.4 1.2 1.4 £1.4 0.35 
SF'14 1.9 5.4 17.9 1.11.4 0.3 8.35 7.6 

1.4 5.2 17.7 1.2 1.3 3.2 0.33 4.5 
1.5 5.5 21.7 1.4 1.6 £1.3 £1.37 5.0 

SURFACE F'APTICUL.TES ELEMEHT/AL RATIOS 	* 

BF:NPLE NO/AL SI/AL K/AL CA/AL P.•'AL TI/AL FE/AL 

3F'i i.399 5.317 0.60? 3.339 3.352 '24,  2.383 
:i::: CJ: :is: :i :1s 
:'  :1.34 

F- 1 	.14 0 	E Of .204 0 £1E :i 54E 
F5 3:02 :E19 09 Oi Z.C oo:s 3043__; 05A37 

EFE 1 _.G5 3. 579 0 :s: 3 1:7  1 0343 0.549 
- :i 	111 s 	: :i s : :ss :i 1.759 

-J:i:i:i 3 000 Cl czi-  000 :i 	iOO c 000 0.000 
: :E4 0 	132. 2 154 3 07? 3 	1 0.47 

F•I CY 0.583 3. 022 029E ocos :1 095 ocs: 1754 
EF11 0.338 3.136 0 :: ci ::o 0.075 EL0571 1.404 
SF 12 :i 	:I : 	: '71 :29 3 P-1 62 3 11052  1 	:. 

: 	:: : 	:' : 	i  
::: ci 	:s. :i 	:152. C43 i.4J 

3P15 -3.268 3.399 3.223 3.481 3.344 0.349 0.978 
cs:i c 	cs. : 	cI 



351 

211 
147 

88 
0.-i 

101 
58 

312 
249 
279 
1 8.21 
110 
59 
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TABLE 83.6 

PARTICULATES :PROFILES L3/L 

DEPTH AL 31 CA FE TI K 

J. • t. , ..j_.  t. • 
ET8,7 25.32 175 20.33 33.6 1.42 8.25 6.58 

E1EY12 15.2 103 3.03 22.3 0.51 5.51 5.53 
ET8/22 22.60 137 1.93 19.9 1.42 5.44 5.63 
ETS/42 38.15 143 30.53 32.3 1.27 10.43 9.67 
ETS/92 23.23 113 5.93 24.6 1.04 7.90 7.62 

- -= L rt -.ti  b JO.  j 11 £ J 
ET8,112 61.93 235 14.25 31 1.67 14.35 14.55 
2T( 	:: s 	: 130 Z3. El ES :o 1 14.0? 13.62 
ZT1i) 
L... 	i 	.L 	j. 	. 1" J •_• • -, A . 1 -  -r 	.. j 	• 	J Ii - (. t' . .1. J  4 r  

ET1 le' - 15.02 3 E 93 .1 	5 0.98 12.92 1 	74 
T11 	1 i 1.33 15 zs 

ET 11/22 31.77 104 17.94 20.75 1.06 8.35 8.85 
ET11f32 38.52 167 23.05 25.31 1.28 9.95 9.52 
ET I1/42 33.50 110 13.40 2:3.30 1.05 10.63 9.84  

17.93 17.51 
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I .iJI...L.. 	I .J. -_ 

PARTICULATES PROFILES WT ELEMEUTS 

K 	MD 

13..35 1.75 .14 1.32 .E:9 0.91  
4 o:  r 42.1 

: .-:c :- i-i :o 0. 7`4 or; :r 
7.74.:: 71. : : :i ss 0.68 :5 

A E: 1.14 1 	: -. 	..........- 4 . .- j 
.jr Q.Oj. 

ETS i:: :E 0E 4: 1EI 	14 ':i 	.5 1.80 1.93 E 
ET3/112 5.3 2394 1.4 8.21 0.17 1.46 1.48 11.3 

.I 
.4 I 	4 .4 1 	? 	' 

.&.t 
4 

! :1: c o4: oi :EE 
s 

= i.s 	r: 1 	4 : 	r :i 
5.i 16.72 2.8,  .33:3 Ei.17 1.34 1.42 29.2 
7.: :1.:o 4.31 4 r: :4  1.86 1.78 :o 

J. 4 i 	E: 1 3 : 	41 ci is i. 1.418.4 
7.3 24.12 2.71 4.43 0.23 1.88 1.83 10.3 

- ...-, 

PAF:TICULATES PROFILES ELEMENT/AL RATIOS - 

DEPTH SI/AL CA/AL FE/  AL TI/AL K/AL MG/AL C/AL 

T8/2 763 0.E18 l.:31 0.380 0.37 0.38 15.1 
o J.  

