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Abstract

The early diagenesis of Recent sediments in a fjord-like sea

loch has been studied. Loch Duich contains largely muddy (e.g.,

l^CP/o silt, 55% clay) anoxic sediments and receives inputs of sediment

from both the rivers and the sea. The sedimentation rate is thought

/ -1\
to be rapid (0.1 - 2 cm yr ).

Interstitial water was extracted from gravity cores from various

environments in the loch. Sulphate reduction, and the associated

release of nutrients (C,K,P) was observed. In central cores sulphate

was virtually completely depleted at 50cm depth, and continuing chemical

changes beyond this depth are described.

Sulphate depletion is always accompanied by large increases

in alkalinity, ammonia and phosphate concentrations. At low sulphate

concentrations the rate of increase of alkalinity is reduced, and

that of ammonia is less affected and continues unchanged in some cores.

Phosphate seems to approach a maximum concentration.

The data is examined in relation to published stoichiometric

models of sulphate reduction. A kinetic model is proposed, and developed

to accommodate chemical changes after active sulphate depletion. The

evolution of ammonia and phosphate are considered to be related to,

but to some extent independent of, sulphate reduction.

The apparent kinetics of sulphate reduction are described,

and considerable discussion given of the details of reactions which

may occur during the early diagenesis of organic material.
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Chapter 1

Introduction

This thesis is concerned -with the diagenetic processes occurring

within the surface two metres of coastal sediments. Such sediments are

often considered, from their high organic and terriginous content, more

liable to alteration than, say, deep sea sediments, and undergo both

purely chemical alteration, and biologically mediated alteration. The

one influences the other. pH and redox conditions in the interstitial

water are largely controlled by the elements C, N, H, 0, S, Fe, En, most

of which are contained in, or react, through micro-organisms, with

organic material. Drever (1971) has shown that, under anoxic conditions,

non-enchangeable magnesium in montmorillonite from sediments off Mexico

increases, due to replacement of Fe extracted and precipitated as a

sulphide. Here can be seen an example of interplay between chemical

processes of exchange and precipitation, and biological processes

affecting redox conditions and releasing sulphides.

Such reactions may create chemical gradients in the interstitial

water, and this highlights an important aspect of diagenesis, namely

its role in maintaining the chemical composition and fertility of the

oceans. The gradients necessary in the pore water to greatly influence

by diffusive exchange, the geochemical balance of certain elements, e.g.,

K, Mg in the ocean may be small. The advent of in situ pore water

samplers (Sayles et al., 1973) has removed some problems of sampling

(Mangelsdorf et al., 1969", BLsch'ojf et al„ 1970} Fanning and Pilson

1971) and may well lead to important work on this subject.

The release of nutrient elements, N, P and C from organic material

during diagenesis and its return to the overlying water is an important



factor in the general nutrient balance. In a semi-enclosed inlet it has

been shown (Steele and Balrd, 1972) that about 30^ of the organic mater¬

ial produced in the water column reaches the sediment, and much of this

is decomposed rapidly and returned to the sea ( Davies, 1975)*

This thesis deals largely with the early diagenesis of anoxic

Recent sediments in a fjord-like sea loch, through the chemical changes

observed in the interstitial water. The release of nutrients and con¬

sumption of oxidised species, i.e., the diagenesis of organic material,

is considered in detail. After an initial description of the area of

study, its hydrography, and an outline of the character and transport

of the sediments, the interstitial water chemistry is described. A

considerable body of data is presented from cores representing a range

of environments in the loch. Assessments are then made of the reproduc-

ability of sampling, the permanence of the phenomena observed, and of

the degree of exchange between the pore waters and the overlying sear-

water. After pointing out some of the unique aspects of the data, and its

basic features, it is examined in terms of models of sulphate reduction

in the literature, and the degree of agreement and discrepancy pointed

out. Reasons for some of the discrepancies are suggested, and a kinetic

model of nutrient accumulation put forward which can satisfactorily

describe both the data from this study and much published data. The

continuing chemical changes observed after virtually complete sulphate

depletion are then examined in detail, and the model extended to

accommodate them. Finally,a discussion of the kinetics of sulphate

depletion is given.

An important aspect of the work is that an attempt has been made

to draw together pertinent information on organic matter decay obtained

in different fields of research, including geochemistry, physical and

chemical oceanography, and biochemistry.
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Chapter 2

Description of field area

This chapter provides an environmental framework for the following,

more detailed study of interstitial water chemistry. The various data

are considered as indicators of the provenance, movement and accumulation

of sediment in the loch. The physical description, hydrography and

particulate matter chemistry suggest paths of sediment movement.

The sediments themselves are characterised hy mineralogy, chemistry

and grain size, both with regard to change of location and burial. It is

only a limited study, but necessary for the comparison of the geochemical

data with other published data.

Physiography and geology

The west coast of Scotland is cut by a number of fjord-like sea

lochs. Loch Duict\ (inverness-shire) is the innermost portion of the Loch

11sh system (Fig. 2.1). Shallow (20m) sills at Kylerhea, Kyleakin,

Glas Eilean, and Totaig separate Loch Duich from the more open sea of

the Sound of SIeat and the Inner Sound. The shallows at Totaig, the

entrance to Loch Duich, are 0.3 - 0.7 km wide, 1 km long, with ~ 20 m

of water at Mean Spring Low Water.

The loch (Fig. 2.2) is a glacially-eroded trough 0.7 - 1.7 km wide,

8 km long, with a maximum of 110 m depth of water. It is essentially

a continuous, slightly sinuous, steep-sided basin, the EE side being

steeper than the SW.

The main rivers entering the loch (Rivers Shiel and Croe) together

drain 75% of the total catchment of 160 km . The catchment is mountainous

with many peaks over 1000 m, and cut by deep glaciated valleys (e.g., Glen

Shiel, Glen Lichd). Rainfall in the catchment is high, exceeding 2^0 cm

per year in the mountains (Met. Office, pers. comm.)
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figure 2.1. Map of part of the West Coast of

Scotland showing the glacially-eroded
coastline and the sheltered position of

Loch Doich.
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Complete Geological Survey maps of the area are not available, but

Mbine Series psammites and semipelites fSimoney, 1973) predominate in the

catchment area and are mainly quartzofeldspathic granulites, and micaceous

quartzofeldspathic schists. North of the Strathconon Fault zone areas of

more variable rocks (Peach et al., 1910) of the Lewisian gneiss group occur.

Isolated slices of Lewisian-type rocks are found near the Saddle (Simoney,

1973) and the head of Glen Shiel (Tanner et al.-, 1970)•

The Kintail KLippe (Clifford, 1957) includes rocks similar to both

the Mbine Series and Lewisian Gneiss group. The intrusive Glenelg-

Ratagan Igneous Complex (Peach et aL, 1910) is dominantly a diorite or

quartz diorite, and includes more basic rock types.

Hydrography

The only published hydrographic observations of Loch Duich are those

of Murray (1889, 1891). Milne (1972) discusses sea lochs in general,

classifying them on physiographic grounds. He discusses the modification

of simple estuarine circulation caused by the entrance sills of fjordic

sea lochs. The necessary outflow of saline surface water diluted by river

water is balanced by a deeper inflow of more saline water. The extent of

exchange of loch bottom water will depend upon various factors including

sill depth, densities of loch and open sea water, tidal range, wind

direction and run-off.

Hydrographic measurements using a portable N.I.O. T-S Bridge

(Appendix A) were made on two occasions; 11th October 1971 (one station)
and 29-31 st May 1973 (29 stations) (Fig 2.2). Discussion will largely

concentrate on the data from 1973» when the weather, similar on all three

days, was overcast with a NW wind.



Figure 2.2. Bathymetric chart (depth in fathoms) and

hydrographic station positions. The

station numbers refer to the May 1973

Survey. The October 1972 station was

at Po sition T1. Bathymetry taken

from Admiralty Chart lo. 2676.



 



Data from the centre of the loch (Fig. 2.3) illustrates the broadly

estworine character of the shallow hydrography and the nature of the

deeper water. A temperature minimum occurs at 10-15m, a hroad maximum at

20-50m, and a deeper decrease to constant values at some stations (e.g.,

St. T1, M29). Salinity increases rapidly in immediately sub-surface

water, more gradually in deeper water, and decreases slightly below 60m.

at some stations (e.g., St. M7, MS).

With increasing distance from the sill

a. The temperature minimum becomes less marked.

b. The mid-water temperature maximum decreases from 8.1). (m8)
to 7-9°0 (M29).

c. The thickness of the warmer mid-water mass decreases from 60m
(MS) to 20m (M29).

d. The cold bottom water increases in thickness from being
undetected at MS, M7, to l|.0m (M19» M29).

T-S diagrams for four mid-loch stations (Fig. 2.1)) show the

hydrography is influenced by four main water types:

A. Surface water affected by run-off.

B. Low temperature type causing the temperature minima.

Sal = 32.25% T = 7.7°C
C. Mid-water warmer type of decreasing influence with distance

from the sill.

S = 33-8% T = 8.l4°C
D. Gold deep-water type

S = 33-5^0 T = 7-3°C

In Ratagan Bay (Fig. 2.1)) types C and D are not distinct, but are

replaced by type E (S = 33-6-7%, T = 7-7°C). This may however have

originated as a mixture of types C and D, as it is compositionally

intermediate between them.



Bydrographic data from May 1973

Figure 2.3. Upper

Salinity distribution along an axial section
of the Loch.

Lower

Temperature distribution along the same section.

Figure 2.14.. Upper

Temperature-salinity diagram for I4 stations
on the axial section.

Lower

Temperature-salinity diagram for 6 stations in

Ratagan Bay.

The water types described in the text are indicated by boxed capital
letters (A - E). The different scales used in the two diagrams
should be noted.
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Density contours, indicative of paths of water movement in the loch,

are shown in Fig. 2.3, and suggest a movement of water across the sill at

depth, hut little exchange in surface waters. At St. M31+, the deeper water

temperature (8.i+°c) is the same as that of the entire column in Loch

Alsh (St. M33)- The cold surface temperature (8.1°c) is in marked contrast

to the warm surface water (9.1 - 9-8°C) immediately inside Loch IXiich,

and indicates that the latter warmer water is not flowing out of L. Duich.

The wind consistently "blew up the loch, and the overturning at St. M3l+

of the salinity and density contours (Figs. 2.3, 2.3) suggests that a

wind-driven ponding-up of the less saline surface water was occurring.

The depression of the T, S and density contours just inside the

sill (Figs. 2.3, 2.3) suggests that this surface water is forced

downwards, and becomes entrained in the underlying inflow of Loch Alsh

water. The salinity of this water is thereby reduced from 33-87% to

33-6-33-8%, and its temperature raised from 8.[|°C to 8.3 - 8.6°C. This

Loch Alsh water (type C) flows down the seaward side of the basin, and

becomes detached from the bottom around St. M7 to over-ride the cold water

(type D) which fills the loch below 70m between Sts. MS and M29-

Considerable mixing between the Loch Alsh water and Loch Duich bottom

water occurs between Sts. E9 and M7 (cf. St. M8, M7, Fig. 2.I4.), and the

Loch Alsh water lobe becomes thinner and less well defined with increasing

distance from the sill (cf. Fig. 2.3). The longitudinal (Fig. 2.6) and

transverse sections (Fig. 2.7) show the tendency for greater penetration

of the Loch Alsh water along the SW side than NE side of the loch.

The situation described here in which no surface outflow occurs is

unlikely to be long-lasting. It is essentially caused by the moderate

DW wind, and would be assisted by a flood tide. On an ebb-tide it is

likely that some loss of fresh water would occur either in the surface



Hydrographic data from May 1973

Figure 2.5. Density (o^,) distribution along the axial section
illustrated in Fig. 2.3 and 2.i|. (Upper)

Figure 2.6. Temperature data for non-axial longitudinal sections
of the loch.

Upper A section from St.M7, along the south-west side of
the loch into Ratagan Bay.

Lower A section from St.M7, along the north-east side of
the loch to St.Ml8 and across to the south-east side

of Ratagan Bay (St.M2l+).

Figure 2.7
Upper Temperature distribution for a transverse section of

the loch.

Hydrographic data from October 1971

Figure 2.7
Centre The temperature and salinity profiles at the singLe

station occupied in October 1971 -

Lower A temperature salinity graph for this station, showing
the water types described in the text (P, Q, R).
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or entrained in the Loch Alsh water lobe, a portion of which (2-5m) is

exchanged each tide.

The hydrographic data for the one station examined in 1971 (Fig. 2.7)

is markedly different from that of 1973- It shows the influence of three

main types, and the column can. be divided into three masses at approximately

0-20m, 20-5>0m, and below ^0m. The majority of the column is much

warmer than in 1973j except for the surface which received colder run-off.

The cold deep water mass observed in 1973 was not present in 1971•

Suspended matter chemistry

The chemistry of particulate matter in sea water has been shown to

be useful in the study of chemical changes and mass transport processes

in various environments (e.g., Spencer and Sachs, 1970; Spencer, Brewer

and Sachs, 1972; Price and Calvert, 1973; Skei, Price and Calvert, 1973)-

It was hoped that its study would be useful with regard to sediment

transport in Loch Duich.

Data was obtained from only one station, in October 1971> the

hydrographic data from which has been discussed above. The depths

samples were surface, 1m, 10m, and at 10m intervals to the bottom (110m).

Details of sampling and analysis are given in Appendix A, and the data

are presented salt-corrected in Table B.1.

Suspended matter consists of three main fractions - alumino-

silicates, skeletal material and organic material. An element may be

confined to a single fraction, or partiationed between several. Al, Ti,

K and Mg are predominantly found in alumino-silicates, and the linear

relationships between them ,(Fig. 2.8) in sub-surface waters show the

constancy of composition of this detrital material through the water

column.



1=1

Figure 2.8 Chemistry of particulate material

Plots of the concentration of 11, against
that of K, Mg, Fe, Si, and Ti, and S

against P in suspended matter from the
one station occupied in October 1971 -

Surface waters (Om and 5m) are shown as

open circles, other depths (l0m-110m)
as solid triangles.
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SiO^and CaCO^ are the most likely inorganic skeletal materials.
Occasional scattered diatom tests were seen on the filters, but the linear

Si:Al relationship (Fig. 2.8) at all depths, and the comparable Si/Al ratio

(2.8/1) to that of shales (^3-°!"1> Krauskopf, 1967) indicates that they

were not quantitatively important. The bottom sediment Si:Al ratio is

2.9-3*2:1 (see below) and infra-red spectroscopy did not detect opaline

silica in the sediment.

The high and variable Ca/Al ratio (0.2-0.7) and irregular distribution

of Ca (Table B.1) are comparable with observations in Loch Etive (Price and

Calvert, 1973) and indicate the presence of a non-silicate Ca phase, i.e.,

skeletal CaCO^.
S will be main held in organic matter, whilst P may be found in both

organic and inorganic material.. The P-S relationship (Fig. 2.8) is linear

for samples between 10 and 90m, showing that the organic material is of

constant composition with respect to these elements (S:P = 3*8:1 by atoms).

However, considerable excesses of P over S are found at 0 and 1m depth, and

slight excesses at 100, 110m.

The excess P in surface waters is associated with an excess of Fe

over Al (Fig. 2.8). A similar relationship has been observed in Loch

Etive (Price and Calvert, 1973) and thought due to the presence of a ferri-

phosphate phase.

The total suspended matter is high in the surface 1-2m and fairly

constant below 10m depth. The Al concentration, however, which may be

taken as indicative of the concentration of the alumino-silicate phase,

is similarly high in the surface waters, but also increases steadily with

depth below 90m.

The high concentration of particulate material in surface waters

suggests that the rivers supply a significant amount of sediment to the

loch. The pattern of increasing inorganic material at depth below 90m is

similar to distributions observed by Spencer and Sachs (1970), and Price

and Calvert (1973) and interpreted as due to a resuspension of sediment-



Hydrographic data already described indicated that a boundary between

water masses existed at 5>0m, the depth at which the li dirvlni u-/n. , COH—

centration begins to increase.

An estimate of the total inorganic suspended material may be

made by the summation of the weights of the major elements, excluding

P and S, calculated as their oxides. The difference between this total

and the total suspended load will be made up of sea salts (a small

amount, as the papers were washed before analysis), carbonate (also small)

and organic material. An approximation to the percentage organic

material is therefore given by

Total suspended load - Total major oxides inro/
Total suspended load x '°

and is tabulated in Table B.1. This quantity is highest between 10 and

50m., somewhat lower near the surface, and decreases steadily below 50m.

These observations are consistent with an input of relatively organic

poor sediment from the rivers, and the incorporation into deep waters

of suspended sediment, also poor in organic material relative to water

at 10-15m depth.

There are, therefore, four main sources of the organic material

in the water column. Sea water movements bring in material from outside

the loch and re-suspend sediments; terrestrial material enters via

rivers and primary production provides a source within the loch. It is

possible to estimate the flux of the latter two inputs. If run-off

equivalent to 150cm of rain (Met. Office, pers. comm.) enters the loch

annually, containing, say 10 mg/1 organic carbon, this would introduce

2.4.10 gC/yr. to loch. Similarly, the primary production of the
__ ^

loch waters is probably in the range 20-100 jx '(Steele and Baird,

1972), this will introduce 2.5.10^ - 1.2.10^ gC/yr. It would appear,

therefore, that run-off will supply a very significant part of the

annual carbon input to the loch. It is not possible to determine from
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the data available how this material behaves in the loch, or what proportion

is eventually incorporated in the sediment.

Grain Size of sediment

Forty grain size analyses (Table B.2) of surface sediment (Fig.

29) obtained in 1971» 1972 and 1973 by gravity corer or Van Veen grab were

performed. Some sub-surface samples from gravity cores were also analysed.

Samples were treated with H^O^, sand and pebbles removed by wet sieving,
and the finer fractions estimated by a pipette method.

The sediment distribution pattern (Fig. 2.9) shows an area of

coarse sediment IT of St. M.13» South of this, mud occupies the deeper

parts of the loch, and coarser sediment the marginal areas. Much sandy

mud is found in Ratagan Bay, and coarse material occurs in Loch Beag.

On Fig. 2.10 the samples may be divided into two groups:

Group IT: Displays regularly decreasing clay: silt ratios
with increasing sandiness.

Group C: A j diffuse cloud of points showing irregular
and comparatively high clay:silt ratios.

More detailed analyses (Fig. 2.11) emphasise the difference between

the groups. Group C samples (D15A, 7-5) show a markedly bimodal distrib¬

ution, with the second mode occurring in the day fraction. Group C

occurs exclusively to the north of Ml3 (Fig. 2.9) with the exception of

sample D2B. It includes all samples north of ML3 except X>12+.

There is very little variation of grain size with depth (Table

B.2) in any of the cores studied.

As in Hardangerfjord (Bbltedahl, 1965) and Clyde area sea lochs

(Deegan et aL, 1973)» the coarser sediment in Loch Duich (south of M13)
is mainly found in the shallower water near the head of and along the

sides of the loch. ITorth of M13 no good relationship is found between

bathymetry and grain size. Together with the different grain size



Figure 2.9 Sediment sampling and grain size distribution

map.

Surface sediment sampling points and sample
numbers are shown. Cores were obtained for

grain size and sediment chemical analysis at

points marked as follows :

1 - 2 Core 1

6-2 Core 6

7-11 Core 7

8 - 1 Core 8

9 - 1 Core 9

LISA.- Core M7

M18 Core Ml 8

L 12 Core M19

The key to the symbols used is also shown, the
classification being taken from Folk (1968).
The clay: silt boundary is taken at 2 jum diameter.
Loch Beag is the small embayment north east of

M.17.

Figure 2.10 A plot of the wt.% of sediment > 63 pm against
the clay:silt ratio, illustrating the broad
division of the surface sediments into two groups

and showing selected sample numbers.

Figure 2.11 More detailed grain size analyses of four samples,

emphasising the differences between Group N samples

(DIA,8-5) and Group C samples (PIS'A, 7-5)*
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distribution characteristics (Fig. 2.11), this suggests different

processes affecting sedimentation in the two groups.

South of Ml3 the coarser sediment is associated with shallow water,

particularly near river mouths (e.g., Iiatagan Bay, Loch Beag) and the

sediment fines away from the rivers, which therefore appear to be the major

sediment source.

In exposed estuaries in Maine (Ostericher, 1963, Polger et_ al,

1972) sand is found towards the sea, and gradually finer sediments in inner

areas indicating landward transport of sediment. Price and Calvert (1973)

showed suspended sediment was transported into Loch Etive by tidal action,

and that the sediments probably consisted of a mixture of land- and sear-

derived material. The lack of glacial meltwater input, larger tides,

and smaller size of Scottish sea lochs will make landward transport

relatively more important than in Eardangerfjord (Hbltedahl, 1963).

It is likely, therefore, that, particularly during turbulent water

conditions, sediment is transported into Loch Duich from the shallow

area between Glas Eilean and Totaig. The coarse material will settle out

rapidly inside the loch, and be deposited in the Group C area. The

inflowing- currents of water in this area (see Chapter 1 ) may rework the

sediments and remove silt preferentially to clay, causing the anomalously

high clay:silt ratios of Group C.

Under certain conditions, as observed in 1973, the inflowing

currents become detached from the bottom around St. Ml3, and, combined

with the flattening and widening of the loch floor, this will rapidly

diminish their effect. The sediments in the loch south of M13 probably

consist, therefore, of a mixture of river-derived material and inwardly-

transported, reworked and resuspended material.