: 	i - .:i;:  
os 003 03E OOE: :4  

:.r4 0.80 ci 	E o.o;: 1:2.1, --27 o.s 3.8 
ETE 3: 4 02 c :1 0E7 o.or 0.22 27 : 

ETE 	: : EU ci 44 1 	.c1  0 02 :1.2: 1.1 
Cl, 0.027 0.2 3 0 2-3 1 53 

- = - 	...'t. .-. ... 	. I . 	- - 	•4 .J 	t.•p-p '. . 1 

:: 0:0 i:s 04 s c'.:cl ::7 
T1I/7 19 1 I 	4 155 

1 tE i 	3 1.7 12 
: 

ETII.32 4.35 0.55 0.03 0.26 0.25 2.9 
Tu142 3.:3i I,4LJ 0.71 0.0:3 32 0.33 1.3 
TII52 3233 0.37 0.5.! 0.03 7 .26 0.25 1.4 
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TAELE A3.E. 

'LANKTON NET E:AMPLEE; WT 	ELEMENT 

K riG E ::A T1 

L1 143 :3.'1 4.42 0.85 2.73 0.195 0.266 
i Ln 371I 9 : :r :9J,  

:4 504 1 	-r..,- 

: : El 0.E5 177' 
:4: 4:. 1C7' 4:13 o.i 27'9 

8? 4,38 5.98 1.4,  5.43 0.1560. I  0 4  

• 
- 

• 

c'LAHKTON NET E;RMPLES ELEMENT/AL RATIOS 

EMFLE E;i/AL K/AL MG.'AL FE/AL CA/AL TI "AL 

'Ll 220  4.2 0.13 
30 1 	21 45 

135 3.3 7.1 2.1 4.7 0.21 
4,3 1.5 5.3 i.i5 

13 
'LG 34 5.3 5.5 1.6 5.9 0.17 
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Tat 	' . • .r 

3UF:FACE FLOC: SAMPLES WT"-'ELEMENT 

:1 9 

ET:ECIS E.?8 2U. -192 1.55 
:- s G. 194 0 E 4̀  1E: 
ETSi7 5.77 19.3 i.8E; 1.41 

5.72 19.8 .94 1.51 
:- 

ETS1 7.21 21.l 0.93 1.77 
ETSII .43 20.5 0.91 1.91 
ETSI2 7.78 20.1 0.88 1.84 

1 	7,  
i..,:_ -j. 	_".' i 

FE .A Ti P 

5.:35. 1.230.40 0. 39 
5.42 1.45 0.51 0.11 
, - - 

.L...  
r 	i 

5.51 1.01 0.44 3.07 
5.21 1.43 0.41 3.08 
5.33 1.51 0.50 i.E8 
5.48 1.39 0.49 0.11 
5.32 1.41 0.52 0.09 i. i 	-:: 0.07  E' E,

L -._' .L 	.'  

RBLE R3. E. 

3URFFC-E FLOt: 5AI1FLES ELEMENT'AL RATIOS 

PMPLE 31/A1  A/AL TI  /AL P/AL 

7335 2.95 1.13E 3.79 0.18 '74  0.013 

f
31  

1f fi -i 
s : 	i :  :i 15 :' 3E5 0.01 

E:3 :E4 :1 :ii :.OEO ooi: 
EE 279 :11: 3:5 :i74  ::1 :353 o.ci 

r-r 3E c'.ois 
- 	=--: --- -. . ..-, ,.-, .- 	i. _'. -'. c• _.. 	.1. 

ETE.z3 2.51 3.11 0. 0.75 3.17 3.064 3i9 



CA 	TI 

2.43 0.83 0.17 0.12 
2. 5i 0.58 0.19 0.03 
1.62 0.70 0.13 0.06 
5.69 1.15 0.39 0.15 
5.54 1.47 0.37 0.15 
5.58 2.40 0.44 0.16 
2.14 0.41 0.17 0.05 
3.09 0.38 0.23 0.09 
3.49 0.93 0.24 0.12 
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TABLE A3.6 

E.ED I rIENT TRAP SAMPLES WTELEMEHT 

3F!MPLE 	AL 	 rio 

ETS/T1 64 13. 03 J. R3 1. 1-9 
ET3,'T2 2.74 12.774 0.83 0.99 
ETS/T3 1.83 9.32 0.69 1.13 
1T 	•'t 4 I•• • C•O 

I .L• 	?r4 I • 	.4 

ET8.'L2 5.43 24.76 1.74 1.47 
ET8.•T3 6.03 23.30 1.89 1.57 
ETI1/1 2.6. 3 12.35 0.68 0.51 
ETI1/2 2.97 i,4.45 0.98 0.73 

j 	j 	-..- 
L.L •..? 

.. .4 I 	.4 	.4 4 
if.-tJ. 

1 	- 
£.. 

.4 

Ti3LE A3.E 

SEDIMENT TRAP SAMPLES ELEMENT/AL RATIOS 

3AMPLE SI/AL K/AL MO/AL FE/AL CA/AL TI/AL P/AL 

494 !i4 i43 c-t.92 1.3i c.c54 4=: 
i4 ::: : 	:i 0 	i ci : o .O9 
TE T: 4.?E ci 	:- o.ai ci ci:-' :i.ciE? 0 03. 
:i 4:s o:: c:o 1.C13 ::: o.ors 0C.9 

J::1 :i:7c i: ::' 0C 
o1: 0:Ci o: :i 0.06E 0.0:5 

T11,.."' 4• r9 i,2 L1E 0.065 0.023 
-. - 	- - j -' 

4.45  0.370 0.290 1.08 0.30 0.074 0.030 
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TABLE A3. 7 

SURFACE PARTICULATES MINOR ELEMENTS PPM 

PB :u YIN 

31 i3 543 53 3.19 18.5 
:5 i. 44 25 

12 s :sz 
is' 

:: 35 11 5 
1 22 2 
l i _i 45 .3. 6:4  1...... 

C25 5 5 4 :3:1 12.2 
.34 13 27 23 805 34 3. 121 13.9 

SF13 167 27 42 12 555 30 2.90 121.5 
SPII 132 24 23 18 5754? 4.70 10.1 

:5 :s 730 ND 
SF13 212 33 46 15 475 40 4.40 9.1 
.E;P14 175 29 39 18 480 27 2.80 9.7 
SP1S 166 26 27 16 495 21 1.90 13.8 
SPIG 91 14 53 17 585 29 4.2 6.9 

ABLE A:37 

SUE:FAc:E PART I t:ULF:TES MI NOR ELEMENT/AL RATIOS 

SAMPLE AL EN/AL FBRL CU/AL NI/AL MN/AL 

r 1. i. • i . 	•. 	-t. .,.  2 • . • 
2.6 3?.? 12i.0 30.8 4.6 277 

Cl  
14 

: 31.7: 1 c 	Ell7' 
73 20.7 3.7 3.1 3.0 79 

20.21 7.4 334 
E;P8 0. 270.0 521.21  50.0 4.0 11221 
E;P3 8.3 10.1 1.5 3.3 2.8 97 

3plcj 3.7 45.1 '.3 11.4 3.2 1321 
3F'il 5.2 21.3 3.3 4.5 2.9 109 

:s r : 4.5 2.3 
- 	.i..' _.' .i 

:-' 
ji. ...•..• 8.1 

-.• 

5 :3j.9 3.2 3.1 33 
6.5 14.0 2.2 3.1 2.6 90 
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TABLE A3.7 

P19R1TCULATES PROFILES MINOR ELEMENTS PPM 

:EPTH FE .0 Ni MN 

F 
ETa? 223 25 .35 22 520 

! : q : C4 is 
ETa'22 132 33 31 19 425 

24 4.lc:I 

ETS/92 93 20 13 22 340 
ETS/102 105 20 32 43 920 
ETS/112 96' 23 23 31 1300 
ETS/132 11019 20 44 2100 
ET1I/2 230 42 50 9 7:30 
E71I?? 193 22 4? 12 520 

ETI1/12 157 33 22 21 530 
ET I1/22 173 32 33 33 720 
ETI1/42 135 31 35 21 920 
ET11'52 90 16 23 51 1990 
ET 11/32 120 39 39 54 32.0 

-- 

.L LAL FE 	Fi. ::L'RL 	:i.•F;L RL 

T3/2 2.4 771  
.4 4 

- 	. -- - -' 
I .L • .. 