The sediments can therefore be divided into three areas



a. the northern area north of ML3
(

b. a central, fine-grained area in the middle of the
loch south of ML3

c. a marginal area of coarser sediment in hallower water
round the central area.

Mineralogy of sediments

A brief qualitative x-ray diffraction study of five cores ("I,

6, 7, 8, 9) was performed to obtain an indication of the sediment

mineralogy.

The central cores 1 and 9 are very similar, and consist almost

entirely of quartz, various feldspars, calcite, chlorite, and various

sheet minerals (Chao, 1969; Brown, 1961).

The abundant mica observed in Loch Beag sediments, and the
a

increased content of 10A minerals in core 6 over cores 1 and 9 suggest

that the rivers are an important source of micas.

Core 8 is similar to cores 1 and 9> except that a distinct amphibole

(llO) peak is seen. This may be related to the close proximity of the

Glenelg-Ratagan igneous complex.

The markedly coarser-grained core 7 contained more quartz and

feldspar and less sheet-silicate material than did central cores. It

is much richer in calcite, and some small araganite peaks were observe**.

As anticipated from the grain size results, in no core were

significant variations in mineralogy with depth detected.

Sediment chemistry

The alumino-silicate fraction of the major element chemistry (Table

8.3) shows little variation either between or within cores of similar

grain size from tlie southern part of the loch (i.e. cores 1, 6, 8, 9)»
The ratios Si/Al, K/Al, Ti/Al (Table B.1+) show little variation, indicating

a similarity of alumino-silicates in these four cores. This, together

with the grain size and mineralogy results, suggests that the muddy

sediments in the south of the loch are all very similar, with slight
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variability introduced by grain size variations and proximity to

sediment sources.

The ratio Ca/Al is more variable, due to the variable content of

biogenic CaCO^ (fig. 2.12). Biogenic Ga thus makes up 60-90% of the
total Ca.

The organic carbon content of surface sediments in cores from the

muddy parts of the loch (cores 1, 6, 8, 9, Fig. 2.13) is about 5r-6>/o»

The range is high when compared vdth most other near-shore sediments

(Bader, 1955)> but not unusual for unpolluted fjordic environments

(Hamilton-Taylor, 197^)• The much coarser sediment of core 7 has a

lower organic carbon content (~1%c). There is a tendency, particularly

noticeable in cores 1, 6 and 9 an increase of carbon to 6-7% in

the surface i|Ocm. Cores taken towards the edge of the loch (cores 6

and 8) show a marked subsurface decrease in carbon content, whilst cores

from deeper water (cores 1, 9) show a variable, but distinctly higher

carbon content at depth.

Enrichments of Cu, Pb and Zn are found in surface sediments of

many cores (Table B.5) Analysis of surface grab samples suggests the

enrichments are largely confined to muddy sediments in the southern part

of the loch. The enrichments decrease with depth in the cores, being

detectable to depths of 20-lij.Ocm.

Sedimentation rate

Some knowledge of the sediment accumulation rate is necessary to

enable comparisons to be made between cores, and between this and other

studies. However, no definite determination of sedimentation or accumul¬

ation rate has been made, but certain relevant observations are discussed

below.

Occasional cores from areas of irregular bottom topography contain

an olive-grey and overlying stiff light grey clay (e.g. core M29). This
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PLgure 2.12 A plot of % CaO against % CO^ - C.

The lower inclined line is the ratio

found in CaCO^; the upper line is
parallel to it and approximately

fitting the data.

Figure 2.13 The distribution of organic carbon with

depth in five cores from different parts

of the loch. Core locations are given on

Pigs. 2.9 and 3*1 •

«
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appears similar to that recovered from the Sea of the Hebrides, where

it is thought to be a marine clay of just Post-Glacial age (Binns et aX,

1974). The thinness of the overlying dark mud in these cores suggests
a discontinuous and/or much condensed sequence at these localities in

the loch.

Several cores displayed an upper zone 0.5-2m thick of dark olive-

grey mud, overlying a slightly lighter coloured mud. This transition is

related to a sharp decrease in organic carbon content (cores 6, 8).

If this boundary represents an event in the history of the loch or its

catchment, it would indicate variations in sedimentation rate such that

core 1 > core 9 > core 6 > core 8.

Mr. M.Walker (Department of Geography, University of Wales, Lampeter)

kindly examined the pollen content of a few samples of dark mud from 6m

depth. The pollen was badly preserved, but consisted primarily of heather,

with small amounts of birch and pine. No detailed counts were made, but

the lack of a predominantly arboreal assemblage suggests that the sediments

are younger than the clearing of the native forests at — I4.OOO BP, i.e.,
— "j

an overall accumulation rate greater than 0.15 cm yr .

Dr. R. Thompson and colleagues (Geophysics Department, Edinburgh

University) undertook to examine the remanent magnetisation of three long

cores of olive-grey mud. Using this technique (Mblyneux et aX, 1972,

Thomson, 1973) he had satisfactorily dated lacustrine sediments, but had

not dealt with marine material. The results from Loch Duich, although

by no means conclusive, suggest an age of 15>0 yr B»P. at 2m depth, and

l^OO B.P. at 6m depth, i.e., an accumulation rate of 1-2cm yr in the

upper sediments.

Several recent papers (e.g., Erlekeuser, et aX, 197U) have reported

surface enrichments of metals and attributed them to unnatural input
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following the growth of industrialisation. If this is the case, it would

suggest that the sedimentation rate in the loch is high, and the depth of

enrichment would provide a measure of it. In detail, however, the

individual metals are enriched to differing depths, Pb and Cu often being

found deeper than Zn, which may support the suggestion, (N. B. Price,

pers. comm.) that the metal distribution could be affected by mobilisation

processes within the sediment.

Although the data is scanty, it appears that the depths of enrich¬

ment found were not related to the marked organic carbon decrease mentioned

above as a possible isochron.

Bo firm indication of accumulation rate therefore exists.

"1 )
C -dates are not available, and, in any case, may be of doubtful validity

(Erlenkeuser, et al, 197^)- The broad suggestion is of a rate of
—1 —1accumulation greater than 0.19 cm yr , and modern rates of 1 cm yr or

more in some areas.
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Chapter 3

Presentation of Data

Analyses of interstitial waters from a total of 11 stations in
N

Loch Duich (Fig. 3-1) representing a variety of environments have been

performed, and are presented (Table B. 6) and described below.

For the purposes of this description, the cores may be considered

in two groups, based upon the depth of water at the coring station, and

the characteristics of the dissolved sulphate distribution in the inter¬

stitial water. A central group consisting of cores 1, T1, M19» 9 and.

6 may be compared with a marginal group of cores, 7> M7» 8, Ml8 and T6.

(Cores M29 and M29A have been briefly considered elsewhere). A consider^

able degree of variation exists within the groups, which may be considered

as arbitrary divisions of a continuum, and the separation is here made

purely for convenience of presentation.

Methods

Filtered interstitial water was stored frozen until analysis in

the laboratory. Analytical methods and precision are briefly given in

Table 3«1j and described more fully in Appendix A.

Results

Analytical results are tabulated in Appendix B and graphically

presented in Figs. 3.2-3.12.

a. Water content:

The water content of some sediments before pore water extraction

was determined in 1973* The sediments are undergoing compaction, and,

in homogeneous sediments, graphs of water content against depth should be

smooth curves.

Cores T1, T6, M7, M18, M19 show, within the analytical error, a

smooth, gradual compaction (Fig. 3*2). Cores M29, M29A show very rapid
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Ri.gu.re 3-1« Outline map of Loch Duich showing the

coring stations occupied in 1972 and

1973. The depth of water at the

coring stations, and the classification
into marginal and central cores is
tabulated.
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Table3.1

Analysis
Tit.Alkalinity Sulphate Ammonia Phosphate Silicate Chloride Ca,Mg,Sr Sulphide

Method

Potentiometrictitration Gravimetric Colourimetric Mohrtitration A.A.S. Iodometric

Reference
Edmonds(1970) Presley&ClaypoolC197*1) Solorzano(1970) Strickland&Parsons(1968) Angino&Billings(1967)

EstimatedPrecision +0.5% +2% +3% +3$ +3% +2% +2$ +2%



changes in water content within the upper 50cm. and a very stable

water content below. This abrupt change in water content at 25cm in

M29, and 30-I|.0cm in Core M29A coincides with the position of a marked

change in sediment type (see Chapter 2). The water content of surface

sediments in cores E29, M29A is similar to that of Cores T1, M19> which

are also from the deep mid-part of the loch. T1 and M19 decrease in

water content at similar rates. Core E7 shows a gradual decrease in

water content from a somewhat lower level than cores T1 ,M19 > which re¬

flects its coarser grain size. The shallower water core Ml 8 shows a

more rapid reduction in water content than do the deep water cores, as

does core T6. No interpretation is made of the possible indication of

a limiting water content shown by core T6.

b. pH changes:

Estimates of the pH of certain samples of interstitial water were

made in 1973 both immediately after extraction and filtering, and just

before alkalinity titration (up to 3 weeks later). The methods used

did not yield results of high quality, and values ranged from 6.5 to 8.5.

Duplicate cores from the same station (E7, T1) gave similar results

(usually - 0.3pH units). The most common trend discernible was an

increase from lower values in the surface sediment to higher, perhaps

fairly constant values at depth. This pattern is most clearly shown

by cores T1, M7 and M18, but is not readily observable in some of the

other cores.

c. Colour of interstitial waters:

The interstitial water from certain stations showed an increasing

colouration from colourless to golden yellow with depth. This was most

narked in cores from the middle of the basin (e.g. cores 1, 9> T1, M19),
less marked in more marginal cores (e.g., cores T6, 8, M7) and no colour

could be detected visually in core 7 or cores M29, M29A. The colour
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Figure 3*2. Water content profiles from six cores.

Water content = weight water x 100%
weight dry sediment
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persisted after tha alkalinity titrations, even though a flocculent

precipitate formed after the titration, particularly in the more strongly

coloured samples. The interstitial water is likely to contain both acid

soluble and insoluble organic material. The flocculent material gives

an infra red spectrum similar to that of humic material, whilst the

brownish material is of M.W. > 1000, absorbs strongly in the ultra violet

and may be a complex condensate (M.D. Krom, pers. comm.). The absorbance

of the yellow solutions after alkalinity titration was measured in a 1cm

cell at 395mm (pig. 3.3). The great differences in absorbance between

cores, and the progressive increase in absorbance with depth are clearly

shown.

The optical density of a dilution series prepared from sample T32

(core T1, depth 100-105cm) was found to obey Beer's Law, and therefore,

if the material causing the absorption is similar in different cores and

at different depths, the absorption may be a measure of the concentration

of this material.

A marked correlation can be seen between absorbance and titration

alkalinity (see below).

d. Sulphate alkalinity, ammonia and phosphate:

The results obtained from the analysis of interstitial water from

nine cores for dissolved sulphate, ammonia, phosphate and titration

alkalinity are given in Pigs. 3>b "to 3«7» In all cores, except core 7>

increasing sulphate depletion relative to normal sea water is observed

with depth. Also, the ammonia and phosphate concentrations, and the

titration alkalinity increase with depth. The degree to which these

changes occur varies from core to core, with, in general, more rapid

changes with depth being found in central cores than in marginal cores.



Figure 3«3» Profiles of the absorbance of interstitial waters
at 395 ft™* in a 1 cm. cell.

Figure 3.Ua.. Profiles of dissolved sulphate for central
cores.

Figure 3«i|h« Profiles of dissolved sulphate for marginal
cores.
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Sulphate: In central cores the dissolved sulphate concentration de¬

creases rapidly -with depth from values close to that of normal seawater

(28niM) to low values ( < 5mM) a"t lj-0-50cm. depth (Fig. 3-4a)» This initial

rapid decrease is approximately linear for most cores and commences

close to the sediment surface, with the exception of core Ml9- Below

l|0-50cm the rate of decrease of sulphate concentration is much less,

and the profiles curved, so that at the depths sampled some dissolved

sulphate was always found in the water. Marginal cores show a less

pronounced decrease with depth (Fig. 3*Uh) and generally do not, at

the depths samples, attain such low sulphate concentrations as are found

in central cores. The decreases with depth in marginal cores dp not

appear as linear as those in the upper parts of central cores. This

may possibly he a function of the greater number of samples in marginal

cores in any particular concentration range (e.g. 13 samples between

26.3mM and 13.9mM in core 8, and only 3 samples between 26.5>mM and 3«7mM

in core M19). However, most marginal cores, i.e., T6, E7, M18 do show

a lessening of sulphate depletion gradients at depth. For example, in

cores T6 and M18 little further loss of sulphate is found below 100cm

where the concentration is 20-22mM/t..
2~

There is some evidence of slightly enriched S0^ concentrations
relative to normal sea-water at the top of core M7.

Titration alkalinity: Central cores display more rapid increases

with depth of titration alkalinity than do marginal cores. Central

core profiles (Fig. 3«5a) consist of a linear upper portion and a linear

or concave downwards (core 9) lower portion; the two portions are

separated by a change of gradient. The change of gradient, at I4.O— 60cm

depth, occurs at the same depth as the departure from linearity of the

sulphate profiles. Marginal cores (Fig. 3-5>b) with denser sulphate



Profiles of dissolved species in interstitial water from

central and marginal cores

Ii.gu.re 3«5a* Central core alkalinity profiles.

Figure 3« Marginal core alkalinity profiles.

Figure 3»6a. Central core ammonia profiles.

Figure 3«6b. Marginal core ammonia profiles.
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depletion gradients also have lesser increases in titration alkalinity.
Profiles tend to be more irregular than for central cores, as discussed

above. The vertical gradients in alkalinity decrease -with increasing

depth; below 80cm there is very little vertical change in cores M7,

Ml8, 8. In core T6 the alkalinity is constant below 110cm.

The profiles of titration alkalinity for marginal cores are

similar to those of sulphate concentration both with regard to relative

steepness between cores, and in details of shape in particular cores.

Such a similarity is also seen for the upper portions of central

cores, but not for the lower portions below the marked changes in gradient.

Ammonia: In central cores (Pig. 3»6a) the dissolved ammonia concentration

increases with depth either approximately linearly (cores 1, 6) or

else appear to be made up of two straight portions separated by a slight

change in gradient (cores 9» T1). The change in gradient occurs

at the same depth as the gradient changes in the sulphate and alkalinity

profiles. Core M19 shows a largely linear increase, with the exception

of the near surface samples, which were also slightly unusual in sulphate

and alkalinity contents. The relative rates of increase between cores

are similar to the relative rates of increase in alkalinity (Fig. 3- 5>a) •

Again, the marginal cores (Pig. 3«6b) show less regular changes

with depth, although the general pattern of increasing concentration

with depth is maintained. All cores show a lesser rate of increase

in deep sediments; below about 90-100cm cores 8, T6, M7 and Ml8 have

constant but different concentrations of phosphate. The relative

increases between cores, and the general profiles are similar to those for

titration alkalinity and sulphate (Pig. 3.9b).
Phosphate: Phosphate profiles in central cores (Pig. 3»7a) a^e less

easily described than profiles discussed above. In all cores the phosphate
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concentration increases with depth and usually shows a lessening rate of

increase towards the bottom of the core. The depth of onset of this

lessening varies from core to core, and is not directly related to the

change in -gradient in the sulphate and alkalinity profiles. The upper

parts of the profile may be approximately linear (e.g. cores Ml9> 1)

or be concave downwards (e.g. core 6).

Marginal core phosphate profiles (Tig. 3«7b) are mainly concave

downwards, although the profile for core Ml8 is S-shaped. There is a

marked tendency for a lessing in the rate of increase in deeper sediments,

with even an occasional suggestion (core M7, Ml8) of a decrease in the

bottom sample.

h. Silicate

Dissolved silicate results (Fig. 3*8) also show a difference

between cores from the middle (cores 1, 9> 6) and more marginal (8, 7)

areas. The levels of dissolved silicate in the uppermost samples are

considerably above those probable in the overlying water, and in most

cores the concentration increases with depth. There would therefore

appear to be a rapid initial increase which continues at a lower rate

at depth.

i. Calcium

In all cores, except core 7» dissolved calcium decreases with depth

(Fig. 3«9&5 b) by up to UCP/oo The decrease is generally not regular, but

there seems to be a tendency for a more rapid decrease near the top of

the core, followed by an increase of variable magnitude, and finally a

more steady decline below 60-9Ocm. The most marked examples of the

rapid decrease and subsequent increase are confined to cores collected

in 1973- In contrast to the distribution of the anions described above,

the rate of decrease of Ca with depth does not appear to be consistently

related to position in the loch.



Farther profiles of dissolved species in interstitial
water from central and marginal cores

Figure 3-7a. Central core phosphate profiles.

Figure 3«7b« Marginal core phosphate profiles.

Figure 3-8 Profiles of dissolved silicate for central
and marginal cores.

Figure 3«9a Dissolved calcium profiles from both marginal
and central cores collected in 1972.

Figure 3*9b Calcium profiles from cores collected in
1973.

Figure 3*10 Dissolved ^=>-3profiles.
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j. Magnesium

In contrast to most of the previously described variables, the

dissolved magnesium concentration (lig. 3«10) does not show any consistent

trend with depth. The profiles (cores 1, 6, 8, 9) may be interpreted

as indicating an initial, decrease (O-J+Ocm) and a subsequent increase.

Core 7 does not show such trends. The levels are at all times within -

$>/o of that of seawater.

k. Strontium

Dissolved strontium pin files tend to be irregular, but generally

exhibit a decrease in concentration with depth, except in core 7«

1. Chloride

Dissolved chloride measurements have poor accuracy, as the samples

used had previously been used in alkalinity determinations. However, the

results (llg. 3.11) show no major or consistent changes with depth,

and are taken as indicating that the initial composition of the interstitial

water at burial was closely comparable with that of normal seawater. Data

from core A2 collected by M.D. Krom from close to core 1, is also included,

m. Sulphide

Dissolved sulphide levels (lig. 3*12), as measured, are low. The

method of extraction was such that losses of H^S would be expected. In
cores showing more rapid sulphate depletion (e.g.,core T1) sulphide levels

increase rapidly with depth, whilst more marginal cores with less sulphate

depletion (e.g., cores M7, M18) show lesser increases and dissolved

sulphide is undetectable in the top ~ O.fjm. Core T6 shows an inter¬

mediate profile. The sulphide concentration in mid-loch cores appears

to increase to a maximum value, and then decrease again wiih depth.

These profiles are similar to those described by Goldhaber (197U) and

interpreted as being the result of kinetic relationships between sulphate

reduction and iron sulphide formation.



Figure :3» 1 "1 Chloride profiles from six cores. The
dotted line indicates the range of chlorinities
observed in sub-surface water in Loch Duich.

Figure 3*12 The dissolved sulphide profiles from four cores

showing the marked differences between central

cores (T1, T6) and marginal cores (M7, M18).
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Subsequent work (M. Krom. pers. comm.) has indicated that true

sulphide levels may be higher by a factor of 10 than those of Fig. 3-12,
but show similar changes with depth and from core to core.

Discussion

Table 3.2 lists some reported gradients of various species

reported from other near shore marine sediments showing sulphate

reduction. The steeper gradients from central Loch Duich (core 1) are

greater than those from other areas, whilst the less steep marginal

ones (Core 8) are of the same magnitude as many published results.*

The most striking feature of Table 3°2 is the similarity of gradients

from many different areas, with the exception of data from Hartmann et al-,

(1973)• This presumably is a reflection of coring methods, and therefore

lengths of core studied. Hartmann et al. (1973) obtained piston cores

about 10m long, considerably longer than many of the other cores listed.

Chemical gradients of ~100 times less than those listed would tend to

be overlooked, and only noted in very long cores (e.g., Joides cores

from Leg l+, site 27 discussed in Goldhaber and Kaplan (1973) in which
2—

nearly complete SO^ reduction occurred in 230m of sediment). The
data in Table 3*2 is therefore perhaps better regarded as illustrating

maximum gradients observed in various areas.

Particular attention will be paid in the following discussions

to the distribution of, and relationships between, S0^2~, HH^+,P0^~,
2

alkalinity, and Ca . The first four represent the major inorganic

species involved in bacterial sulphate reduction, and Ca^ is included

Data from Saanich Inlet (N'issenhaum et al-, 1972) are not
compared, as it seems likely that some loss of sediment
occurred from the tops of their piston cores.
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Portionofcore

mMSO,2"

_1

meq1Alk

mMNH,+

metres

-1

-1

-1

cm

cm

cm

Goldhaber197^ 21GSolSiPuedesBasin
0-1.8

0.18

0.20

30GGuaymasBasin

0-2.0

0.09

0.18

38GCarmenBasin

0-1.2

0.30

0.30

0.023

SPmSanPedroMartinBasin
0-1.5

0.25

Hartmannetal1973 12327-^W.AfricaCont.Margin
0-8

0.021

0.027

0.0025

Berner196^ L-15^G.ofCalif.