-,•.-. -'-' -- 
4. 

: : 
71 

17 ..:s: 2t7 :- 

71 
11 . - i74 



TABLE A3.7 

LANKTON NET SAMPLES MINOR  ELEMENTS PPM 

	

3AMFLE 	 PB 	CL! 	NI 	MN 

4 -r .  

	

- 	 -, 

	

- .. 	•.. . 	 r. 	._I • 	 f 

14 

	

I 1 174 :4 	7 5 

	

231t
.4 	 i 	 .1 	 I 

	

C 	N 

	

28.2 	5.t 	5.0 

	

1_4 I 	= C 

	

- . J. 	 . L 	 • Z. 

	

24.9 	4.4 	5.7 

	

3.9 	48 

	

29.5 	.3 	5.5 

	

20.0 	40 	5.0 

T!BLE A:3 7 

PLANKTON NET SAMPLES MINOR ELEMENT/AL RATIOS 

3AMPLE ZN/AL PB,•AL :U/AL NI/AL MN/AL 

'-a a _J. . .j.•.' 

j4i - 	1 	.1. I 	.1. 
i: i • ' 	I 

.1. 	1 	• 	.L 

. i i 	= 
i. 	. 	. 	. 114  

L4 513 26 74 5.5 151 
457 28 51 5.4 54 
319 14 46 5.5 74 
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TABLE A3.7 

SEDIMEN7 TRAP SAMPLES MINOR ELEMENTS PPM 

.1 .I1 114 

ETS/TI 31 21 so 47 1210 7.8 
E 	: 1:: 14 27 4: :-: E 	1 
ET S/73 22 16 :: 41 :E7: 703 
ETS'Pl 104 13 19 45 :3520 6.6 
ETEE: 39 1E 17 5: 2500 7.1  

iii: 2: :: 4' .3E0 6.9 
ET1I/1 14 52 26 .32 9:30 59 
E711/2 33 47 23 37 790 7.2 
011/3 39 39 23 42 74E1  7.2 

BLE A3,7 

SEDIMENT TRAP SAMPLES MINOR ELEMENT/AL RATIOS 

WFLE H'L WRL I'L 1N/AL 

- 
-= 	

.' 	4 E7 3/71 .4 .. 
'.. 

4 	.' i 4 
i
-  .4 

E78.'r- - 	- .• 5.i ..o i...., ' 45 
E76/3 43.5 3.5 11..7 WE 1527 
ETB1 13.9 3.5 3.5. 8.6 574 
F78. '•,  18.2 - • . 3.2  - 	_ - 

TS,..'B:3 17.1 3.5 33 7.3 494 
TI:.•'I .39.5 19.3 9.3 12.2 .354 
7II.•'2 27.3 15.8 7.7 12.5 25.6 

ET11/3 27.5 12.0 7,1 13.0 228. 
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TABLE A3.0 

.::oE E77/1 POREATE: DTF: MIL LIM OLAR 

DEPTH 304 3 CA DOC 

I 22. 3 NA ND NA NA 
2 21.5 1.72 ND 7.3 
-. - 

I 	. 	.... - c.. • 	-, I 1.1.. 
' 	j I 	. £ 

41A HA NA NA NA 
5 NA NA NA HA NA 
6 NA NA NA HA NA 
7 24.3 3.21 ND NA HA 
:3 23.1 2.:31 ND 7.2 1.1 
9 23.1 2.43 ND NA HA 

10 23.5 2.29 ND NA NA 
4 	1 ill 1 ...J.J VIJ.. 

.. .. 
I 

1 121  NH ruJ NH NA 
13 22.6 2.29 ND NA 0.6 
14 22.5 2.91 ND 6.9 NA 
15 HA 2.99 ND 6.8 NA 
15 22.0 3.02 Ni 6.8 NA 
17 22.5 2.11 ND NA NA 
13 23.5 2.80 ND5.4 HA 
19 21.7 :3.33 ND NA NA 
20 21.4 2.86 ND NA HA 
22 NA 3.44  

4 :i: :ss : :i 
26 21.4 4.07 ND HA NA 
28 22.1 4.03 ND 5.5 0.9 
30 20.5 5.64 0.06 5.5 HA 

- 	32 HA 6.75 0.21 NA NA 
34 13.7 NA 0.41 NA 2.2 

9 : 
33 15.5. 9.31 0.32 NA 1.7 
.4 
-$.l 

4 1 	.4 
if. 

4 4 .LJ..C'i' .4 
i-': 

I!i tin fl 
-I 

I .. Q i 121. t. C 
 . I 

-- ,... ... .c. 
46 14.7 13.24 0.7E. 6.2 NA 
48 14.6 15.04 0.9.3 6.0 2.6 
30 12.3 16.12. 1.14 5.9 NA 
_'. 4 	.. 	i. .. I 	C . 	, 16- 1.42 ., 
60 10.4 20.151.85 5.9 4.3 

7.5 21.82. 2.73 5.9 

73 2,0 24.13 .3.05 5.4 4.9 
1.5 25.27 19•2 .3.5 3.3 

25.34 1.77 NA 5.3 

ALKALINITY = MILLIEQLII VALEHTS..LITRE 
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TABLE A3.S 

:ORE E75/4 PORE WATER MILLIMOLF$R 

	

.3 	PO4 	CR 

S 23..3 3.89 ND 21.3 5.9 2.29 
13 23.5 5.73 NII ::i 	 91 
13 20.6 9.5.5 ND 73.5 7.1 1.93 
20 13.5 15.32 0.13 98.3 5.7 34 

:i-: M.7 s.s :71 
:': 8.68 23.00 0.68 104.3 6.6 2.90 
:s 54: :s:s 14: 88.7 s: 4.49 
40 2.0 31.74 2.10 33.4 6.1 4.27 
-r ... .1 .4 • 	1.50 ' I 0.7 	-..' r • 1 ._ 	.1. • •.i i 	.1. 	• .. 	. • 	3.51  
50 	.,. .33.21 1.42 35.5 5.8 3.81 
35 	3.6 35.13 1.21 81.2 5.5 5.23 
so : :ss i.: 91.7 ss 321 
53 	1.1 35.72 1.05 102.7 54 4.28 

0.3 39.40 :,3: 31.:5 4.24 
75 0.5 3953 1.05 88.2 5.2 3.34 
30 0.2 4215 0.80 54.4 3.4 4•35 
35 3.2 42.55 0.62 48.4 5.1 4.74 
90 :7 41 	E5 55.9 52 525 
- 	 - 	 .- .4 	 ' .• 	45. 18 	• 	..- t•• -p 	• 	 • 51 

	

100 	; 4575 0.05 71.9 5.2 735 

MBLE -: 

::ORE E75/6 PORE WATER HILLIMOLAR 

DEPTH 804 AM 3 PO4 CA DOC 

-: 	---- 	42 	.i. II . .. 	. .- 	:' •- 	1 . -  .  
13  :s- 	:9 	ND 	7. 1 	SE 	391 
15 :4 3.29 ND 5.7E 7.1 0.137 
20 25.86 47 	ND 6.7 5.6 0.30 
25 24.5 3.52 ND 4.2 6.6 1.
30 	

37 
24.6 

	

3.51 	: 	 t 4 	 .,. 
	4.6 . 	. . . 	A Pi .• 	2. 

35 22.7 3.15 0.35 4.6 6.2 1.50 
40. 20.4 3.30 0.15 7.5 3.9 1.47 
45 15.3 13.18 0.10 16.6 5.7 210 
53 13.5 15.94 0.31 25.7 5.6 1.72 
55 90 21.61 :7': :ss s 	:s 
SO 	4 27.35 	-; 42 	 :.92 

I 	 a. .-.. 	-, j 
- 	2.8 	.. 	-. 	- 	•...' r. 	.. 	.j, . . 
70 	1.7 31.31 1.63 45.9 5.0 5.27 
75 	1.1 	--: 	0.'D 

so 0.3 .35.39 3.23 39.5 5.3 4.26 
35 1.16 :s:s ::: 431 54 44' 
90 	0.9 40.52 0.15 :: • 	5.2 5.24 
95 :iE 41.37 ::s 4: 	32 5.10 

. 00  3,7 42.S3 0.05 31.2 4.8 5.3:3 
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TABLE A38 

c:QRE E771 PORE HATER DATA MICRONOLAF.: 