0-1.0

0.20

L-62»

0-1.1

0.20

Sholkovitz1973 G1,BSantaBarbaraBasin
0-0.5

0.23

0.31

0.02^

Thorstensen8tMcKenzie197^ DevilsHole,Bermuda
0-1.1

0.11

0.020

Thisstudy Core1Central

0-0.7

O.56

O.78

O.O65

Core8Marginal

0-1.2

0.15

0.20

0.01^

,uMPO,5
7 -1cm 1.^5 0.056 1.25 3.2 0.92



because of the possibility of CaCO^ precipitation or dissolution.
Some of the relationships already described between the first four species

are emphasised in Fig.3-13 which shows data from corel. It is important

to note the marked changes in gradient in the sulphate and alkalinity

profiles occurring at 60-70cm depth, whilst there is only a slight

gradient change in the ammonia and phosphate profiles. Below 80cm

sulphate remains very low, whereas ammonia and alkalinity increase

but with more decreasing gradients; phosphate, however, is concave

downward a constant concentration below 100cm.

The pattern which emerges from the above description of the

basic analytical data is that sulphate depletion and increases in

titration alkalinity, ammonia and phosphate are related in that they

always occur together, never separately, and that cores displaying com¬

paratively large changes in one species, also show large changes in the

others. The changes observed in central cores are of greater.magnitude

and more regular than in marginal cores, a possible reason for which

has been mentioned above. In more detail, the changes in sulphate and

titration alkalinity appear closely linked. The dissolved ammonia

concentration seems related to the sulphate depiction, but less closely

than is the titration alkalinity, whilst the dissolved phosphate profiles

are a little less* closely related to the sulphate profiles than are the

ammonia profiles.



no

Figure 3-"13 Profiles of dissolved species from the interstitial
water of core 9 to illustrate the broad relationships
between the changes with depth in sulphate,

alkalinity, ammonia and phosphate.
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Chapter 1+
.... ' /

Alkalinity observations at a single-station ,

Thorstensen and Mackenzie (197U) have reported major seasonal

variations of pore water chemistry in shallow water (25m) anoxic carbonate

sediments from Devil*s Hole, Bermuda. They attribute this to seasonal

movements of the thermocline. In the light of such observations some

investigation of the permanence of the chemical conditions in Loch Luich

sediments both temporally, and over small distances is required. It is

recognised that sulphate depletion gradients can vary markedly within an

area (e.g. Berner, 1961+a; Sholkovitz, 1973)> but the distances between

sampling points are often large, and little is known of small scale

variations. These particular aspects of the results from the repeated

occupation of a station will now be discussed.

One locality in Loch Duich has beensampled on three successive
Lrvtevt fc / ti'aU wnU-v

years using various different gravity corers, and extracting the ^ A "• by

different means (Table I4.1). The positioning of the ship was probably

accurate to within 100m, and all samples were obtained from the same depth

of water (- J+m). The samples in 197^4- were collected from a single

anchorage.

Titration alkalinity data for the five cores is given in Fig. I4.. 1.

The gradients of all the graphs are similar, although relative to A2A

and A2D, A2C appears to be displaced towards slightly higher alkalinity

values.

Discussion

The series of cores from 197^4- (A2A, A2C, A2D) show almost identical

gradients. The displacement of core A2C is interpreted as indicating

failure to recover 2-3cm of sediment from the top of the core (M.D.Krom,
pers. comm.). It can be concluded that, as no significant variation was

found between these three cores, any one of them could be taken as represent¬

ative of the area covered. Also, no important variations of interstitial

water alkalinity at similar depth were found within a lateral distance of a



Table ^.1

73

Year

1972

1973

197^

Date

10/10

28/5

3A

Repeat corings at locality 1

Gravity Gorer

Diameter
of liner

2&"

2-J"

4 »

Length of
barrel

5 ft

10 ft

6 ft

Extraction
method

1. Reeburgh
(1967)

Centrifuge

2. Kalil &
Goldhaber

(197*0

Core No

T1

A2A
A2C
A2D

Length
cm

72

150

80
8o
90

* Sampling and analysis by M Krom (Unpub.)
1. N^-gas operated nylon pressure squeezer
2. Squeezing in original liner by hydraulic jack
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Figure J4..I. Titration alkalinity profiles from five cores

collected from the same locality on three

separate cruises. Details of the methods of

sampling are given in Table I4..I.
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few metres in an area where the sediment surface does not show sharp

topography.

A comparison of the results from different years, shows that no

large changes, comparable to those reported by Thorstensen and Mackenzie

(1971}.) were found. It is not clear how widespread the effects described

by them may be, either in the area of Devil's Hole, or in other carbonate

or non-carbonate environments. The apparent lack of occurrence of these

phenomena in the Loch Luich sediments at the locality studied, may be

attributable in some way to the many differences between the two environ¬

ments, including sediment type, depth of water, hydrography, etc.. The

situation in Loch Duich may well be of more frequent occurence than that

in Devil's Hole.

The close similarity of gradients suggests that the three coring de¬

vices used resulted in similar degrees of compaction of the sediment during

coring. The possible degree of compaction is difficult to estimate, and

all results are presented without attempting to make any correction for it.

Sholkovitz did not distinguish between the compaction occurring during

gravity coring, and that during hand insertion of liner into a box core.

The results for core T1 do show a somewhat steeper initial gradient, and

shallower change of gradient, than the other cores. Other analyses show

that this is due to a different rate of reaction with depth, and not to a

differential compaction effect. However, the results indicate the degree

of reproducability that wasfbund on repeated occupation of a station.

Ho further data is presented in this thesis from cores A2A, A2C,

A2D, but other measurements on cores 1 and T1 have been presented in
J

Chapter 3« The agreement between the results for sulphate (Fig. 3-1+a),

phosphate (Fig. 3«7a) and calcium (Figs. 3«9a, 3«9b) are quite good,

whilst there is a significant difference in the ammonia profiles (Fig.3-6a).
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As has been mentioned above, the alkalinity profiles are also slightly

different, and the relationship between alkalinity production and ammonia

release is the subject of considerable discussion in the following chapters.
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Chapter 5

Exchange across the sediment-water interface

Before the data presented (Chapter 3) can be discussed in terras of

stoichiometric or kinetic models, it is necessary to consider the freedom

of exchange between the interstitial water and the overlying sea-water,

and its possible influence on observed chemical gradients. The degree to

which the interstitial water approaches a closed system will probably have

important bearing upon the chemical changes observed. An environment in

which the degree of isolation varies markedly with time (Thorstensen

McKenzie, 197*0 exhibits markedly different interstitial water chemistry

depending upon the rate of exchange. It is therefore necessary to invest¬

igate the possible extent of interaction between the seawater and tk-e.

interstitial water. An attempt will be made to quantify this interaction,

and assess the relative importance of different types of interaction.

An effect of the early diagenetic processes occurring in anoxic

sediments is to produce concentration gradients of certain chemical species

in the interstitial water, and in particular, sulphate gradients. The

consumption of sulphate by sulphate-reducing bacteria has been represented

(Richards, 1965; Sholkovitz, 1973) as

6(C H2 0)c (N H3)n (H^ PO^ + 3(S0^2")c + 2(H Fe 0^ Q = 6(H CO^ +
6(N H,)w + 6(H, P0,) + (FeS) + (FeS0) + *f(H_0) Eq. 5-1j « 3 *+ P c he 2c

Four main processes will tend to reduce this gradient, namely

a. Advection ie sedimentation

b. Diffusion

c. Bioturbation

d. Seasonal overturn (Thorstensen and McKenzie, 197*0



The last process has been discussed in Chapter 8, and does not appear

to be important in Loch Duich. The observation of chemical gradients at

very shallow depths in the sediment CChapter 3), suggests that bioturbation

does not significantly disturb the sediments.

The advective flux, due to sedimentation, at the sediment-water

interface has been described (Tzur, 19711 Goldhaber 197*0 by the equation

Advective flux = P^w [S0^ ] Eq. 3*2
o

and the diffusive flux by Fich's First Law
2-

Diffusive flux = ^ „ Eq. 5*3
— Z = 0

where

2_
LSO^ = Sulphate concentration of overlying water

w = Sedimentation rate

Puo = Porosity at boundary depth (see below)

D = Diffusion coefficient

= Vertical sulphate gradientd[S0^)
dZ

The relative influence of the two mechanisms can be described

(Goldhaber, 197^) by

F = P~" Eq. 5A

„ * P~»

The ratio F is therefore the ratio of the input of sulphate due to

sedimentation to the total input due to sedimentation and diffusion.F will

approach unity as the influence of diffusion diminishes.

The estimation of the advective flux from Eq. 5-2 involves the

assumption of an impermeable base to the sediment column at a depth where

porosity is practically constant (Tzur, 1971)- The degree to which many

natural systems approach this state is questionable.



The estimation of the diffusive flux (Eq. 5«3) depends upon a

knowledge of D, although Ben-Yaakov (1972) has pointed out that a flux

of one or more species can induce gradients in other species without there

being any continuing flux of these latter species.

Unfortunately, knowledge of Din natural sediment systems is very poor.

Difficulties immediately arise in that the process is unlikely to be one

of pure diffusion (Manheim, 1970). Interactions of the dissolved species

with the solid phase, such as sorption and chemical reaction, will greatly

influence the flux (eg_ van Schaik et al.,1966; Lerman & Weiler, 1970).

Attempts made to estimate D can be divided into two main groups

a. Experimental methods

b. Mathematically modelling field data

The latter will obviously include the effects of such phenomena as

chemical interactions, and electrical potential gradients arising from

counter-diffusion of different ions. The former however, may be directed

towards the determination of a true diffusion coefficient, or may include

certain other effects. From studies employing radioisotopes on marine

sediments, Duursma (1966) assessed the effect of interactions between

ions in solution and the solid phase, and suggested that if interaction

occurred, then 'apparent' diffusion coefficients could be depressed by
6

up to 10 , and so the relating of experimental data to natural systems may

be difficult. He reported diffusion coefficients in fine sand of 2-6 10 ^
2 -1

cm sec , values fairly typical of the results of experimented work.

However, he suggested that in certain sediments, due to interactions

and D-
Fe

= 0.9 - 1.5 • 10 ^ cn/Usec"''
.,,-11 2 -1■ 10 cm sec
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D for ions unlikely to be involved in interactions with solid

materials would not be depressed to this extent.

Li et al (19(>9) applied a simple diffusion-controlled model to

dissolvedMn profiles in Arctic sediments, and suggested that if =

-7 2 -1A-. 10 cm sec , then the computed Mn accumulation rate was too high,

and possibly therefore was lower than this.

In a series of papers, Berner (196^, 19715 1972) has developed a

model for dissolved sulphate profiles in interstitial waters based on the

equation (c.f. Tzur, 1971)

d2(S0,) dCSO,)
D — - Js (a) = o Eq. 5.5

d-6

This is an attempt to describe a steady state condition controlled

by diffusion, sedimentation and bacterial sulphate reduction (J^ (Z)).
Employing data from Santa Barbara Basin, he calculates

D.. = 3-10 ^ cm^sec"''

These calculations have been questioned by Goldhaber and Kaplan (1973),

who suggest that the effective diffusion coefficient of sulphate ions may

be smaller than this. They also mathematically modelled data on sulphur

isotope fractionation from various sediments, using methods strictly

applicable only to closed systems. They concluded that many sediments

appeared to approach closed systems with respect to input or loss of

dissolved sulphate. It can therefore be continued that, if Eq. 5»2 is

applicable, F = 1 (Eq. 5*^)5 and the diffusion coefficient D was much

lower than previously suggested.

Goldhaber (197^) has also used sulphur isotope studies to develop

diffusion reaction models similar to, and extending, those of Berner

(196^, 1972) and Tzur (1971) and concluded that



-7 2 -1
Don = 5.10 cm sec

which is lower than some previous estimates. Values of F (Eq. 5-^)

can therefore be calculated for the sediments he studied from the

Californian Borderland and the Gulf of California. The values obtained

(0.1 - 0.6) imply that diffusional processes are of great importance in

these sediments. Goldhaber points out that his results are highly model

dependent, and that doubt is cast upon the ability of models based upon

the diffusion reaction equation (Eq. 5-5) to calculate sulphate reduction

rates, and hence diffusion coefficients, in sediments with varying water

content.

It can be seen, therefore, that conflicting results can be obtained

for Dg0 . The quantity F (Eq. 5-^) can be calculated, however, for
different values of w and D, if one assumes a value for P^ It should be

remembered that in sediment cores where P00 is not reached, the results

may not be valid. Figure 5-1 shows values of F for varying w and D, with

PQO = 0.6 or 0.^

[SO,] = 2.8. 10~5 Mem"3
h- o

2- -7-3 -1and d[S0^ ] = 5.10 Mem cm (a typical value for the central region
dZ

of Loch Duich).

It can be seen that F is influenced strongly by both w and D, and

that the range of D producing largest changes in F varies with w. R is

also somewhat dependent upon the choice of P^.

From Figure 5-1, if Ds0 = 10-6 - 10~7 cm2sec"1 (the values most
frequently encountered in the literature) and w = 0.15 - 2 cm ,yr~ (Chap. 2),

it can be seen that the sediments of Loch Duich are unlikely to closely

approach a closed system. Such an approach would improve at high w and

low D.
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Figure 5.1 Values of F

Dots: P^,

Diamonds: P00

for varying W, D, and P^

= OA

= 0.6



■r



Whilst the sediments seem a poor approximation to a closed system,

it may be possible to consider that a steady state condition exists.

This means that, relative to the moving sediment-water boundary, the

chemistry at any depth remains constant with time. Such an assumption

has been made by many previous authors (eg. Berner 196*fj?; Tzur, 1971?

Sholkovitz,1973? Goldhaber and Kaplan,1973) when considering interstitial

water chemistry. In the oceans it has been found that certain stable

water masses in restricted basins exhibit no seasonal variation in

chemistry (Redfield et al.-, 1963) ? have been usefully analysed using a

steady-state assumption. In such systems advection is often unimportant,

and mixing occurs by eddy diffusion. In a sediment system advective

fluxes other than sedimentation are probably negligible. The diffusion
•-6 2 —'I

coefficients (~10~ cm sec" ) are much lower than eddy diffusion coeff-
2 —1

icients in sea-water (—'1 cm sec" ) so that conditions would appear

favourable for a steady state to exist. Perhaps the major difficulty

arises in the demonstration of its existence. Lack of variation in water

masses need only be established over a comparatively short period of time

owing to the rapid action of the processes tending to disturb it. Data

presented in Chap, k suggested that short-term variations in interstitial

water chemistry were absent, but steady state conditions need to be

established at least over the period of time represented by the sediments

studied. This is not possible directly, but the constancy with depth of

major element sediment chemiiry, mineralogy and grain size (Chap. 2) show

that the depositional conditions in the loch have been similar through the

sediments studied, and therefore that a steady state may well exist. An

assumption of steady state conditions will be made, but it will be discussed

again later.



An important consequence of this assumption is that at any depth,

chemical gradients, concentrations, and reaction rates have remained

constant with time.



Chapter 6

Stoichiometric models

The bacterial decomposition of sedimented organic material is

undoubtedly an extremely complex process. Its nature will vary in

response to physico-chemical conditions such as redox potential, avail¬

ability of dissolved oxygen, nature and quantity of organic material,

nature of inorganic substances in the sediment,etc. Under anoxic conditions,

various chemically active inorganic species are released, which will

influence the subsequent diagenesis of the sediment. Simple models of

these complex biological processes have been constructed which describe

the release of inorganic end products, and the consumption of oxidised

species, through the oxidation of organic material.

Models of the release of inorganic compounds during bacterial

decomposition processes were first developed from the study of water

columns showing significant" depletion in dissolved oxygen (Richards,

1965). According to the relative free energy yields, progressive oxidation

of organic material is accomplished by three main respiratory mechanisms

sequentially (Redfield et al, 1963)•

a. Oxygen utilisation.

(0E2°)106(MH3) 1gH3POif + 13802 = 106C02 + 122H20 + 16HN03 + H PO^ Eq. 6.1
b. Denitrification.

(CH20)1o6(M3)l6H3POif + 9bA HNO^ = 106C02 + 55-2N2 + 1?7.2H20 + H^PO^ Eq. 6.2
c. Sulphate reduction.

(CH2°^o6(NH3')l6H3POif + 53SOif2" = 1°6C02 + 53S2~+ 16I®3 + 106H20 + E^PO^ Eq. 6.3
The above equations depict the organic substrate with a C:N;P ratio

of 106:16:1. This ratio is applicable to living plankton (Redfield et al-,

1963).



From these equations it is possible to derive stoichiometric relation-
— 2-

ships between the depletion of oxidised species (eg. 0^, NO^, SO^ ) and
the increased concentrations of reaction products (eg.EL,S, CO^, P°.^ , NH^).

These models have certain limitations. Firstly, it is assumed that

the 'starting material' is living plankton, and that the assemblage in

the area of study approaches the theoretical composition. Plankton

consist of many different organic compounds, and so treating the process

as the complete breakdown of a single hypothetical compound may not

satisfactorily reflect the actual situation, and variations from the

predicted stoichiometry may result. Experimental decomposition of marine

organic material (eg. Grill & Richards, 196^; Kamatani, 19&9i Ogura, 1972)
has suggested the existence of refractory constituents which may have

different composition from the starting material. During settling in

the ocean, particulate organic material has been shown to preferentially

release nitrogen (eg. Holm-Hansen et aL.,1966; Gordon, 1971) and phosphorus

(Ketchum et al-, 1967).

The conversion of carbon from a carbohydrate-like oxidation state to

CO^ or HCO^ involves an oxidation and so would probably be related to the
consumption of oxidation equivalents (Richards, 1965). However, no such

oxidation is necessarily required to release nitrogen as or phosphorus

as H^PO^ (Eq. 10.3) and therefore it is possible that the release of
these species may not be directly related to carbon release, or say,

sulphate depletion, but could occur by different processes, perhaps through

the mediation of other micro-organisms.

Other micro-organisms may also absorb significant amounts of P. N,

or C from solution, as suggested by Brewer etal. (1973) from their Black

Sea data. It is also possible that CO^ may be released by purely inorganic,



or biologically mediated, decarboxylation reactions, or generated during

fermentation processes involving carbohydrates or amino acids and anaerobic

bacteria eg Clostridia sp. (Stanier et aL, 1971)•

Richards (1965) applied such models (eg. 6.1-6.3)to water analyses

from Saanich Inlet and Lake Nitinat (British Columbia). He found that

the relationships between certain variables eg. sulphide and ammonia in

Lake Nitinat, were well fitted by the models. However, in other cases

agreement was less good. For example, in Lake Nitinat an excess of CO^
required the postulation of CaCO^ solution, and marked deviations from
the theoretical P0^~ - H^S relationships were found. Major inconsistencies
were often encountered at the boundary between 0„ consumption and NO" or2 3

2_
SO^ utilisation.

Since its initial postulation, the model has been refined by various

authors to accommodate such processes as conservative mixing of salt and

fresh water (Knull & Richards, 1969; Gaines and Pilson, 1972) and the

activities of chemisynthetic bacteria (Brewer & Murray, 1973)•

The models have also been applied with some success to the inter¬

stitial water of sediments, the studies of Hartmann et §1.(1973) and

Sholkovitz (1973) being the most comprehensive. The much increased

stability of interstitial water systems can result in a more fully

developed anoxicity than commonly occurs in water masses. Sulphate

depletion can be very marked (eg. Bern.er, 196*fa) or complete (eg. Nissenbaum

§!•> 1972). The resulting dramatic deviations from normal sea-water

chemistry, together with the increased solid:liquid ratio, enhances the

possibility of interaction between the sediment and pore fluid, and of

precipitation and dissolution reactions.



The present data from Loch Duich will now be studied within the

framework of these stoichiometric models with a view to assessing the

possible usefulness and limitations of the models.

Stoichiometric model of sulphate reduction in sediments

Sholkovitz (1973) developed models of the interstitial water chemistry

of sediments from Santa Barbara Basin. His basic equation representing

bacterial sulphate reduction is:

6(CH2°)c (H^O^p + 3CS0,2-)C + 2(HFe02)c-*6CHC0-)c +

6(NH3)n + 6lH3PCyp + (FeS2)c + ^(H20)c Eq. 6.4
This equation describes the decomposition of a generalised organic

material, and the formation of iron sulphides.

Table 10.1 shows the derivation of Sholkovitz's alkalinity (Eq. 6.5)1

phosphate (Eq. 6.7) and ammonia (Eq. 6.6) models from Eq. 6.4.

From Eq. 6.4 it can be seen that

AHC0~ = 2 ASO^2" Eq. 6.8
substitution in Eq. 6.5 yields

AAlk. = AHCO" + ANHjT*" -2ACa2+ Eq. 6.9
.*. AHCO" = AAlk. - ANH^+ + 2 ACa2+ Eq. 6.10

Equations 6.8 and 6.10 will form the basis of the stoichiometric

alkalinity model presented here. AHCO" represents the change in alkalinity
5

caused by sulphate reduction (Eq. 6.8), allowance being made for the

effect upon the titration alkalinity (Alk.) of ammonia production ( ANH^+)
and the precipitation or dissolution of CaC03 (ACa2+).

Phosphate and ammonia models (Eq. 6.6, 6.7) discussed below are

the same as those of Sholkovitz (1973)- They predict the increase in

dissolved ammonia and phosphate that would result from sulphate reduction,

if the process were one of the complete breakdown of the organic substrate



Table6.1

6(CH0)(NH_)h(HJPO.)+3(SO,2-)+2(HFeO_)-»6(HCO~)+6(NH_)M+6(H_PO.)+(FeS0)+k(H<2c3«3̂P4c2c3c3N34p2c2
0)

Therefore and and Therefore Also and

NH,+H3

NH,

2+

Ca+2HC0—>CaCO+CO,,+Ho03322 AAlk AAlk AAlk AAlk ANH APO

3-

2ASO^' ANHj.+
-2ACa'

2-

aso;
2-

whereANH,
2+

ACa'
2+

2AS0^2~ +ANH^+
-2ACa

2+

2ASO

2-

C:N
2A,.SO,

2-

C:P

(SO,2~)T..-SO,2" 4Init.4
MV (Ca2+)

-(NH,+)_..4Init.
-Ca'

2+

Init.

Eq.6.3(AAlk=Alk-(Alk)) Eq.6.6 Eq.6.7

Initialconcentrationsaretakenasthosefoundintheuppermostsedimentsamplefromeach core,usuallythetop5or6cm.

.a



of certain C:IT:P ratio.

General Discussion
2_

The models erected imply that changes in dissolved sulphate (ASO^
are linearly related to AHCO~, AEH,+ and AH^PO^. The changes of these
species with depth for core 9 have been shown in Pig. 3»13 a^d for

cores 1 and T1 are shown in Pigs. 6.1 and 6.2 . The basis of the model

is to relate ASO^ ~ to changes in other species. From Pigs. 3-13» 6.1,
6.2, it can be seen that the sulphate and alkalinity profiles are similar

in that an initial linear gradient decreases at depth, the change of

gradient occurring at the same depth for both species. The ammonia

and phosphate profiles, however, are less closely related to the sulphate

profile. Ammonia profiles are either linear throughout, or show only

a slight gradient change. The phosphate profiles are more variable

than the ammonia profiles, and again less similar than the alkalinity

profiles to the sulphate profiles. ill three do increase with depth

after sulphate depletion is reached. It would appear, however, that

the ammonia and phosphate models are unlikely to be wholly adequate,

whilst the alkalinity model may be more successful.

.Alkalinity model

In the calculation of AHCO^ from Eq. 6.10, certain approximations
have been made, iny possible contributions to alkalinity from dissolved

phosphate or silicate are omitted as they are not quantitatively important

(see Appendix B). Changes in dissolved Mg2+ concentration in interstitial
water from anaerobic sediments were shown by Sholkovitz (1973) 1101: "to be

related in an important way to the precipitation of carbonate minerals,

or to exchange processes affecting the alkalinity. Therefore Mg2"1" is not

included in the alkalinity model, in contrast to the model described by

Berner et aL. (1970).

The alkalinity profiles may be taken here as broadly representative
of AHCO.. , as AHC0_ is the dominant term on the right hand side
ofEq.6.9



=13

Figure 6.1 Profiles of dissolved species from the interstitial
waters of core 1, to illustrate the broad,

relationships between the changes with depth in

sulphate, alkalinity, ammonia, and phosphate.

Figure 6.2 Similar data from core T1.
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A degree of confusion is encountered in the literature as to the

contribution of dissolved sulphide to alkalinity, and its significance

in models of sulphate reduction. Various equations can be written

describing the decomposition of organic material, and can be formulated

to obtain different final combinations of oxidised carbon and reduced

sulphur species.

This can be seen simply by considering only the carbon portion of

the organic substrate, as below

2 CH20 + <- 2 HCCT + H S
3 2

2 CH20 + so,2- 2C02 + 2H20 + s2"

2 CH20 + so,2- —> HCO" + C0o +3 2
HS~

2 CH20 + so,2- -7 CO 2~ + C0_ +
3 2 H2S

or in combinations such as

6 CH20 + 3S0^2~ hCQz + 2HC0" + 2H20 + S2~ + 2HS"
Examination of these equations shows that the reduction of one mole of

sulphate always produces 2 equivalents of alkalinity, be it in the form

of HCO^, CO^2 , HS , or S2". It has been pointed out (Knull & Richards,
1969) that equilibration between these various species does not alter the

alkalinity.

eg. S2~ + H+ = HS"

S2~ + HLCO = HS" + HCO;2 3 3

It therefore follows from the simple stoichiometric models that a

certain loss of sulphate will produce a certain alkalinity increase. At

the pH observed, this alkalinity will be divided in a particular way

between the various species, but the details of the division are of no

consequence with respect to the observed titration alkalin%, and therefore

to the models here presented.



Consideration of the equilibration equation

HS~ + H+ -± H2S
shows that the loss of H2S from a water sample will not

alter observed alkalinity. This is of importance to the data from Loch

Duich. It was noted in Chapter 3 that dissolved sulphide levels'measured

in this study were questionable and that true in situ levels may be

considerably higher. The possible loss of sulphide during sampling could

have occurred either through the loss of H^S gas, or by the oxidation of
dissolved sulphide by atmospheric oxygen. From the discussion above, it

can be concluded that the former mechanism would have no effect upon the

observed alkalinity, and therefore can be disregarded for the purposes

of the models.

The latter mechanism can be described by the equations (Knull &

Richards, 1969).

s2- + io2 + h£o == S° + 2 OH" Eq. 6.11

s2- + °2 + i H2° == JS2 o/- + OH" Eq. 6.12

s2~ + 1^2 " S°32" Eq. 6.13

s2~ + 202 ■ Eq. 6.1*f

Eq. 6.12 is unlikely to be important, as thiosulphate ions do not

accumulate to high levels in oceanic areas where sulphide-bearing

and oxygenated waters mix. It may represent an initial stage of a reaction
2_which proceeds further, probably forming SO^ . Eq. 6.13 can be similarly

considered (Cline & Richards, 1969). Eq. 6.11 may occur, as elemental

sulphur has been observed near the sulphide-oxygen boundary in anoxic fjords

in Norway (N.B. Price, pers. comm). It will, however, not affect the

observed alkalinity. Eq. 6.1*f will reduce the observed alkalinity by 2
2-

units, and increase the SO^ concentration by 1 unit. Reference to
Eq. 6.8, in which AHCO" denotes the change in alkalinity due to oxidised

3
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carbon and reduced sulphur species, shows that this is the relationship

predicted by the model, and so its possible occurrence will not require

any modification of the model.

It is now possible to examine the alkalinity model. Fig. 6.3 is a

plot of A HCO" against 2 A SO^ ~ for data from 7 cores . These 7 cores
include cores from both central and marginal areas of the loch. All cores

show very similar trends, the main differences being ones of degree.
2~ -

Sulphate depletion (2 A SO^ ~) and AHCO" are linearly related up to
values of AHCO" of ~>37 meq/1. -. A marked change of gradient is then

3

observed. At concentrations of AHCO" greater than ^37 meq/1 , AHCO^
2-

increases rapidly compared with 2 A SO^ . The change of gradient corresponds
with the changes of gradient in the sulphate and alkalinity profiles with

depth (Figs 3-^ 3»5)» The slight variations in the position of this

change of gradient from core to core due to differing initial
2— —

concentrations (SO^ ~ init, HCO" init) and differing concentrations at
the changes in gradient in Figs 3-^» 3«5- Fig. 6.3 also shows the linear

relationship predicted by the model.

The data of Hartmann et §1.(1973) from the west coast of Africa has

been recalculated according to the model described here, and is shown in

Fig. 6.^, together with the predicted linear relationship. It can be

seen that the data are well fitted by the predicted line. This is in

contrast to the curved relationship described by Hartmann et al. between

reduced sulphate and carbon dioxide concentration.

Sholkovitz (1973) has shown that there is good agreement (Fig. 6.5)

between observed AHCO" values and those predicted by the model under

discussion in sediments from Santa Barbara Basin.



2-
The alkalinity model A HCO^ = 2 ASO^

2-
ligure 6.3. Plot of AHCO^ against 2 ASO^ for nine

cores including loth central and narginal
cores. The model predicts that there will

he a linear relationship between the two

variables such that

A HCO ~ = 2 ASO. 2"
3 h

The line marked '1:1 line' is the line

A HCO ~ = 2 A SO, 2~3 4

Figure 6.14 Data from two cores from Hartmann et aL.

(1973) which has been recalculated according
to the methods described in the text (Eq. 6.10)
and is compared with the predicted '1:1' line

A HCO ~ = 2 A SO. 2"
3 h

Figure 6.5 Data from Sholkovitz (1973) similarly treated.
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Whilst both the above sets of data are well fitted by the predicted

line

2 ASO^2- = AHCO~ (Eq.6.8)
there is a strong tendency for data in this study, when AHCO^ < ^37 meq/l
to fall below this line. That is, the alkalinity measured is lower than

that predicted by up to 10 meq/l. The discrepancy increases with

increasing AHCO^, and the data is approximated by a straight line

AHC0~ / 2 A SO^2- = 0.83
Berner et al.(1970) examined a core from Somes Sound which showed

complete loss of sulphate within the top 30cm. The titration alkalinity

reached 76.3 meq/l at 62- 69 cm. Wheathe data is recalculated according

to the model presented here, it appears very similar to the data from

Loch Duich. An apparent deficiency of A HCO^ at high sulphate con¬
centrations, and a continued increase in AHCO^ when sulphate reduction
has ceased. However, variations in dissolved magnesium concentrations

are important in this core, and by including a AMg^+ term in the model

in the same way as the ACa term is used (as Berner et al. did in their

model) the agreement with the predicted line is much improved. Also, no

further increased in AHCO^ (Mg - corrected) occur after sulphate reduction
has ceased, i.e., the apparent continuing increase in alkalinity beyond

sulphate depletion is due to calcium and magnesium depletions. This is

a major difference between the Somes Sound data and that for Loch Duich.

In Loch Duich AHCO^ continues to increase for reasons other than
carbonate precipitation.

ELg. 6.6 summarises the observed relationship between the model

and the analytical data. The lower, linear region A is terminated by a

marked change in gradient. In the steeper region B much more alkalinity

is produced than would be predicted by the model based on sulphate

depletion. The alkalinity increases to considerably higher values than

are predictable by the model.



Figure 6.6 Diagrammatic summary of the relationship between the

alkalinity model and the analytical results.
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e.g. Sample Ml9-132

Z A SO^ ^ 52^9 mM = A HCO^ predicted "by model
Measured A HCO^ = 71 • 3 meq/l

A HCO^ is 18 meq/l greater than the maximum predictable
by the model.

2-
In region A, therefore, A HCO^ and 2 A SO^ are linearly related

2-
but the ratio/\HCO^ : 2 A SO^ is slightly, but significantly different
from that predicted.

2-
In region B the model is inadequate; changes in 2 A SO^ are

small, but A HCO^ increases and reaches values considerably higher than
are predictable. In contrast to region A, the processes causing

alkalinity increase in region B do not appear to be related to sulphate

depletion. These processes only become dominant at low sulphate
2—

concentrations ( £S0^ J 5mM), and so have not been described in the
work of Sholkovitz or Eartmann _et al-, as their pore waters did not attain

such low sulphate concentrations (i.e., [ SG^ J ^ 13 mM and 15>mM respect¬
ively.) The processes possibly occurring in Region B are discussed

in Chapter 8. Further discussion here will be centred upon Region A where

the stoichiometric sulphate reduction models are more immediately

applicable.

The departure of the observed analyses from the theoretical line

in Region A of Fig. 6.6 implies that some other reaction is occurring

transferring negative charge away from the anions of weak acids, or con¬

suming sulphate ions without; increasing the alkalinity. The process

seems to occur linearly with respect to increasing A S0^2- and A HCO^ .
Sholkovitz (1973) has discussed the possible mechanisms responsible

9

for Eg depletion in interstitial water and concluded that they probably

occurred through cation exchange reactions, and did not affect the alkalinity,
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in contrast to the lattice replacement of Fe by Mg + of Drever (1971)>

which causes decreases in alkalinity. Sholkovitz points out that the

process he describes may be specific to Santa Barbara Basin.

lg2+ concentrations in Loch Duich (Fig. 3.10) are irregular with

depth, within - 5% of that of seawater, and do not show variations

linearly related to sulphate depletion, either within or between cores.
Q

It is therefore unlikely that processes involving Mg are the sole

cause of the observed discrepancy.

The addition, from microbiological processes, weak organic acids,

(e.g., acetic acid) will not for reasons similar to those discussed in

relation to HgS affect the observed alkalinity. The reaction

CH^COOH ^ CH^COO" + H+
is one of equilbration, and although the presence of such acids may

affect the pH, the alkalinity will not be altered.

Considerable increases in boric acid concentrations have been

observed in sediments from the Arctic (Tageyeva, 1963), but similarly

its presence will not affect the alkalinity.

The basic equation in the stoichiometric model (Eq. 6.I4) includes

the formation of iron sulphide, by a mechanism which does not affect

the alkalinity. As pointed out by Goldhaber (197^)> this is not a

general result for all sources of iron, and equations involving iron

sulphide formation (by reaction with elemental sulphur) may be written

with different effects upon the alkalinity

e.g.,

k Fe ♦ 901^0 + 21^0 + ItSO^2- + i|S° FeS2 + 9HC0~ +13H +
2-

1 unit S0^ consumed 1 unit Alk. consumed Eq. 6.13
2 Fe3* 2CH20 + 2H2S + SO^2" + S° 2 FeS2 + 2HC0~ + H+

2_
1 unit S0^ consumed -h> i; units Alk. consumed Eq. 6.16

The equations 6.13 and. 6.16 differ from the stoichiometric model



I 08

(Eq. 6.1+) in that elemental sulphur is included as a reactant, and the

pyrite is the only resulting iron sulphide phase.

In contrast to Eq. 6.1+, sulphate depletion results in a decrease

in alkalinity. It is therefore possible that whilst the majority of

the reactions occurring followed the stoichiometry of Eq. 6.1+, some may

follow reactions such as 6.15 and 6.16. The proportion need only be

small to produce the observed effect, e.g., &/o of sulphate depleted lost

by Eq. 6.16. It is therefore possible that the complex process of iron

sulphide formation may cause cause some or all of the deviation from

expected stoichiometry. The processed involved in Eq. 6.1+ can be written

H20 + HS" + 2Fe0.0H = 2 Fe2"1" + S° + 50H~ Eq.6.17
2 Fe2"*" + S° + 2HS~ = FeS + FeSg + 2H+ Eq. 6.18
.*. H20 + 3SH~ + 2FeO.OH = FeS + FeS2 + 2^0 + 30H~ Eq.6.19

These equations imply the accumulation of acid volatile sulphides

and pyrite in the molar ratio of 1:1, without affecting the alkalinity.

The most favoured mechanism (Goldhaber and Kaplan, 1973) for

pyrite formation involve reaction with elemental sulphur. To produce the

predominance of pyrite over FeS observed in many sediments ( e.g. Kaplan

et ah, 1963; Berner, 1961+p.; Goldhaber, 1971+) an extra amount of elemental

sulphur over that provided by Equations 6.17 - 6.19 is required. This can

be formed by the oxidation of H2S by 0^
2 HgS + 02 = 2^0+ 2S° Eq. 6.20

and would occur essentially at the sediment-water interface, the extra

sulphur reacting further to form pyrite

FeS + S° = FeS2 Eq.6.21
or in the more complex manner of Equations 6.15 and 6.16. These reactions

would be favoured by high dissolved 0^ concentrations in the overlying
sea water, and would tend to produce departures from the predicted stoichio¬

metry. The high oxygen levels (probably > 7CP/0 saturation at all times) of

Loch Duich might therefore result in the poor agreement with the predicted



IOl

stoichiometry. It is interesting to note that in Santa Barbara Basin

dissolved oxygen levels are low ( <0.1 mL/l) (Sholkovitz and Gieskes,

1971), pyrite does not predominate over FeS (Goldhaber, 1974) c^d agreement

with the model is good. Unfortunately, no data on iron sulphides has

been obtained from Loch Duich. The data from the German cruise to West

Africa is also incomplete in that neither dissolved oxygen nor solid

sulphide measurements were made (Seibold, 1972).
It can therefore be concluded that whilst some reaction other

than Eq. 6.4 and CaCO^ precipitation is occurring, its nature is difficult
to ascertain. The degree to which it occurs is closely related to the

degree of sulphate depletion, and the most likely mechanisms are related

to exchange reactions, and sulphide precipitation.

Ammonia and phosphate models

The ammonia and phosphate models (Eq. 6.6, 6.7) are very similar,

in that

A1H,+ <* 2 A SO, 2"4 4
and AH^PO^ * 2 A S0^2~

and that the constants of proportionality are the N:C and P:C ratios in

the decomposing material. Possible limitations of the model have been

mentioned above, and differences between the profiles of ammonia, phosphate

and sulphate with depth have been noted. Graphs similar to Fig. 6.3

might therefore be expected.

Fig. 6.7 shows the application of the ammonia model to data

from 9 cores, and the linear relationships between A NH^+ and 2 A S0^
predicted by the model, for different C:U ratios. As expected, the

graphs may be divided into two Regions as in Fig. 6.6 of the alkalinity

model. In Region B, the model is again inadequate; the apnonia concen-

2_
tration continues to increase while there is little change in 2 A SO^ .



Ammonia and phosphate models

2—0-4-
Figure 6.7 The ammonia model 2 & S0^ = —

AMH.* results from nine cores plotted
t 2-

against the corresponding 2 ASO^
results. According to the model the
two should be linearly related by the
C:N ratio. Dotted straight lines are also
shown corresponding to C:N ratios of 10,
20 and 1+0.

Figure 6.8 The phosphate model 2 Z\ S0^ = ^«AP0^~
The data is presented similarly to that for
the ammonia model (Figure 6.7)» the dotted
lines corresponding to C:P ratios of

100, 200 and 1+00.
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In Region A, approximately linear relationships are seen. There is a

tendency for cores exhibiting a lesser degree of sulphate depletion

(marginal cores 8, M7, Ml8) to show steeper gradients in Region A than

cores from the central area (T1, 1, 3, 6) with greater sulphate depletions.

Pig. 6.8 similarly illustrates the phosphate model. The division

into two Regions can again be made, with the lower linear section and

subsequent steepening gradient being prominent features. Core 6 is

unusual in that it shows a concave-downwards profile in Region A. As

for ammonia there is a tendency for marginal cores (M7, M18, 8) to show

a steeper gradient than central cores (T1, 1, 9) in Region A.

Many papers (e.g., Redfield et al, 1963; Richards, 1965; Gaines

and Pilson, 1972) when applying stoichiometric models to ocean water masses

have employed ratios C:R:P of 106:16:1, as discussed above. This has

been found inadequate for interstitial water systems, and other ratios

have been used to take into account the preferential release of H and P

thought to occur during settling through the overlying water column.

Sholkovitz (1973) discussed the difficulties involved in

selecting a C:N ratio for use in stoichiometric models and presented

two sets of calculated values based on C:R =6.6 (as in Redfield et al-,

1963, etc.) and C:R = 13«2, which was dose to values observed in sedi¬

ments from his area of study. A better fit to his analytical data might

have been obtained by choosing a slightly high value.

The data of Berner et al, (1970) is very similar to the data from

+ / 2
Loch Duich. An initial linear portion on a /2 /\SO^ plot is followed
by a steeper 'tail* when sulphate depletion has ceased, and ammonia

accumulation is still occurring. The initial linear portion would be

well fitted by a C:N ratio of about 10, and therefore differs from both

the central and marginal cores in Loch Duich.

Hartmann et al. (1973) detected changes with depth of
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and suggested that these were caused by preferential oxidation of

nitrogen and phosphorous containing substances. This conclusion is not

necessarily correct as their ammonia concentrations exhibited irregular

fluctuations in the deeper parts of the cores, i.e., in regions where

the change in ASQ^ : AhH^+ are in marked contrast to the smooth
profiles at depth for sulphate, alkalinity, phosphate and calcium,

and the constant C:N ratio in the sediment at all depths. The ammonia

results cannot therefore be treated as recording the progressive changes

and accumulation of ammonia as sulphate steadily decreases. Either other

processes causing irregular removal or loss of ammonia from the deep

sediments must have occurred, or else the sediment cannot be considered

as a homogeneous column (below 35cm depth).

The C:N ratio in recent sediments has been shown by Bader (1955)

to vary with depositions! environment. Data from the Santa Barbara Basin

(Emery and Rittenberg, 1952; Emery, 1960) indicates an increasing C:N

ratio with depth, whilst sediments in other areas discussed by Bader have

decreasing C:h ratio with depth. There is therefore some uncertainty

involved in the employment of a particular C:E ratio. Also, the

possibility of the existence of a refractory fraction of the organic

material has been mentioned. The ability of a bulk C:N ratio to describe

the material being metabolised is therefore questionable.

The data ('Big. 6.7) from Loch Duich would be fitted by C:I = 15-20

for marginal cores, and C:N = 18—2+0 for central cores. These figures

compare with C:N = 6.6 in living plankton, and C:3ST = 13.2 employed in

models by Sholkovitz (1973)* C:N ratios measured on the top 12 cm of

four cores from Loch Duich (S.O. Stanley, pers. comm.) range from 8.5 -

13.1, the higher values occurring in shallower water nearer the head

of the loch. This distribution of higher CrU ratios in marginal areas

is the opposite of that required to fit the model, and the values of C:N
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are mutch lower than those required. It can therefore he concluded that the

model as presented describes qualitatively but not quantitatively the
+ 2-

observed relationship between AEH^ and A SO^ .
It has been noted that marginal cores tended to show steeper

gradients on Pig. 6.7 (Region A) than central cores. This could be due to

variations in C:N ratio of the metabolised material, and variations in

bulk C:R have been found, showing that the organic material is chemically

different in different areas of the loch. Prom the available data it is

not possible to determine whether the observed higher C:N ratios are found

in all marginal areas, or just those close to the sources of fresh

water. C:N ratios of terrestrial material are often higher than those

reported in marine organic material, and it is likely that the observed

higher ratios are due to non-marine material. The observed differences

in : 2 ASO^ ratios from marginal to central cores are therefore
probably not due to differences in C:N ratio of input material.