DEPTH FE Th4 ZN FE 

I 7E0 30.0 0.75 0.100 0.18 
2 3:32 123.0 0.54 0.028 i4 

i: :o o:: o:. 
4 HA NA NA NA NA 
S 10 NA NA HA NA 
6 NA 202 NA NA NA 
7 NA 17.4 0.35 0.008 0.21 

1.5 .8 HA NA NA 
9 ii 15.6 0.39 0.011 0.13 

10 NA 14.5 NA NA NA 
11 12 14.8 0.36 0.008 1.21 
12 HA 16.6 NA NA NA 
1:3 NA HA NA NA NA 
14 10 12.0i33 0.004 0.14 
15 11 12.2 NA NA NA 
15 11 1 l.:3 0.005 0.12 
17 NA 9.1 
18 289.3 0.30 0.005 0.20 
19 :32 3.4 NA NA NA 
.20 25 7.1 0.20çj 01I7 
22 77 3.2 NA 

:I-' 
26 .32 4,9 NA NA NA 
28 43 5.1 0.25 1,i11 0.15 

.4 !ih 4h iN 
.32 51 0.005 0.14 
34 NA 5. 5 HA HA NA 
: 

4.3 1.5 NA NA NA 
4i .3E; 3.6 0.60 0.019 . 	0.11 
42 53 2. 1 NA NA NA 
44 28 . 0.5 0.54 0.028 0.43 
46 42 cl.2 fia NA NA 

. .-, 
• 

t. ifl Nd irf 
so 04 0. 5E. 4 O:: 
55 58 0.8 0.5? 0.033 0.48 
5.0 40 0.7 HA NA NA 
55 7? 0.3 047 0.050 0.43 

35 i5 NA 
:i:5 

NA 0.2 NA HA NA 
45 0.i i7l t4 0.40 
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TABLE A3.9 

MUDLE DATA NILLIMOLAR 

t-.. Lr- TIME   	:.'304 -i 	 CA u  

0 22.5 2.45 P-4D 7.2 20.4 
0 23.0 2.15 ND 7.4 20. 
5 19.4 5.62 MD 7.4 22.6 
5 ..18.2 4.57 MD 7.3 21.8 

18 18.3 5.79 MD 7.4 23.7 
18 17.9 5.62. 	ND 	7.2 22.9 
22 .17.9 5.22 ND 7.5 29.2 
22 17.7 4.40 MD 7.5 28.4 
27 17.5 3.91 MD 	 29.8 
27 17.3 4.49 MD 7.4 29.3 
40 15.6 9.54 87 7.1 13.2 
40 14.6 8.81 76 7.0 16.5 
47 I • 	- 	63.., -, 	17.3 '-:' - .c... 
47 14.5 10.40 267 7.4 16.0 
60 12.8 13.91 149 7.5 22.4 
Gci 12.5 13.34 	78 7.3 20.9 

126 9.3 15.27 212 7.3 35.2 
126 10.2 14.97 244 7.1 36.3 
203 9.1 18.42 144 5.9 50.2 
203 7.5 17.54 171 5.8 538 

ABLE A.3.9 

MUDLE DATA MICROMC'LAR 

	

TIME 	MN 	FE 	ZN 	CU 	PB 

	

135 	145 0.112 0.15 0075 

	

o 	Fl 	i: 0.044 0.055 0.030 

	

5 	166 	119 0.089 0.038 0.035 

	

5 	150 	97 0.049 0.030 0.050 

	

18 	135 	15 0.112 0.009 0.075 

	

18 	116 	45 0.033 0.036 0.082 
22 136  NO 0.090 o.o:7 0.102  

	

22 	158 	245 0.112 0.017 0.111 

	

27 	167 	433 0.110 0.069 0.369 

	

27 	135 	567 0,124 0.050 0.052 

	

40 	73 	122 0.230 0.123 0.06E. 

	

-: 	63 	 _:- 0.245 0.083 0.090 

	

47 	71 	143 0.199 0.017 0.095 

	

47 	62 	154 o:so ':o:o 0.068  

	

60 	71 	115 0.291 0.020 0.100 

	

so 	65 	i:: 0.367 0.028  ioi 

	

126 	70 	104 0.332 0.002 0.055 

	

126 	63 	: 041: 1:100: oo': 

	

203 	62 	37 ci -: 0.011 0.034 

	

66 	122 21.453 0.-303 0.016 
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