It has been mentioned previously that release of ammonia could

possibly be accomplished without needing an oxidising agent, and that A
2—

may therefore not be directly related to A SO^ ~. If it is considered
that the evolution of ammonia occurs to some extent independently of

sulphate depletion, then the different ARH,+: 2 A SO. 2 ratios from
4 4

marginal to central cores may be considered in terms of the ratio of the

two reaction rates varying from central to marginal cores. Further evidence

supporting this view will be presented later.

The C:P ratios suggested by the model from Pig. 6.8 are more reason¬

able than the C:N ratios. C:P of marine plankton (106:1, Redfield et al-,

1963) is unlikely to describe the sediment organic matter well, although

no measurements have been made on Loch Duich sediments. The preferential

loss of P during settling and early decomposition will result in a higher

C:P .ratio in the sediment. Sholkovitz (1973)found that his data was
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well fitted by C:P = 200, and measured values of 150-3^0- Hartmann at al.

(1973) measured C:P = 150-300; a range similar to that implied by Pig.

6.8. However, the consistent difference between central and marginal

cores, and lack of correlation with sulphate depletion at depth, suggest

that, as for ammonia, the evolution of phosphate may not be directly

coupled with sulphate depletion, in the manner suggested by the model.

It appears therefore that the stoichiometric model is not applic¬

able to deeper sediments where dissolved sulphate has been depleted

to low levels. The situation is perhaps analogous to the inadequacy

of a denitrification model once sulphate reduction has commenced,

and suggests that some other respiratory mechanism then occurs.

At shallower depths, where the sulphate concentration is rapidly

decreasing, the alkalinity increase is linearly related to sulphate

depletion, though with a different gradient to that predicted, which

suggests that some other reaction is also occurring. The release of

ammonia and phosphate, whilst broadly related to sulphate depletion, may

occur to some extent independently, and not closely follow the predicted

stoichiometry.



Chapter 7

Development of a Kinetic Model

The stoichiometric models of Chapter 6 provided a useful framework for

the initial discussion of the analytical results, and suggested relationships

between various chemical processes, but proved, in detail, inadequate.

These models were based upon the comparison of concentration changes with
2- 3- +

sulphate depletion. At high [SO^ ] , A PO^ andA NH;+ appeared only
2- 2-

partially related to A SO^ , whilst at low [SO^ ] the models could not
— + 3—

account for the continued increases inA HCO^ , A orA PO^ . The
approach that will be used in this chapter is to compare increases inA HCO~

3
3— +

and APO^ with those ofA HN^ . In this way some of the problems encountered
in sulphate depletion models may be avoided. The accumulations will be

compared with that of ammonia, as ammonia shows the simplest profiles

with depth. It may be useful to consider the accumulation of ammonia as a

single, continuous process, although this is not a necessary assumption of

the following discussion.

Ammonia - alkalinity relationships

The relationships between alkalinity and ammonia increases are shown

in Figs. 7-1 and 7-2 and summarised in Fig. 7-3- The cores can be divided

into tv/o groups, central and marginal as in Chapter 3-

a. Marginal group - cores 8, M7, M18, T6.

These cores show linear trends for all samples. AHCO"/ AMH^+ ratios are
similar for all cores (11-5, 12.9, 13-7, 1^.1 respectively).

b. Central group - cores 1, 6, 9> T1, M19

This group is characterised by concave-downwards curves. A steep, possibly

curving initial portion S (Fig. 7-3) becomes less steep and is followed by

a linear portion D. The gradients of the portions D are very constant



A HCO^ - A relationships

Figure 7*1 • A plot ofAHCO^ against A for cores,
collected in 1972, showing the marked
difference in the form of the relationship

between marginal and central cores.

Figure 7.2. A HCO^ against A EH^4" for cores collected
in 1973.

Figure 7*3. A diagrammatic summary of the relationship
between A HCO^ and AKH^+ . Marginal cores
and central core relationships are clearly

separated, the differences between central
cores indicated, and the various po tions

of the relationship for central cores defined.

Figure 7*U« The relationship between sulphate depletion

gradients with depth and the AHCO^ : AEH^+
ratio in the pore water averaged for the top

30-U0 cm. of the cores. Straight lines were

fitted by eye to points representing this

depth interval on Figures 3.^a, 3.^-b, 7«1> 7*2.
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C /SCO"/ANH,+ = 6.5, 6.k, 6.3, 6.3, 6.3 for cores 1, 6, 9, T1, M19
3 A

respectively), whilst the gradients of the portion S are variable. The

transitional region between portions S and D corresponds to the change in

gradient in alkalinity and sulphate profiles.

Figure 7-3 illustrates the relationships between the central and

marginal groups, and the division of the central group comes into two

portions. Portion D occurs in deeper sediments where sulphate depletion

gradients are low. The variable gradients of portion S ('shallow') are

closely correlated with the high sulphate depletion gradients. High

sulphate depletion gradients are associated with high A HCO~/A HH^+ gradients.
In Fig. 7it can be seen that for marginal coresA HCO~:A NH^+ is fairly

2—
constant, even though d[SO^ J/dZ varies by a factor of 2. In contrast,

_ +
the central cores show marked changes in AHCO^/A NH^ with changes in

2—
d[SO^ ]/dZ. A kinetic model based on the bacterial decomposition of
organic materials will now be presented, to assist in the understanding of

the role of organic material during early diagenesis. The model will be
-f. 2

shown able to accommodate the relationships between A HCO"/ Am, and d[SOi ]
* dZ

(Fig. 7.4) in both marginal and central cores.

Marginal cores and shallow portion S of central cores

It has been suggested (Chapter 6) that alkalinity production and ammonia

release may proceed by partially separated mechanisms. The relationships

observed in marginal cores and portion S of central cores may be further

examined in terms of this suggestion. The processes are linked in that

sulphate depletion, alkalinity production, and ammonia production always

occur together, and in similar rdative magnitudes. Cores showing rapid

sulphate depletion with depth always show rapid increases in alkalinity and

ammonia. In detail, however, the relative increases do vary, and the grouping
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into central and marginal cores may be made. Some separation of the two

processes does therefore develop particularly at high rates of reaction.

It is known that many bacteria, for example, sulphate reducers, readily

metabolis.e only certain organic substrates of low molecular weight

(Stanier et al, 1971)- These are produced from the high molecular weight

sedimented material by other micro-organisms, a process to be called process I

The suggested relationships between the various processes can be illustrated

as

Process I

Substrate for

alkalinity (S^)
U„

K
A

V„

Substrate for
ammonia (S^.)

K
N

U
N

V.
N

Alkalinity Ammonia

(Symbols explained below)

In addition it may be reasonable to describe the bacterial processes

resulting in ammonia and alkalinity release in terms of simple enzyme

kinetics. In this way, the rates of alkalinity production (U^) and ammonia
release (U^) may be described by Michaelis-Menten equations (Conn and Stumpf,
1966).

UA = VA [SA] Eq. 7.1
KA + ^

UN = VN [SN] Eq. 7-2
KN + ^

where

V± = Maximum reaction rate.
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[S : = Concentration of organic substrate

= Michaelis-Menten constant (the concentration of substrate producing

U. = V. 2.)
x x/ /-

These equations assume that the reaction rate depends only upon the

organic substrate concentration, and is independent of other variables,

such as dissolved sulphate concentration. The kinetics described by these

equations are shown in Fig. 7-5 (Com and Stumpf, 1966). At low substrate

concentrations, first order kinetics are followed, which alter gradually at

higher concentrations to zero order, where a maximum reaction rate is reached.

In the following discussion of model and data, a further, major, constraint

is placed upon the system, namely that IF (5 considered as constant , ie the

bacterial populations in the cores are not entirely free to vary with the

available substrate, but are broadly similar in all cores. Such a limitation

might occur if the population were restricted by the availability of some

organic growth factor.

In cores of the marginal group, AHCO^ and ANH^+ increase only
comparatively slowly with depth, and, although the gradients with depth are

variable, the ratio AHCO": ANH^+ is constant (Fig. 7.k). It is assumed that
in these cores, the substrate concentrations are low, and such that reaction

rates are on the lower, first order part of Fig. 7-5» The kinetics can be

approximated as

UA = ZA DSa] Eq. 7-3
ka

and UN = [SN] Eq. 7.k
KN

From the data,

AHCO^ = P. ANH^+ in marginal cores (P = constant)
that is, UA = P. UK Eq. 7-5
lie (S^ consumption rate) = P. (S^ consumption rate)] Eq. 7-6



Figure 7-5 Illustration of the kinetics described by the Michaelis-

Menten equation.



V

Reaction rate

V 2

Maximumrate
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Substituting Eq. 7«3i 7-b in Eq. 7-5

\ [S j = P. [S J

ka kn

= P. V VN Eq. 7.7
[Sjj] KJJ. VA

Hence the substrate concentrations are maintained in a constant ratio at

all depths in all the marginal cores. Information can therefore be obtained

as to the character of Process I. In order to keep this ratio constant it

is necessary that the required substrates S^ and S^ are produced in the
same ratio, and at the same rate, as they are consumed. Process I, therefore,

must produce the substrates in a fixed ratio both with depth in a single

core, and between cores.

Whilst cores of the marginal group (Fig. 7«3) showed constant A HCO~: ANH,
3 P

ratios between cores, portions of cores of the central group have higher,
— +

and variable AHGO^:A NH^ ratios between cores. The ratio increases with
increasing sulphate depletion gradient. (Fig. 7-b)

— +
In these central cores, A HCO^ and A WH^ increase more rapidly with

depth, and so the rate of production of substrates by Process I, and the

substrate concentrations present, are probably higher. At higher substrate

concentrations, the Michaelis-Menten equation predicts a departure from

first order towards zero order kinetics, and a lower reaction rate than

would be found had first order kinetics been followed. The increasing

A HCO^: ANH^+ ratios (Fig. 7-b) may be interpreted as indicating that at
higher substrate concentrations, the rate of the alkalinity-producing

process continues to increase, whilst the rate of ammonia production departs

from first order kinetics, and, relative to alkalinity production, slows down.
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In terras of the Michaelis-Menten equation, marked departure from first

order kinetics commences when [S.] = K. (Fig. 7-5)- AHCO":A NH,+ is higher
x . 1 j M-

in central than marginal cores (Fig. 7-^) which implies that at increasing

rate of Process I, [S^] reaches before reaches K^. Also A HCO^:A
would increase with increasing substrate levels above [S^] = K^, and provide
the marked relationship between A HCO": A NH^4" and d [SO^ ] (Fig. 7-^)

4- iin central cores.

The stoichiometric model of Chapter 6 predicted a linear relationship

between AHCO" and A NH^+, with /HCO":A NH^+ = C:N ratio in the decomposing
material. This ratio is 6.6:1 in living plankton, but Sholkovitz (1973)

found his data well fitted by C:N = 13-2 (see Chapter 6). It is interesting

to compare this with the consistent linear trends of marginal cores. The

average /HCO": ANH^+ ratio of the marginal cores is 13*1- Sholkovitz's
stoichiometric model would, therefore, fit the data from the marginal cores

well. The data in this study only depart from such a model at high sulphate

depletion gradients when the suggested kinetic effects are observed. The

stoichiometric model may be thought of as describing cores in which

substrate concentrations are low, and reaction rates exhibit first order

kinetics, with respect to the organic substrate.

Simple Michaelis-Menten kinetics can, therefore, account for the

observed relationships between ammonia and alkalinity accumulations in

marginal cores, and the upper parts of central cores. The reaction rates

are assumed to be dependent only upon the organic substrate concentration,

and independent of other variables eg sulphate concentration.

Ammonia - phosphate relationships

Figs. 7-6 and 7-7 show the relative accumulations of ammonia and phosphate

for 10 cores, and straight lines indicating different ratios between them.
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A MHi+ - A.PO, ^ relationships
4 k

Figure 7«6. A plot of ANH^+ against AP0^3~
five central cores. The stoichiometric

model predicted that these would he linearly
related by the N:P ratio in the sediment

organic material, and lines corresponding
to N:P = 10, 16 and are shown.

Figure 7«7» Data from marginal cores similarly treated.

Figure 7-8 Date from two selected cores to illustrate the

characteristic ADH^+ _ AP0^~ relationships
shown by the two groups of cores.

Core 1 is in Group L.

Core 6 is in Group C.
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The points are mostly contained between the lines N:P = 10 and N;P = 25.

This can be compared with N:P = 16 in living plankton (Redfield et al, 1963),

the same ratio used by Sholkovitz (1973) for Santa Barbara Basin sediments

and N:P =11-^0 measured by Hartmann et al.(l973) in West African coastal

sediments. Samples from both central and marginal cores have broadly similar
+ 3—

: A ratios. In detail, however, there may be a tendency for
,4. 3™"

some central cores (Fig. 7-6) to show higher NH^ ratios than some
of the marginal cores (Fig. 7-7)-

Examination of the graphs for individual cores in Figs. 7-6, 7-7 reveals

that they can be divided into two groups, typical cores from which are shown

in Fig. 7*8.

Group L: Graphs are generally linear (eg. Core 1), as predicted by the

stoichiometric models (Chapter 6).

Group C: Graphs show a marked change of gradient separating a lower curved

portion from an upper linear portion (eg. Core 6).

This grouping is not the same as the marginal and central grouping

used above. Group L includes three central cores (1, M19, 9) and one

marginal core (M18). Group C includes cores 6, M7, 8, T6 and T1. Of these,

T1 is the only geographically central core, and shows the least marked

change in gradient, whilst the effect is important in cores from the sides

of the loch.

This change of gradient is not related to those observed in sulphate

and alkalinity profiles. It occurs at different concentrations of ammonia

and phosphorus in different cores, tending to occur at higher concentrations

in cores showing more rapid sulphate depletion (eg. cores 6, T1).

No consistent relationship is found between the occurrence of Group C

cores and position in the loch, depth of water, sediment type, or sulphate

depletion profile. The change of gradient could be due to initial absorbtion
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of NH^, or rapid release of phosphate. It was noted in relation to Pigs.
2— 3— 2—

6.7 and 6.8 that whilst A 1H^+ / 2AS0^ graphs were linear,APO^ / 2 A SO^
graphs were sometimes concave downwards, i.e., a relatively rapid initial

phosphate accumulation occurred.

Pratt et al.(1973) observed the decomposition of mixed domestic

waste in sea water, and noted that phosphate release began earlier than

ammonia release.

Grill and Eichards (1961|.) experimentally decomposed phytoplankton

and reported that after an initial rapid evolution of phosphate, a linear

relationship was found between phosphate and ammonia release.

It is therefore reasonable that a preferential early release of

phosphate relative to ammonia might occur, resulting in curves of the

Group C type. It is interesting to note that certain of the Group C

cores have abnormally high A :APO^ ratios in the upper linear
portions (e.g., for cores 6, T6, M/, AM^+ : AFO^~ = 37, 31, 32).
This may suggest the decomposition of a different type of organic material

at depth in these sediments. It is then perhaps relevant to note that cores

6 and 8 displayed markedly different organic carbon profiles with depth

(Fig. 2.13) to those of more central cores (cores 1, 9). The marked decrease

in organic carbon content occurs at similar depth to the change of gradient

in the ANH^+ :APO^ graphs, being considerably deeper in core 6 than in
core 8. Unfortunately carbon data from other cores is not available.

Whilst, therefore, it is not possible to be certain that the form of the

A : APO^ plot is dependent upon the organic carbon profile, it
may be put forward as a suggestion. The lack of strict regularity of the

occurrence of Group C cores (i.e., T1 is in Group c) perhaps indicates

that some other factor may be involved.
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Chapter 8

Reactions at low sulphate concentrations

The observations in this study of the chemical changes after sulphate

reduction are unique for marine sediments. The detailed studies of

Sholkovitz (1973), Hartmann et §1.(1973)5 Thorstensen and McKenzie (197^)
did not reach depths where such complete sulphate depletion had occurred.

Very low sulphate concentrations have previously been observed (eg. Berner,

196^a*, Berner et al.,1970; Nissenbaum et al.,1972; Goldhaber, 197^; etc),

but in less comprehensive studies. The data of Berner et al.(1970) from

Somes Sound showed the dissolved ammonia concentration continuing to increase

after sulphate reduction had ceased. This was developed further (Berner, 1972)

into a theory of different bacterial populations being responsible for

sulphate reduction and ammonia release. Goldhaber (197^) noted a similar

effect in one of his cores.

Of A HC0~, ANH^+ and A P0^~ increases,A HC0~ is the most affected by
the loss of dissolved sulphate (Fig. 3-13i 6.1, 6.2). In Chapters 6 and 7

it was shown that the initial alkalinity increases were closely linked with
2_

sulphate depletion. In deeper sediments, where [SO^ ] is low, and sulphate
depletion gradients are much reduced, a different mechanism must be responsible

for the continuing increase in alkalinity (Fig. 6.6, Region B; and Fig. 7-3i

Portion Dl Phosphate and ammonia release is, however, much less closely

linked with sulphate depletion, and a model has been devised whereby they

occur by mechanisms to some extent separate from sulphate depletion.
+ 3-

: APO^ ratios are either constant during and after sulphate
depletion, or show changes not related to sulphate depletion. There is,

therefore, no reason to suppose that the processes causing their release

change when sulphate is lost, in marked contrast to the alkalinity-releasing

processes. Some other mechanism must be causing alkalinity increase after

sulphate reduction. In Chapter 7 it was noted that after sulphate reduction

(Portion L of central cores) A HC0~;A NH^+ ratios were very constant. An
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attempt will now be made to examine other environments where [SO^ ] is
low, and to discuss possible processes causing the continuing increases in

alkalinity.

Sea-water lacking dissolved sulphate can be also found as the bottom

waters of some deep lake basins of fjordic areas. The alkalinity of such

water in Lake fokke (Borholtf jorden) (StrBm, 1957) is 60 meq/l.. which is

approximately twice that predictable for the water, allowance being made for

the reduced chlorinity. In Powell Lake, British Columbia (Williams et al,
2+

1961) the alkalinity is 20% higher than predictable, although no Ca

analyses were made, and an increase in Ca^+ (as observed in Lake Tokke)

might account for the discrepancy.

In that dissolved sulphate is low, an analogy may be drawn between the

deep sediments of central cores and fresh-water lake sediments. Published

information on the interstitial water chemistry of lake sediments is sparse.

Weiler (1973) observed maximum alkalinities of ^.5 meq/l; and states his

results are similar to those obtained from other lakes by MUller (1969)

and Callander (1969). Weiler models his alkalinity on sulphate depletion.

An examination of his data by the stoichiometric model discussed here

(Chapter 6) indicates an excess of alkalinity produced over that predicted.

It appears that 'excess' alkalinities, as observed deep in central cores,

can occur in other environments.

It has been mentioned (Chapter 6) that the inadequacy of the sulphate

depletion model at low sulphate concentrations is analogous with the

inadequacy of a denitrification model once sulphate reduction has commenced.

It might therefore be logical to look for a further bacterial respiration

mechanism after sulphate depletion.
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Following the reduction of the available sulphate, methane-formation

is found to be an important process in many environments including waterlogged

pally-field soil (Tafeai and Kamura, 1966), decomposing algae (Foree and

McCarty, 1970), sludge digestors (Toerien and Hattingh, 1969), and lake mud

(Cappenberg, 197^a). The sequential nature of the two processes is thought

to be due to the toxicity of H^S towards methane bacteria .

,(Cappenberg, 197^a, b) or possibly to competition for substrate

(Nissenbaum et al, 1972^ Stanier et al, 19715 Goldhaber and KaplaUj 1975) •

In some environments the two processes have been observed occurring

simultaneously eg. paddy soil (Takai and Kamura, 1966), domestic waste in

salt water (Pratt et al-, 1973), marine sediments (Nissenbaum et al, 1972),

and this may be related to the existence of microenvironments. The methane

bacteria can probably only metabolise (Toerien and Hattingh, 1969) a very

limited group of substrates; formate, acetate, methanol, CO^ and in
either respirational or fermentational processes.

°°2 + 4H2 =

CH, GOOH3

Hco: +
3 2

These reactions will not affect the observed alkalinity, and therefore

the continuing increase in alkalinity is not due to methane production,

which is the major respirational process occurring after sulphate reduction.

The only other direct source of titratable groups in the water would

be basic organic compounds such as tertiary or aromatic amines, or larger

molecules including similar groups. These may be released into the water

during early diagenesis. If the interstitial water contains 200 mg/l

organic carbon (Brown et al, 1972), to produce the 15-20 mei^/l

increase in alkalinity observed in portion D (Fig. 7-3) of central cores

would require one titratable group to each carbon atom. This would appear

CH^ + 2H20

CH^ + C02
CH^ + 2H20 + OH"



highly unlikely, but the mechanism may account for some portion of the

alkalinity increase.

Increases in alkalinity can occur through the interaction of dissolved

species with the solid material. Exchange reactions between clays and

acidic species, such as

H_CO + Na-clay = H-clay + HCO + Na+ Eq. 8 .2

C1L COOH + Na-clay = CH,COO~ + H-clay + Na+ Eq* 5
will increase the measured alkalinity by an amount equal to the equivalents

of sodium (or potassium) released. An increase in alkalinity of 10-20 meq/l

would increase the dissolved Na level by 2-k%.

The interstitial water may contain considerable amounts of dissolved

GO^ in excess of that released as in the sulphate reduction model, derived
from decarboxylations and fermentations, and which would be available to

take part in this kind of reaction. Eq. 8..2 if significant, would be

expected to occur, however, at all depths in the core, and not be confined

to, or dominant in, only the deeper sediments.

It has been noted that A HC0~ ; A NHratios in the deep sediments

are very constant, which suggests that some relationship still exists
— + +

between A HCO^ andA NH^ increases. A NH^ profiles are linear throughout
the cores, and so the rate of the ammonia-releasing process continues

unchanged, even though sulphate is depleted. In terms of the model of

Chapter 7? this means that the Process I, forming the ammonia substrate,

continues. However, Process I also produces the substrate for alkalinity

production during sulphate reduction.

The principle pathways of the sulphate-reducer Desulphovibrio (Fig. 8.1)

show that it can only metabolize a limited range of low molecular weight

carboxylic acids. Process I must, therefore, produce carboxylic acids as

the substrate for alkalinity production. It has been suggested that Process I



Figure 8.1.

Principal pathways of Desulphovibrio (Stanier et al.1971)
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continues after sulphate depletion, and therefore these carboxylic acids

would accumulate in the absence of dissolved sulphate. Cappenberg (I97^b)

showed that in lake muds the inhibition of sulphate reduction caused an

accumulation of lactic acid, an important substrate for sulphate-reducers.

The exhaustion of dissolved sulphate will inhibit sulphate reduction, and

so it is reasonable that the organic substrate may accumulate.

The organic substrates, being acids, would be able to be involved in

exchange reactions as Eq. 8.3, and cause increases in alkalinity, and a

relationship with ammonia production is maintained through Process I. The

exact relationship will depend upon the detailed nature of Process X, which

is probably a complex combination of anaerobic fermentations.

One possible type of fermentation releasing suitable substrates is a

mixed acid fermentation, performed by many facultative anaerobic bacteria

(Stanier et al-, 1971)-

2 C, H,, 0, + H O = 2 CH-z . CH.OH.GOOH + CH COOH +
o 12 6 2 3 3

Lactic acid Acetic acid

CH CH OH + 2C0 + 2H 0
5 d d d

Ethanol Eq. 8.b

This may be combined with sulphate reduction in an equation

2 CgH^Og + 2S0^2" - ifCH^COOH + 2^00^ + 2HC0~ + 2HS" Eq- 8-5
ie the consumption of two 'glucose' units increases the alkalinity by h

units. This equation differs from that of the stoichiometric model

(Chapter 10) in that acetic acid is foimed. Sulphate-reducers do not possess

enzymes of the tricarboxylic acid cycle (Stanier et al, 1971) and so oxidation

ceases at the acetic acid level (Fig. 8.1). This does not affect the
- 2-

stoichiometry AHCO^ = 2A SO^ as acetic acid is in the same carbohydrate¬
like oxidation state as the starting material in the stoichiometric model,

and in Eq. 8.^. The acetic acid released could be metabolised by methane

producers, as in Eq. 8.1.
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In the absence of available SO^ , Eq. 8.k indicates that lactic acid

would be released into the interstitial water. If the lactic acid were to

follow exchange reactions as Eq. 8.3 the consumption of 2 'glucose' units

would increase the alkalinity by 2 units, ie half the increase under
mmt "4"

sulphate reduction. The A HCOy A NH^ ratio after sulphate reduction would
therefore be predicted as being half that during sulphate reduction.

•mm "4"

AHCO^: AIH^ ratio in marginal cores reflects the ratio of the
production rates of the substrates by Process I, and averages 13-1. AhCO~:ANH^
in portion D of central cores averages 6.k, ie approximately half that during

sulphate reduction.

This apparently remarkable agreement is not a general solution, as the

stoicl iometry of mixed acid fermentations can vary considerably depending

upon conditions of cultivation (Stanier et al, 1971) and this would affect

the relationship between the twoAHCO^: A NH^+ ratios. It does, however,
suggest a mechanism whereby continuing alkalinity increases may occur, and

a close relationship be maintained between A HCO~ andANH^+. Also, it will
only become important after sulphate has been depleted to low levels.

The dissolved organic carbon concentration (probably up to 200 mg/l )

is not necessarily a restraint upon the occurrence of the process. The

acid cations released into the water could be further metabolised by

methanogenic bacteria.

Exchange:

CH^GHOH.C00H + Na-clay->CH^CH0H.CQ0~ + H-clay + Na+
Lactic acid

Equilibration:

CH2CH0H.C00" + H20 CH CHOH.G00H + 0H~
Methanogenesis:

2 CH^CHOH.COOH + 20H" -> 3CH^ + 3C02 + 20H~



The equilibration and methanogenesis steps do not affect the

alkalinity produced in the exchange reaction. In this way, organic carbon

may be lost from the water, and the build-up of high levels of dissolved

acids avoided.

The extended model is shown in Fig. 8.2. Of the various mechanisms for

increasing alkalinity after sulphate reduction discussed, it is the most

attractive, as it can best accommodate the analytical observations.
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Chapter 9

Kinetics of sulphate depletion

The rate at which dissolved sulphate is depleted in marine sediments

is found to vary from place to place. Being a microbiological process,

sulphate reduction rates are likely to be controlled by substrate concen-

2-
trations ie concentrations of SO^ and organic material. Interstitial
water sulphate profiles are very variable, and interest in the literature

has centred upon the organic substrate. The concept of rnetabolisable organic

carbon has arisen, that is, the portion of the total organic material

present which is available to the metabolic activities of sulphate-reducing

bacteria, either directly, or as a result of the activities of other groups

of organisms.

Evidence for this partitioning of organic material has been obtained

from various sources. Experimental decomposition of marine organic

material (eg: Grill and Richards, 196^; Ogura, 1972; Zsolnay ,1973) has shown

that readily utilized, and refractory fractions exist. Deep sea organic

material (Barber,1968) is found to resist decomposition, and also at great

depths microbiological processes seem to proceed at much slower rates than

at lower pressures (Jannasch et al./l97l)» Sorokin (196^) from studies of

sulphate reduction in Black Sea sediments concluded that the process was

limited by the availability of suitable organic substrates.

In consequence, the most frequently used models of sulphate depletion

(egBerner, 196^fc>, 197Z 7 Goldhaber, 197*0 in sediments assume that the

sulphate reduction rate is first order with respect to the metabolisable

carbon present. Observed decreases in total organic carbon with depth

are assumed due to the consumption of substrate by sulphate-reducing

bacteria.
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Rees (1973) has recently suggested a model in an attempt to account

for the variable sulphur isotope fractionations onserved in experimental

laboratory studies of sulphate reduction. He postulates complete enzyme

saturation by sulphate at high concentrations resulting in zero order

kinetics, and a change to 1st order kinetics with respect to sulphate at

lower sulphate concentrations. He predicts, following the work of Harrison

(1957, quoted in Rees, 1973) that the change to 1st order kinetics should
2 —2

occur at [SO^ ] = ~10 M. Goldhaber and Kaplan (1973) ad so mention
the possibility that sulphate may be the rate limiting factor at low

concentrations.

The concentrations of sulphate, alkalinity, ammonia, and phosphate

in Loch Duich interstitial water show smooth profiles with depth in all

cores (Chapter 3)« In contrast, the total organic carbon content (Chapter

2) for many cores shows considerable variations. For example, in core 8

it is reduced from 6/0 to Ifyo between 20 and U0 cm and in core 6 from 7% to

1+. between 5>0 and 80 cm. These major changes are not reflected in the

pore water chemistry, except perhaps in the f\HH^+ : AP0^~ relationship
in some cores. This would indicate that variations in the total organic

carbon do not strongly influence the chemical changes in a core. It is not

possible to estimate what proportion of the total carbon may be metabolis-

able. Ho regular decrease in organic carbon with depth is seen, indeed,

many cores (e.g. cores 1, 9» 6, 8) show an increase of organic carbon

with depth in the top 20-5>0 cm of the core.

It was noted (Chapter 3) that in central cores the dissolved sulphate

profiles were linear in the upper portions of the cores, and showed a

change of gradient at ~I(0 cm depth. This behaviour is similar to that

►



predicted by Hees (1973)- If» as he suggests, sulphate depletion were 1st

order with respect to sulphate at low sulphate concentrations, then

dLS0^"J = -k [so,2-:
at 4

ie log [SO^2-] = -kt + c
where k and c are constants.

Assuming that the sedimentation rate is constant over the interval

studied

log [SO^2-] = -kz + c
where z is depth.

2-
Graphs of log [SO. ] against depth* for 3 cores are given in Figs

9-1 and 9-2. In each case an upper, curved portion is followed by a lower

linear portion, indicating that 1st order kinetics are followed at low
2—

sulphate concentrations. Kinetics are 1st order at [SO^ <5? 3 and 1.7mM,
in cores 6, 1 and 9 respectively (Fig. 9-2).

The gradients of the linear portions of the graphs in Fig. 9-1» 9-2

are related to the 1st order rate constants (k). This will be related to

the size or activity of the bacterial population. A larger, more active

population would have a. larger k, and the change from zero order to 1st

order reaction would occur at a higher sulphate concentration, as more

sulphate would be required to saturate the enzymes.

The table on Fig 9-2 shows that the gradients and critical sulphate

concentrations are consistent with the activities of the populations being

in the order core 6> core 1> core 9-

* No correction is made for compaction, as in two central cores for which
water content data is available (cores M19, T1), the porosity (calculated
from water content) decreases by only 5$ in the top 1.3m, and the correction
for compaction would therefore be small. It is assumed other central
cores had similar water contents.



Kinetics of sulphate reduction

2_ ~j
Figure 9-1. Graphs of 1°^q [ SO^ J against depth for

cores 6 and 1. The division of the profiles

into an upper curved portion and a lower linear

portion (to which straight lines have been

fitted) is clearly shown.

Figure 9.2. A similar plot for core 9, and a table showing
the sulphate concentration at which groups on

Figures 9-1 and 9• 2 change from curved to linear
and the gradient of the linear portion

(d( log [SO^2-] ) /dz).
Figure 9*3 The Lineweaver-Burke plot of sulphate depletion

for core 6. T is fixed from the linear
max

sulphate depletion gradient in neaz^surface
sediments in Figure 3
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The apparent change with decreasing sulphate concentration from zero

order to 1st order kinetics is vei"y similar to that described by simple

Michaelis-Menten kinetics (Chapter 7) -

dCSO^2-]
dt

max
Cso^-]

K ?- P-

so^ + [so^ 3
The substititLon of depth for time (see above) gives

r1d[S0;+2~] V'
dz

max Cso^-]
K ?-

+ [SO^ ]

xe
dz

dCSO^2-] Kso,2-
V'

max
[so^2-] max

From this equation it can be seen that a plot of
dz

dESO^2-]
against

:so42-:
enables the parameters of the equation V and K^q 2- to be

T*

estimated.

The only core from ifhich adequate data was obtained is core 6. From

the shallow linear porticnof its sulphate profile with depth (Fig

At
2-1 —1 —1V was estimated as O.^k mMl. cm . At low [SO, ] a curve was fitted

• HCA-X.
dz

by eye to the profile, and the gradient r.n 2—, measured by various points.
d|_oU^ j

The resulting Linewe.aver-Burke plot (Fig 9-3) gives K 2- = IJmMj/l- ..

This is unexpectedly high, probably because of errors in the estimation of

the sulphate consumption rate (see beloiv).

It has been pointed out by Redfield et. §1.(1963) that under steady

state conditions no information can be obtained about the true rates at

which observed processes are occurring. The above quantitative discussion



of 1st order rate constants and Michaelis-Menten constants is only valid

for closed systems. It has been established (Chapter 5) that Loch Duich

sediments are unlikely to be closed systems, and so the numerical results

obtained above will not well reflect the true reaction rates. The discussion

is, however, qualitatively valid. Linear profiles with depth of dissolved

sulphate imply a zero order reaction, if compaction is negligible. The

change from a linear to a curved profile at depth which asymptotically
2_

approaches [SO^ ] = 0 implies a change to non-zero order kinetics with
respect to sulphate. The Michaelis-Menten equation may be applicable to

sulphate-reduction and is a simple description of enzyme kinetics which are

consistent with the observed profiles.

The above approach is similar to that of Ramm and Bella (197^) who

studied sulphide production rates during the laboratory decomposition of

extracts from algal mats. Their experiments were performed in closed systems,

and they found that the reaction rate followed Michaelis-Menten type

kinetics, but was dependent upon both sulphate concentration and soluble

organic carbon (S.O.C.) concentration.

d[S0,1 _ [SO,2"]1*3 [S.O.C.]
xe 4= R 4 x

——— max 5—r—r

Kso^ f [SO^"]1-5 Ksoc + [S.O.C.]
They found that their data were better fitted if the sulphate

concentration were raised to the power 1-3- They concluded that 'an apparent
2-

kinetic threshold for sulphate reduction may exist at [SO^ ] of about 300
mg/l, ' (ie ~^3mM/l. ;), and that sulphate would not be limiting in sea or

brackish water, but was likely to be so) in lakes. This could be extended

to include marine sediment interstitial water where considerable sulphate

depletion had occurred. The kinetic threshold they suggest is of the same

order as those observed in cores 1, 6, 9 (Table 9-2).
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it has been frequently observed (egBerner, 1964a, 1972; Goldhaber, 1974;a-"-oL

central cores in this study) that pore water sulphate concentrations in many

cores asymptotically approach zero at depth. The advection-diffusion models

sometimes applied to these profiles assume that the rate of bacterial sulphate

reduction is proportional to the concentration of metabolisable carbon

(eg. Berner, 1972; Goldhaber, 1974). Therefore in such cores the metabolisable

carbon and available sulphate must both approach zero simultaneously which is,

as pointed out by Goldhaber (1974) ■> somewhat fortuitous. This apparently

frequent coincidence, and the controversy over whether carbon or sulphate

controls sulphate reduction rates may be partially resolvable if equations

of the type discussed by Ramm and Bella (see above) involving dual control

are considered. Their soluble organic carbon term may be replaceable by a

metabolisable carbon or organic substrate term. In this way, if the

available carbon were depleted before sulphate, the reaction would cease,

and the dissolved sulphate profile asymptotically approach a positive
2-

sulphate concentration. If metabolisable carbon were in excess, [SO^ ] = 0
would be asymptotically approached at depth.

It may be possible, therefore, to describe bacterial sulphate reduction

in terms of enzyme kinetics. The zero and first order kinetics inferred

from the work in this study are consistent with Michaelis-Menten kinetics,

with sulphate as the limiting substrate at depth in central cores. Published

discussions of data from elsewhere often point to metabolisable carbon as

being the critical substrate. This may be reconciled with the conclusions

of this study by postulating dual control, as discussed by R.amm and Bella

(1974).

>
i



irr

Chapter 10

Discussion and Conclusions

Diagenesis of organic material

In the thesis, separate chapters have been concerned with

distinct, although related, aspects of the diagenesis of organic

material, iy way of a synthesis, an attempt will now be made to

describe sequentially the processes occurring during the burial of the

sediments of Loch Buich, with particular reference to the organic

material, ammonia, phosphate and alkalinity.

It has been shown that this organic material is a mixture of

marine and non-marine material. The C:N ratio (8-13) is higher than is

typically found for purely marine material (6-8), and is therefore consist¬

ent with the incorporation of an amount of terrestrial material, which

normally displays higher C:N ratios.

In the very surface sediments, probably limited to the uppermost

1cm or less, oxygen-based respiration occurs. The organic material is

partially decomposed by the Venthic fauna. Davies (1975) has shown that a

large proportion of the carbon reaching the sediment surface in another

sea loch, Loch Thurnaig, is oxidised to CO^ and released to the overlying
waters by Venthie organisms respiring dissolved oxygen. Similarly,

considerable quantities of nitrogen are released as ammonia by the same

organisms. The organic material which is eventually incorporated into

the deeper sediments is, therefore, only a small proportion of that

which is deposited on the sea floor. In that any organic material

remains at all at depth, the rate of re-mineralisation at depths beyond

oxygen utilisation must be small compared with the rate of the processes

occurring in the surface sediments. Whether this buried material is a

refractory fraction of the settled material, refrac'tory material formed
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in the surface sediments, or merely material excess to the requirements

of the surface community is open to conjecture.

Below the zone of oxygen utilisation, there presumably exists a

narrow zone of respiration based on nitrate reduction (ClaypooL and

Kaplan, 197U)* No attempt was made to detect this zone in Loch IXiich

sediments. The quantitative importance of this relative to the decom¬

position of nitrogen within organic materials is small, because nitrate

will only be available in micro-molar quantities.

Below the zone of nitrate reduction, sulphate reduction occurs

(day,pool and Kaplan, 197U)« This is accompanied by marked increases in

alkalinity, phosphate and ammonia. The phosphate and ammonia concen¬

trations, even at the commencement of sulphate reduction, may be enhanced

over those in the overlying water because of the processed occurring

in the near surface sediments. However, these effects are small compared

with those accompanying marked sulphate depletion, and possibly further

limited by any near surface bioturbation which may occur.

The model developed in this thesis suggests that the organic

substrates required for the bacterial reduction of sulphate (and alkalinity

increase) and release of ammonia are both produced in a single complex

Process I. The rate of sulphate reduction is dependent upon both the

available sulphate and suitable low molecular weight organic acids

(Chapter 9)« At depths where the concentration of sulphate is in excess

of about 5>mM/l, the organic substrate exercises the strongest control over

the rate of reduction. In turn, this is controlled by the rate of Process

I, which is presumably controlled by some other factors. In central cores,

these factors operate in such a way as to result in a constant rate of

Process I, giving a steady supply of low molecular weight acids. An

equilibrium is then established in any core between the rate of supply of
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these acids, and their rate of utilisation such that linear profiles

with depth of dissolved sulphate are produced, so long as there is

sufficient sulphate present such that it has no appreciable effect on

the reaction rate.

In marginal cores, the controls on Process I operate so as to

provide organic acids at a decreasing rate with depth. Sulphate profiles

tend to be concave downwards (Pig. 3«7|b). Although sulphate is still

present in central cores, the reduction rate in marginal cores decreases

with depth. This effect, according to the model, is due to a decreasing

availability of the necessary organic acids at depth, in turn reflecting

a decreasing rate of Process I.

It was stated above that Process I also produced the substrate

required for ammonia release. This dual function results in the .close

linear relationship observed between alkalinity and ammonia increases in

marginal cores (Figs. 7-1 > 7*2). In central cores, however, the ,AHCO^ :

ABH^4" relationship varies with reaction rate, and it is suggested that
a further kinetic effect is observed by which the rate of ammonia release

does not increase proportionally to the rate of alkalinity production.

The effect becomes more marked the more rapid the rate of alkalinity
2—

increase (SO^ reduction) with depth (Pig. 7.k) and this is rationalised
in terms of reaction rates being governed by Michaelis-Menten-type

kinetics. It is suggested that the reaction resulting in ammonia release

departs from first order kinetics at a lower rate of Process I than would

affect the production of alkalinity.

Below these depths in central cores, sulphate is reduced to low

concentrations (less than about 5mM/l) and exerts considerable control

over the rate of sulphate depletion. In Chapter 9 it was shown that

sulphate reduction is probably first order with respect to the dissolved

sulphate concentration in these deeper sediments. That Process I continues

largely unabated is shown by the continuing release of ammonia at these

depths (Pig. 3«6a). In some cores (e.g., cores 1, M19) no decrease in
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ammonia production, rate at depth can be discerned. In others some

reduction does occur, but the change is markedly less than these in the

sulphate depletion and alkalinity production rates. The decrease in the

sulphate depletion rate results in an excess production by Process I of

the low molecular weight acids utilised by the sulphate reducers.

It is suggested that these acids are the basis of the increases

in alkalinity which continue at depth beyond active sulphate depletion,

such that the alkalinity increases to levels greater than can be

accounted for by stoichiometric transfer of charge from sulphate to

titratable species.

Cation exchange reactions between these acids and clay minerals is

proposed as the mechanism whereby the continuing increases occur,

and also the strong relationship between AHCO^ and ANH^+ k (Fig. 7-"1 >
7 • 2 )maintained.

The above, therefore, is the framework which has been developed

within which the changes in interstitial water chemistry may be viewed.

Some difficulties or uncertainties still remain, for example, concerning

the details of the metabolism of the small organic acids.

Problems of acetate generation and consumption
I

The mechanisms presented require that a further process occurs

in the sediments, at the same depths as sulphate reduction, which removes

the acetic acid released by the sulphate reducer*(Pig. 8.1). If this

were not removed it would accumulate to milli-molar concentrations,

which is probably unreasonable as Krom (in press) found that the

concentration of dissolved organic carbon in molecules of molecular

weight less than 1000 was about 10mg/l in Loch Duich sediments.

Cappenberg (l97Ub), however, found acetate and lactate concentrations

of 10-20 yug/ml of wet mud at 8 cm depth in freshwater sediments.



It is known, that certain groups of methanogenic bacteria readily

metabolise acetate, and it is suggested above that these bacteria could

control the acetate concentration in the sulphate reducing zone. However,

there are certain difficulties associated with this suggestion. The

apparent sequential nature of sulphate reduction and methanogenesis in

certain environments has been discussed above, although methane has been

detected in sediments undergoing sulphate depletion (e.g., Hissenbaum

et aL, 1972; Martens and Berner, 197^+)• This has been variousl^explained

by diffusional processes, or the existence of microenvironments. Further

debate is focussed upon the dominant methanogenic process occurring in

sediments, be it acetate fermentation (e.g. Cappenberg, 1974b)(Eq.10.1) or

CO^- reduction (Eq.10.2) (e.g., Clay\pool and Kaplan, 1974)-

Equation 10.2 requires a hydrogen producing bacterial process, about which

little is known, although its presence has been inferred from various data

(Nissenbaum et al, 1972; Claypool and Kaplan, 1974, TotrLtlv and Hattingh,

1969).

It has also been suggested from field observations (Reaburgh, 1976)

and both suggested (Davis and Yarborough, 1966) and denied (S'orokin, 1957;

Martens and Berner, 1974) from laboratory studies that methanecan act as

a carbon source for sulphate-reducing bacteria.

A selection of equations can be written describing reactions which

may be occurring in Loch Duich sediments.

CH^COOH —5. CH^ + C02
C02 + I|H2 CH^ + 2H20

Eq. 10.1

Eq.10.2

B, CH^COOH CH^ + C02

By addition A + B + C —9 0
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D. UCH20 + 2S0^2" = iiHCO^"" + IjHgS
E. C02 + UE2 = CH^ + 2H20

It is perhaps useful to consider what these equations may imply in

terms of the stoichiometric models previously discussed. Firstly, none

2-
of these reactions will affect the stoichiometric AHCO_ = 2 A SO,3 b

relationship. Equation D is, in fact, identical to the model, and the

model is based upon change transfer from the sulphate ion, and does not

involve the nature of the carbon source.

It has frequently been suggested (e.g. Claypool and Kaplan, 197^4-)

that methane production (in particular by equation B) is inhibited by

the presence of E^S. This leads to an interesting possibility.

Equation A represents the breakdown of complex molecules containing

nitrogen and phosphorous as well as carbon. The nitrogen and phosphorus

may be released as ammonia and phosphate, and the carbon partially

oxidised to bicarbonate. The other carbon as acetate can be metabolised

via equations B and C to HCO^ . The total effect, Equation D, is
as the stoichiometric model, i.e.

A HC03~
A

in the pore water would equal C^ in the sediment organic matter under¬
going decomposition. If, however, equation B is inhibited by the presence

of H2S, then the sequential equation C would also be inhibited. Hence,
less than the full amount of carbon on the left hand side of equation A

would be released as HCO„ , whilst the full amount of HH,+ and PO, would3 4 4
still be released, i.e.

A hco ~ c

f~ ^
A HH^

in the sediments; an apparent preferential release of nitrogen.

The dissolved sulphide data (Chapter 3) showed that in the

i
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upper parts of cores its concentration was related to the sulphate

depletion gradient, the higher the gradient the more sulphide was

present. Therefore, the degree of inhibition of equation B may increase

with HgS concentration, or sulphate depletion gradient. This could result
in progressively lower A HCO^ : ratios relative to C^ ratios
in a series of cores from the slower reacting marginal cores, to the more

rapidly sulphate-depleting central cores. Such a relationship was not

found (ligs. 7.1, 7-2); indeed, the opposite was the case. It is

therefore necessary that the acetate released by the sulphate reducers

is further metabolised, and a possible pathway exists via methanogenesis

and methane consumption. (Cappenberg, 1972a; Re£burgh, 1976; Lawrence

and McCarty, 1965). The amount of methane which would have to be consumed

by the sulphate reducers to keep its concentration down to the levels

normally observed in anaerobic sediments containing dissolved sulphate

(usually < 1 mM) would depend upon the stoichiometry of the breakdown

of the carbon source in equation A, and preceding reactions.

The problem of the fate of the acetate released by the sulphate-

reducers has been mentioned by various authors. Mechalas (197U) considers that

sthe sulphate-reducing bacteria .... provide the acetate and CO^ required
by the methanogenic bacteria.1 This statement implies either an

accumulation of acetate during sulphate reduction, or that methane be

produced contemporaneously with sulphate reduction. Claypool and Kaplan

(197however, advocate CO^-reduction as the most important process

forming CH^, and suggest that as methane production commences only after
sulphate depletion, then the acetate must be utilised in metabolic systems

other than methane production. This is by far the simplest answer to

some of the problems of both acetate accumulation, and whether methane

can be formed and then further metabolized in zones of sulphate depletion

but, as a solutionis still rather poorly de.fi. ned.
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Equation E above introduces a further series of difficulties,

mainly associated with the bacteria required for the production of the

hydrogen. The presence of these organisms has been inferred from studies

of various environments including sewage digestors (Tcfrien and Hattingh,

1969), marine sediments (Claypool and Kaplan, 197Uj Mechelas, 197U)> and

lake sediments (Cappenberg, 197i+b)• Claypool and Kaplan (1977+) and

Mechelas (1977+) discuss possible biologically-mediated reactions relating

Hg, and mention that H^ can be utilised by sulphate-reducers as an energy

source, but that little is really known about the bacterial process

releasing 11^, which probably is extremely important to a full under¬
standing of anaerobic metabolism.

Comparative geochemistry of Loch Duich and other areas

The similarities between the data from Loch Luich and that of

Sbolkovitz (1973) and Hartmann et aL. (1973) have been mentioned in

Chapter 3> and again in Chapter 7« It is difficult to make more use

of their data in the development of the kinetic model because Sholkovitz's

data is well fitted by the stoichiometric model of alkalinity production,

and is similar to marginal cores in AHCO^" : AEH^+ relationship (Pig.
7-1+). The irregularity of the ammonia profiles at depth in Hartmann

et al. (1973) means that the approach used in Chapter 7 can only be used

for the upper parts of their cores, where AHH^+ is up to about 1mM/l.
In this depth range, the AHCO^ - ANH^+ relationship is similar to
marginal cores (Pig. 7«U) and AHH^+ - AK)^ is linear (i.e., similar
to Group L cores), with AHB^+/ APO^ = ~-5>0. This ratio is much
higher than in most Loch Duich cores, and only approached in the deeper

sediments of Group C cores. Sholkovitz's data would be fitted by

A HH^/APO^3- = —19.
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Berner et al. (1970) studied sediments from Somes Sound, in one

core of which sulphate reduction was complete. It has been pointed out

(Chapter 3) that the continuing alkalinity increase beyond sulphate

reduction which they observed can be wholly accounted for by carbonate

dissolution, and therefore differs from that found in Loch Duich.

The ammonia concentration continued to increase after sulphate depletion,

as was observed in Loch Duich sediments.

The strong evidence for equilibrium between the pore waters and

solid Ca^PO^g given by Hartmann et al. (1973) unfortunately cannot be
investigated in Loch Duich owing to the lack of sufficiently precise

and accurate pH measurements.

It is perhaps interesting to note that the data in Hartmann et al.

(1973) and Sholkovitz (1973) is ingpneral more similar to Loch Duich

marginal cores than central cores. As noted in Pig. 7«U» the apparent

rate of reaction in central cores is more rapid than in those of the

other studies, and variations in reaction rate are attributed in Loch

Duich to variations in the character of the organic material controlling

the rate of Process I. Hartmann's cores contained 2-1$ organic carbon,

(C:H = ~8) and Sholkovitz's 2-3% (C:N =^10-12), whilst Loch Duich

sediments contain k~7% (C:H = ~ 8—13)•

It may possibly be that it is the marine organic material of lower

C;H ratio, which is most easily decomposed and gives more rapid rates

for Process I. The marginal cores will contain a greater proportion of

non-marine material, and therefore contain less material readily available

to Process I than do central cores., with similar total organic carbon

contents. The quantity of readily decomposable material in the cores of

Hartmann _et al. and Sholkovitz may be more similar to that in marginal

than in central cores.
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Mechanism of ammonia production

Little mention has so far been given to the details of the reaction

or reactions which give rise to the release of ammonia to the interstitial

water. In the original models of sulphate depletion (Chapter 6), release

of ammonia was considered to he a direct consequence of the activities

of sulphate-reducing bacteria. However, this study has shown that

sulphate depletion and ammonia release are separate processes (although

linked by a common process producing suitable organic substrates) and

that ammonia release continues beyond the zone of sulphate depletion and

into that of, presumed, methane production. The required characteristics

of the reaction causing ammonia release is that it be independent of

sulphate-reduction, and that it should not cause changes in A HCO^
(although the titration alkalinity will be affected by the released

ammonia).

Anaerobic bacteria of the genus Clostridium can perform a range

of amino acid fermentations (Stanier et al-, 1971)- Commonly these can

be described by the StiUcLand reaction involving two amino-acids, one

of which is oxidised, the other reduced. For example,

H+ 2E02CH2COOH + 2H20 -9 3CH3COOH + 3SE^ * C02
alanine. 9

Other fermentations can occur involving simple amino.-acids, also

leading to the release of ammonia.

CH^CH. OH.CHNT^COOH + ^0 -7 CH^CB^COOH + H2 + C02 +
threonine

. propionic acid

2H00C.CH2CH2]ffi2C00H + 2^0 -> CH^CHgC^COOH + 2CH3COOH + 2C02 +
glutamic acid butyric acid acetic acid

ill these reactions release nitrogen as HH^, which, on hydration
(Chapter 6) will become titratable and add to the titration alkalinity.

A HCO^ will, however, be unaffected, as no other titratable species are

c Hj C. HN Hj.coo



produced. Neither the organic substrates used, nor the organic compounds

produced in the reactions are normally metabolized by sulphate-

reducers (Fig. 8.1). It is therefore reasonable that these reactions

could occur independently of sulphate reduction.

Methane production and oxidation

A further illustration of the relationships between sulphate-

reduction and ammonia release is given in Figure 10.1. The ratio

A HCO^ /aNH^+ reflects the relative changes in alkalinity and
ammonia accumulation down the various cores, and is considered in

relation to sulphate depletion. The generally linear trends for marginal

cores, which show little variation in A HCO^ /A NH^+ ratio contrast
markedly with the higher and more variable ratios for central cores.

The curves for most central cores may be considered in three portions.

Firstly, at low 2ASG^ , A HCO^ / ANH^ + increases with depth, to
2—

maximal values at 2 A S0^ between 20 and 30 mM/l. At higher values of
2AS0^ . same gradual decrease in A HCO^ / ANH^+ occurs, until the
point is reached where most of the dissolved sulphate has been consumed

2— 2—
(2 A SO^ = -vl^mM/l). Little further change in 2 A S0^ then occurs,
whilst A HCO^ /ANH^+ decreases. The relationship between this pre¬
sentation of the data, and that used in Figs- 7»1 and 7»2> can be undei>

2-
stood, as to a first approximation, 2 A S0^ and A HCO^ are linearly
related (Fig. 6.3)

In central cores, ammonia and alkalinity increases continued

beyond the zone of active sulphate depletion. In marginal cores,

however, no further increase in either alkalinity or ammonia occurs

beyond sulphate reduction, which itself ceases whilst there is still a

significant concentration of sulphate in the water. In Chapter 9 it was

suggested that the sulphate depletion rate was a function of both

sulphate and available organic substrate concentration, and that, therefore,
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for selected central and marginal cores.
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Figure 10.2 A plot of ^ against sulphate depletion
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for hoth marginal and central cores.
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lack of organic substrate caused the lower sulphate depletion gradients

with depth, and 'premature1 cessation of sulphate reduction in marginal

cores. According to the model presented, the organic substrate (low

molecular weight acids) is produced by Process I, a stoppage of which is

implied by the lack of substrate for the sulphate reducers. Further

evidence for this stoppage of Process I is provided by the lack of further

production of ammonia, for which Process I normally provides the necessary

organic substrates. Also, in central cores, where Process I continues

beyond sulphate depletion, ammonia continues to be produced and A HCO^
increases, i.e., Process I provides substrates for reactions other than

sulphate reduction, which cause increases in alkalinity (Chapter 8).

In marginal cores, no increase in A HCO^ occurs beyond sulphate reduction,
which implies a cessation of Process I.

It has recently been suggested that methane can be consumed by

sulphate reducing bacteria both in anoxic water columns and sediments

(Reeburgh, 1976; Reeburgh and Heggie, 1976). Methane consumption has

been found to occur through the anoxic portion of the water column in

the Cariaco Trench, and to be concentrated in a narrow band in the sediment

where the sulphate concentration is approaching zero. It is important to

consider what effect methane oxidation might have upon the observed

phenomena in Loch Duich.

Firstly, as has previously been stated, methane oxidation by

sulphate reducers will not affect the stoichiometry of the relationship
2-

between A HGO_ and A SO,3 h

CH^ + S0^2~ —> C02 + 2H20 + S2~
or —■? HCO^ + HS~ + H20

2_
The charge is transferred from a non-titratable (SO^ ) to titratable

2— — — — 2 —

species (S , HCO^ , HS ) and A HCO^ = 2 A SO^ . However, if the
methane is produced within the sulphate reducing zone from either C02 and
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H2 or Ch3XOQH. (provided by the sulphate reducers, Chapter 9)> then the
folio-wing reaction schemes may be written

A) CH^COOH CE^ + C02

C02 + 21^0 + S2"

B) i)E2 + C02 —9 CH^ + 2H20
I S<_

C02 + 2H20 + S2"

In case A) A C02 = A HC0^~ = 2
In case b) A C02 = 0, A HCO^- = 2
For a normal substrate, as in Eq. A C02 = AHCO^

It may therefore be that if measurements were made of the total

CC>2 in the interstitial water, it would be possible to detect the
occurrence of reaction scheme B) by a disturbance of the relationship

A CC>2 = A HCO^ such that A CC>2 <AHC0^ . This assumes that these
reactions are the major reactions affecting the total C02 concentration.
Rather than measure the total C02 directly, it would be possible to
calculate it from titration alkalinity, and pH measurements which are

not available in the present study.

If the methane were not produced in the sulphate reducing zone

but diffused into it after formation, then only the reaction

CH^ + S0^2~ —-> HC0^~ + K^O + HS"
would occur. For this reaction A CO2 = -§• A HCO^ , and so some departure
from A C02 = A HCO^ might still be found.

A more significant possible effect is that methane may act as an

alternative additional source of organic substrate for sulphate reducers

on top of that provided by Process I. A satisfactory model of sulphate

reduction and ammonia production can be based on a progressive kinetic
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effect inhibiting the production of ammonia in central cores (Chapter 7)«

It may be that a similar model may be developed round changes in sub¬

strate availability for alkalinity production. This possibility will

now be examined.

If methane can be consumed in sulphate reduction leading to

alkalinity increase, then the basic model

PROCESS I

A NH^+ l c-ve.o--

may be complicated by an additional input of substrate for the sulphate

reducers, i.e. methane.

PROCESS I

CH^

*r-S.cbu.c biotv A N + C^c-r'L<K.s€.

HCO-j" CA.cr€,ii€.

Without any kinetic effects, the "basic model yields A HCO^~
and AbHj^+ in constant ratio. However, should some alkalinity addition¬
ally be formed from methane, then AHCO^ /ANH^+ would be increased.
Such a difference is observed between marginal cores, of low and

constant AHCO^ / /\HH^+ ratio and central cores of higher A HCO^~ / AHH^+
ratios, (pigs. 7*2., 7«3> 7»U> 10.1). This implies that methane is

not significantly oxidised in marginal cores. It may be that the cessation

of Process I observed in marginal cores also prevents, or includes,
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processes necessary for methane production in the deeper sediments.

However the methane oxidation proposed for central cores may well he in

keeping with the continued activity of Process I in central cores

at all depths.

As the main source of methane in the sediments is probably the

deep sediments beyond sulphate depletion, where methane production

will be concentrated, it is reasonable that there may be a gradient of

methane concentration within the sulphate reducing zone, even though

concentrations may be small (Ree. .burgh and Heggie, 1976). Methane

could diffuse out of the Cariaco sediments to be consumed in the water

column (Reeburgh, 1976). This gradient within the sediments could

mean that within the sulphate reducing part of a central core the

concentration of methane increases with depth, and so its contribution

to the organic substrate requirements of the sulphate reducers may also

increase with depth. This would result in increasing AHCO^ /ANH^+ ratios
with depth in central cores, as are observed in the upper portions of

the sulphate reduction part of central cores (fig. 10.1).

It has been shown that central cores showing more rapid sulphate

depletion gradients with depth, have larger AHCO^ /AUH^+ ratios
in near surface sediments (Fig. 7-U« 10.1). This is also perhaps

reasonable, in that a more active microbial system might produce

more methane, resulting in slightly higher methane concentrations in

the sulphate reducing zone, and a larger proportional consumption of methane

by sulphate reducing bacteria and hence leading to higher A HCO^ / A MH^+
ratios.

The observed relative values of A HCO^ /AITR^ ratios and their
changes with depth in near surface sediments can therefore be 'explained*

by a model invoking some methane consumption at all depths in the
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sulphate reducing portions of central cores. The model would predict

that AHCO ~ /AM,+ ratios for central cores would continue to increase3 k

until sulphate becomes exhausted. This is not the case (Pig. 10.1).

The ratio AHCO^ /A starts to decrease at 2 A SO^ = 20-30mM/l
in direct conflict with the predictions of the model. This decrease

could be due to a lessening of the methane consumption, but this is

unlikely, as the concentration is likely to increase with depth.

As organic substrate will not be limiting, then it is necessary to

postulate that the concentration of sulphate begins to have effect

on the reaction kinetics, reducing the sulphate depletion and alkalinity

production rates. The AHCO^ /A .nh"^+ maxima occur at 2 A S0^ =
p

20-30 mM/l, i.e., [ S0^ ~] = 15-10 ml^l.
It was shown in Chapter 9 that sulphate depletion rate became

strongly dependent upon sulphate concentration at low sulphate

concentrations in the range 1-6 mM/l. The threshold concentration was

higher in cores showing most rapid sulphate depletion gradients with

depth. Prom Pig. 10.1, it would appear that the A HCO^ /AEH^+ maxima
in central cores (cores 1, 9> 6) occur at sulphate concentrations in

cores showing higher A HCO^ /A ltH^+ ratios, i.e., greater sulphate
depletion gradients (Pig. 7«U) • This model would appear to fit the

data, except for the marked discrepancy between the two methods of

determination of the threshold concentration at which sulphate exerts

significant control on sulphate depletion gradients with depth.

The discussion of methane oxidation so far has considered the

effects if it were to occur throughout the sulphate reduction zone.

Reeburgh (1976) and Reeburgh and Heggie (1976) consider that

anaerobic methane oxidation in sediments is primarily concentrated

in a narrow zone at the base of the sulphate reduction zone. The

effect of this system will now be examined.



The narrow zone of methane consumption must he an area where

there is a change in the relative importance of methane and other organic

substrates for sulphate-reduction. Above the zone, methane would not

be an important substrate, whilst below it, sulphate would be largely-

depleted so that sulphate reduction would be limited. In this zone the

modified model involving a methane source would apply.

The methane consumption could be accommodated by an increased

rate of sulphate depletion within the zone. This would cause a disturb¬

ance of the dissolved sulphate profile with a more rapid depletion

with depth occurring within the zone, and an increased rate of alkalinity

production. Ammonia accumulation continues through the zone at a

similar rate to that occurring in sediments above the zone, so a

maximu, value for the ratio A HGO^ /Al|+ would occur in this zone,
i.e., at the base of the sulphate reducing portion of the core. None

of these effects are observed, so no dramatic increase in sulphate reduction

rate can occur.

The methane oxidation must therefore occur without any marked

increase in sulphate reduction rate. Ammonia continues to accumulate

through the zone, therefore Process I must continue to produce the

usual substrates for sulphate reducers. Some of this would therefore

remain unused in the sediment if methane is oxidised by the sulphate

reducers. This mechanism would not affect the sulphate and alkalinity

profiles, or the A HCO^ /ANH^+ ratio. The ratio of A CO^ to
AHCO^ would be altered in the zone, as discussed above, and A C0^< A HCO^

would be observed. There is the possibility that the normal substrate

for sulphate reducers, the low molecular weight acids which are suggested
i .)

as the source, via ion-exchange of the increasing alkalinity in the

methane production zone (Chapter 8), might be available for ion-exchange
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in this zone of methane consamption. In this case, AHCO^ would be
increased, and again A HCO^ /AHH^+ would show a maximum value in
this zone.

It is difficult to assess the relative- merits of these schemes

with the kinetically controlled model developed in Chapter 7• The

scheme involving a narrow zone of methane consumption cannot explain the

majority of the features of Fig. 10.1, which would still require some

other control mechanism, such as the kinetic model. The occurrence of

methane consumption throughout the sulphate depletion zone is contrary

to published thinking (although it is difficult to ■understand why

methane may be consumed in anoxic waters, but not anoxic sediments,

except in a narrow zone), but can go some way to accommodating the

relationships in Fig. 10.1. Although the possibility of methane

consumption in the sediments being sufficiently important as to influence

such quantities as the AHCO^ /AHH^+ and ACO^ / A HCO^ ratios must be
considered real, the evidence from Loch Luich. is, on balance, in favour

of the kinetic model as a method of visualising the complex processes

occurring. This does not mean that methane oxidation does not occur,

but rather that the way in which it has been presented in the literature

and applied in reaction schemes above is not immediately adequate for the
*

description of the relationships observed in Loch Luich sediments.

That it can provide an alternative model to the kinetic model for many

of the observations implies that it may well be important, more probably

acting throughout the sulphate depletion zone than in a narrow zone at

its base.

From the literature it appears that there are two main reactions

by which methane may be produced; acetic acid fermentation and bacterial

reduction of CO^ by (see above). The problems associated with the fate
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of acetate produced by sulphate reducers has been mentioned, and has

relevance to the discussion of A CC^ / A HCO^ ratios above. Below the
zone of sulphate reduction, methane production will be a dominant process,

by one of the two mechanisms suggested. Cappenberg (1975) has shown that

methane is produced from the acetate released by sulphate reducers. In

deep sediments, sulphate is depleted, and sulphate reduction of little

importance, so that the supply of acetate by this route will be small.

It would seem likely therefore that methane in deep sediments is produced

from CO^ and H^, as has been suggested by several authors (e.g.,
Hissenbaum et at, 1972; Claypool and Kaplan, 197U)•

Phosphate distribution

Emphasis has been given in this thesis to the mechanisms of

and relationships between diagenetic processes affecting carbon and

nitrogen. Phosphate distribution has been described, and the similarity

between its relationship to sulphate depletion and that of ammonia pointed

out. It was concluded that phosphate release occurred by way of a

reaction not directly linked to sulphate reduction, in a similar relation¬

ship as ammonia release. The division between central and marginal

cores, however, is not so clear cut (lig. 6.8) as in the case of ammonia
3— 2—(lig. 6.7). Of the central cores, core 6 shows a PO^J : 2AS0^

consistent with a higher C:P ratio than many marginal cores. Phosphate

profiles with depth are less easily described than those for ammonia,

probably reflecting a more complex mechanism controlling phosphate

accumulation. In deeper sediments, phosphate increase often shows a

tendency to 'tail-off' (ligs. 3*7a, 3»7t>). The data of Hartmann et al,

(1973) indicated an equilibrium between dissolved phosphate and a calcium

phosphate solid phase, and authigenic ferrous phosphates have been detected
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in marine sediments. It may therefore he that the distribution of

phosphate is influenced by equilibria with solid phases which, in

particular, may limit the dissolved phosphate concentration in deeper

sediments.

Figure 10.2 further investigates the relationship between

phosphate, ammonia, and sulphate depletion. With the exception of core

6, in the regions of sulphate depletion where data from both central and

marginal cores occur, the two groups cannot be separated on the grounds
3 2

of APO^ /AHH^+ ratio. For values of 2 ASO^ greater than about
10-15 mM/l, the APO^ / ANH^4" ratio lies between 0.01). and 0.08 for most

_2
cores up to values of 2AS0^ corresponding to virtually complete

2—
sulphate depletion (2 ASO^ = J46). The cores do not show any consistent

3— « 2—
trend inAPO^ /Al^ in this interval. At very high values of 2 A
data is only found from central cores, and this generally shows a decreas-

3— 1 2—
ing APO^ /A ratio with increasing 2 ASO^ (or depth).

At low levels of sulphate depletion data is mainly found from

marginal cores, and mainly shows markedly higherAPO^ /AHH^+ ratios.
These may, or may not, pass through a maximum value. Marginal core Ml 8

does not show high ratios. Data from central cores is limited. Core

MCI9 does not show a high ratio, core 9 does, and core 1 shows a strong

indication of the existence of a high ratio in very near-surface

3_-
sediments. It should be noted that the APO^ values in near surface
sediments may be subject to greater analytical errors than those in

deeper sediments, and may cause occasional spurious results.

However, it appears that, in general, the majority of both

central and marginal cores behave similarly. Initial high values of

3-
APO^ /AHH^+ decrease rapidly within a sulphate depletion of

2_
2 ASO^ = 10-15 mM/l to relatively constant values, which then grad¬
ually decrease at depth. Core 6 behaves markedly differently, and
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displays relatively high APO^~ /A NH^+ ratios at all degrees of
sulphate depletion until virtually complete depletion is reached.

A possible interpretation, in terms of precipitation of solid

phases, of the Hail-off* of phosphate accumulation (degrees in

A P0^~ /ANH^+ ratio) has been discussed. It was also suggested
(Chapter 7) that an initial, rapid accumulation occurred in some

cores. This could be extended to cover all cores, except core 6, assuming

that the behaviour shown by the majority of the others is the correct

description for them all. There is the possibility that solid/dissolved

phase equilibria control the distribution of phosphate throughout the

cores. The phosphate profiles show no clear relationship to the

calcium profiles (Pig. 3-9a> 3»9b); arguing against calcium phosphate

equilibria, although the lack of detailed pH information is unfortunate.

It was noted in chapter 3 that the dissolved sulphide profiles

of central and marginal cores are different. Marginal cores show a

near-surface zone of 30-^0 cm. where sulphide is not detectable, whilst

this zone is of much less extent in central cores (Fig. 3-12). Similarly

the high APO^ /Al^+ ratios extend to greater depths in marginal
cores than central cores. The dissolved sulphide distribution is

largely controlled by the interaction of sulphate reduction releasing

sulphide, and the formation of insoluble sulphides, mainly iron sulphides.

It may be that the phosphate distribution is also influenced by the iron

in the sediment, and that some iron/phosphate equilibria are important.

It must be concluded, though, that the diagenesis of organic phosphorus

is poorly understood. It is likely that the release of phosphorus will

be less easily described than that of, say, ammonia or alkalinity, and

that phosphate is involved in reactions with the solid phasis in the

sediment.

Modelling

No attempt has been made to apply complex mathematical models,

such as discussed by Berner (l96i±b, etc.) to the data from Loch Duich.



The lack of certain critical data necessary to test such models, including

sedimentation rates, diffusion coefficients, and 'concentrations of

metabolisable carbon' would introduce large uncertainties. However,

the study suggests ways in which such models could perhaps be modified.

The kinetics of sulphate reduction are poorly described by first order

kinetics, and models employing sequential zero and first order kinetics,

or Michaelis-Menten kinetics with respect to either sulphate, or both

sulphate and organic substrate, might find useful application.

Hutrient release

The importance of post-depositional processes in the maintenance

of fertility in the oceans was mentioned in the introduction. Prom the

C:N ratios of the sediments (chapter 6) it would appear that much of the

organic material in the sediment is of marine origin, and it is known

(Steele and Baird, 1972) that the production of organic material in a
2

water column in Loch Thurnaig is about 100g c/m /yr. The proportion of

this incorporated into the sediment will depend upon the organic

content of the sediment (about 5% carbon) and the sedimentation rate.

At 0.1 cm/yr accumulation rate, 20 g c/m /yr would be incorporated.

Although nutrient levels (e.g. ammonia) are high in the interstitial

water, they represent only a small portion of the total in the solid

phase; e.g., at 200% water content, 0.5% organic N, and 1 mM/l NH^ in
solution, the ammonia nitrogen is only 0.1j% of the surrounding sediment

nitrogen. The release of nutrients during burial would therefore appear

to be slow in comparison with processes occurring at the sediment-water

boundary (<. b Davies, ~ ;). However the dissolved ammonia may

be diffusing upwards through the sediment to the water above.

Davies has shown that the benthic community in a sea loch releases nitrogen

primarily as ammonia. If the concentration of ammonia at 1 m is 5

(e.g., in central cores), the diffusive flux may be calculated from
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P = -D. d [m3] (Eq.5.3)
~dZ

/T p "1 _^ -1
If I) = 10 cm sec PLux = 20CgMm yr

-7 2 -1 -2 -1
If D = 10 cm sec PLux = 20glm yr

These figures may be compared with an annual production in the
2

water column of about 2-12gN/m /yr. This suggests that either the

diffusion coefficient is lower than is normally considered (e.g. lowered

due to interaction between the solution and the solid phases (Duursma,

1966)), or that these sediments act as a nett source of nitrogen to the

overlying water. A similar calculation may be carried out using

alkalinity data and considering carbon fluxes.

Effect of sediments accumulation rate

At the beginning of Chapter 3» the majority of the cores were

arbitrarily classified into two groups, largely on the basis of the

dissolved sulphate profiles. Although the cores were very similar

in major element chemistry, organic carbon content, and grain size,

considerable variations in pore water chemistry were found. The only

markedly different core, core 7> showed no pUte 3 depletion.

Such coarse sediments would not normally be expected to result in a

well defined sulphate depletion gradient. The reason for the variation

shown by the other cores is difficult to determine. It has been

suggested that the metabolisable carbon content could control sulphate

reduction. In that the total organic carbon content of both central

and marginal cores is similar, it would appear that either this control

does not operate, or that the metabolisable carbon content is not related

to the total organic carbon. A marked correlation exists for many

cores between the ailphate gradient and the depth of overlying water (Pig.
\ *

10.3". The departure from this pattern of cores 6, M7, and 7 > highlights

The departure of core M7 as well as core 7 from the main trend
is considered due to core M7 being somehow intermediate between
the sediment types represented by core 75 and, say, core 1.
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Figure 10.3. Relationship between the depth of water

at the coring station, and the sulphate depletion

gradient in near-surface sediments.
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a farther factor to be considered, namely the sedimentation rate. It

has been suggested (Price and Calvert, 1970> Goldhaber, 197U) that, in

areas of rapid sedimentation, more metabolisable material may be buried

than in slowly accumulating sediments of the same organic carbon

content. Although data from Loch Duich is not available, it is likely

that sedimentation rate will be positively correlated with depth of water,

and therefore Pig. 10.? (excluding cores 7? M7) can be considered as

illustrating a relationship between sedimentation rate and sulphate

depreciation gradient. Core 6, being nearer a source of fresh-water

input, and therefore to an important source of sediment, may be

accumulating faster than cores in comparable water depths in other parts

of the loch. Adjusting the depth of water to sedimentation rate for

this core, may, therefore, bring it closer to the trend (Pig. 10.3),

shown by the other cores. Goldhaber (197U) has discussed the relationship

between sulphur diagenesis and sedimentation rate at length, and emphasised,

as pointed out here, the importance of considering variations in the

sedimentation rate when making comparisons between different cores or

areas.

Pinal consideration

The most important conclusions of this study have been made from

the basic analytical data, and the simple descriptions of relationships

between the variables. The relationships were discussed within the

conceptual framework developed by many previous authors (e.g., Redfield,

et al., 1963; Richards, 196£» Sholkovitz, 1973)» and the conclusions are

therefore expressed in similar terms. Beyond this models of sulphate

reduction were examined and then refined to accommodate the new data.

It is at this point that a fundamental difficulty of interpretation is

encountered.
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In order to modify the existing, and quite successful, models,

it is necessary to have some knowledge of the underlying processes,

and of the reasons for the inadequacy of the models when dealing with

this new, comparatively large, hody of data. This can only he gained

through an examination of the data, and of previous work, and is part¬

icularly difficult in interstitial water chemistry studies. Authors

have repeatedly expressed the difficulty in progressing from the

descriptive to interpretive stages, especially wLth regard to change in

major cation concentrations. Interstitial water chemistry should he

a sensitive, perhaps oven-sensitive indicator of diagenetic processes

affecting the sediment. Reactions may produce considerable changes

in the water chemistry, and yet he barely detectable in the solid material

(Sholkovitz, 1973)- Conversely, the water chemistry will only he affected

if a nett consumption or relief of material occurs in a reaction.

Together with the multitude of possible reactions, the complexity of the

natural system under study, sampling and analytical problems all contribute

to the problems of interpretive work.

The mechanisms suggested,by which the chemical relationships

discernible in the data have been rationalised, have been developed by

argument, based on the data, previous work, and concepts drawn from

different branches of chemistry. The usefulness of models of pore water

chemistry is that they can provide constraints upon the possible reactions

occurring, by both discounting some, and suggesting others. In this way

understanding of at least the overall effect of the myriad of processes

involved improves. The success of models is limited by a lack of detailed

knowledge of the processes likely to be occurring (the opposite but

complementary approach), and of analytical methods of detecting their

occurrence. To this end the development of methods of detecting small

changes in the solid material, and an improved knowledge of the organic

transformations and their significance, would appear to be important.



Conclusions

Loch Duich is a fjordssea loch, the central and southern parts

of which contain anoxic muddy sediments. Observations have been made

of the diagenetic processes affecting the organic material in the

sediments leading to the release of nutrient elements (C, N, P) to the

interstitial waters. The cores studied may be considered in two groups:

central and marginal.

a) Sulphate reduction occurs in both groups. In central cores

dissolved sulphate is virtually completely depleted in the

surface 50cm. Marginal cores do not attain such low sulphate

concentrations; sulphate reduction ceasing whilst significant

amounts of dissolved sulphate remain in the intersiitial waters.

b) Sulphate reduction is always accompanied by alkalinity, ammonia,

and phosphate release. In marginal cores, the increase in these

species stops when sulphate reduction ceases. In central cores

the concentrations continue to increase beyond sulphate

depletion. The alkalinity increases at a lesser rate than during

sulphate reduction, phosphate shows a gradual lessening of

accummulation rate with depth, whilst ammonia in some cores continues

to accumulate at a similar rate at all depths.

c) In the sulphate reducing zone the release of alkalinity is

closely related to the sulphate depletion, but ammonia and phosphate

release occur to some extent independently of sulphate depletion.

d) Published stoichiometric models 0f sulphate reduction are inadequate

at low sulphate concentrations, and not wholly adequate at higher

concentrations, particularly in central cores.

e) The observed departure of the sulphate-alkalinity relationship

from the stoichio.metric models may be due a further reaction

occurring, possibly involving iron sulphide precipitation.
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A model based on MLchaelis-Menten kinetics was developed to

describe the observed relationships between alkalinity and

ammonia increases. The model can accommodate published stoichio¬

metric models, important departures from which only occur in the

cores showing relatively high sulphate depletion gradients (i.e.,

central cores). It is envisaged that the necessary organic sub¬

strates for sulphate reduction (alkalinity increase) and ammonia

release are provided by the same reaction or group of reactions.

This model was further developed to account for the continuing

increases in alkalinity and ammonia at depths in central cores

beyond active sulphate reduction. It is suggested that the alkalinity

increase occurs through a cation exchange process involving

solid material and low molecular weight organic acids.

In central cores, sulphate depletion with depth displayed zero

order kinetics with the respect to dissolved sulphate at high

sulphate concentrations, and non-zero,possibly first order, kinetic5

at low sulphate concentrations. It is suggested that sulphate

depletion rates may be controlled jointly by sulphate and available

organic substrate concentrations through MLchaelis-Menten-type

kinetics. The cessation of sulphate depletion and nutrient release

in marginal cores is caused by lack of suitable organic substrate,

whilst in central cores as more abundant supply of such illustrates

results in complete depletion of sulphate, and continuing release

of nutrient.

Ammonia release may occur at all depths through the fermentation

of amino-acids.

It is necessary that acetates be consumed in the sulphate reducing

zone, either by methanogenesis, or some other reaction.

An extensive discussion of the possibility of methane being



metabolised by sulphate reducers concluded that if it were to

occur throughout the sulphate reducing zone, many features of

the relationships between ammonia and alkalinity increase

could be explained. The kinetic model developed earlier was

more adequate but it may well be that methane oxidation is an

important process in some anoxic sediments. It is not considered

important in marginal cores.

The relationship between phosphate and ammonia release, and sulphate

depletion is very similar in most cores. It may be that the

accumulation of phosphate is more strongly affected by inter¬

action with solid material than that of ammonia or alkalinity.

Lack of critical data prevented the application of published

complex mathematic models, the bases of some of which are

questioned by the present observations.

Depth of water and sediment accumulation rate may exert con¬

siderable influence upon the rate of diagenetic processes.
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Appendix A

Methods

A. Sampling

1. General

Station positions were estimated using the ships radar (+200m) and

water depth by echo-sounder (+2m).

2. Hydrography

Salinity and temperature were measured in situ by an N.I.O. T-S

Bridge with an estimated precision of +0.02$>o and jp.1°C in sub-surface

waters. Markers at 1m intervals on the cable enabled the depth to be

estimated C+30cm). Currents and drift were usually slight.

3. Water and particulate material sampling

Water was collected in 7 1: plastic N.I.O. sampling bottles attached

to a wire running over a metre wheel. The particulate material was vacuum

filtered from the water onto 0.^5yUM pore size Sartorius membrane filters
at sea within k hours of collection.

h. Sediment sampling

Cores were obtained by gravity corer and collected in poly-carbonate

liner inside a metal barrel. In 1971 and 1972 a 2j" I.D. 6ft. barrel was

used; in 1973 a 4" I.D. 10ft barrel. In coring, the corer was held at

~s,10m above the sediment for 1-2 minutes, and then allowed to free-fall to

the bottom. On retrieval, cores were handled upright, except in 1973 when

they were temporarily laid horizontal, and stored upright. Some disturbance

of soft surface sediments will have occurred in 1973*

Grab samples were collected using a Van Veen grab.

All sediment was stored frozen.
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9. Interstitial water

A flow diagram for interstitial water and sediment processing

and analysis is given in Fig. A. 1.

a. Interstitial water extraction

Measured lengths of core were either squeezed (1972) in an

Mg-operated nylon cylinder (cf. Reeburgh, 1967) for two hours, or

centrifuged (1973) tor one hour at lj.000-9000 r.p.m. in a Sorvall or

Griffin-Christ Laboratory centrifuge. Extraction was normally completed

four to six hours after coring. Mo attempt at temperature control was

made, hut the laboratory temperature was within 9° C of the bottom water

temperature.

The extracted water was vacuum filtered through 0.1|,9 u pore size

Sartorius membrane filters.

b. Sub-sampling.

There were certain differences between the sub-sampling schemes of

1972 and 1973 (Fig. A.1.). The 1972 scheme was less satisfactory, in

that no provision was made for the determination of dissolved sulphide,

and will not be described in detail.

In 1973, two aliquots were removed from each sample.

(i) sulphide-sulphate sample: l^mL was pipetted on to 29 mg

Cd(M0^)2 to fix dissolved sulphide as CA-S.
(ii) Alkalinity sample: 19 ni. was pipetted into a glass bottle,

so that a possible precipitation of CaCO^ would not affect
the measured alkalinity.

All water was stored frozen until analysis.

c. Water content (1973 only)

Before pore water extraction, a small sample of mud from the centre

of a core section was placed in a screw-top glass jar and stored for

3 to 9 days at ambient temperature before analysis.
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B. Analytical Methods

a. Particulate Material

Particulate material was washed with distilled water, dcied and

analysed for major elements by thin film X-ray fluorescence.using a

technique developed by Price and Calvert (1973)• The method is fully

described by Hamilton-Taylor (197^+)> and the data is presented salt-corrected.

b. Sediment Grain Size

After digestion overnight in warm 30% EgO^, sand and pebbles (Went-
worth, 1922) were separated by wet sieving. The finer material was washed

free of salt and H^Og, and suspended in 0.2%, sodium hexametaphosphate
in distilled water to a total volume of 1 litre. The silt and clay

contents were then estimated by a pipette method (Folk, 1968).

c. Sediment chemistry

Sediment was dried at 100°C, and ground to 2£0 mesh in a Tema

Laboratory Disc Mill. Fused mixtures of 1 : 1 : 8 sediment, lanthanum

oxide, and lithium tetraborate were ground, pressed into discs and used

for major element analysis by X.R.F. (Rose, Adler and Flanagan, 1963).

Further discs of undiluted sediment were used for trace metal analysis

(Reynolds, 1963).

Further details of these methods are given in Hamilton-Taylor

(19710-

The total and carbonate carbon contents of the sediment were

measured on a Leco Induction Furnace and gas burette modified to allow

carbonate determination by HC^ digestion. From replicates, the precision
of the total carbon determination is 2%, and of carbonate carbon 5%, at

the levels found in Loch Luich sediments.
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d. Sediment mineralogy.

Mineralogy was determined, on ground sediment pressed lightly into

aluminium holders, by x-ray Diffraction (Cu K<c radiation). No quantitative

work was done.

e. Water content.

Weighed sediment was dried overnight in glass bottles at 100°G and

reweighed. Water content is expressed as

Weight water 0,

Weight dry sediment

2. Water analysis.

a. Alkalinity.

The alkalinity sub-samples were allowed to warm to room temperature

and titrated potentiometrically (Dryssen, 1965) with hydrochloric acid of

suitable strength dispensed by a Gilmont Micrometer Burette whilst being

stirred (Gieskes and Rogers, 1973)- The results were calculated by the

method of Gran (1952) using a computer program written by the author in

IMP similar to that described by Edmond (1970).

b. Sulphate.

Sulphate was determined on 10ml of the sulphate-sulphide sub-sample

gravimetrically as BaSO^ collected on washed and weighed O.k^^u Sartorius
membrane filters. (Presley and Claypool, 1971)

c. Sulphide.

The sulphide, fixed as CdS by addition of solid Cd (N0^)2, was
determined iodometrically by liberation with acid iodine solution, and

titration of the excess iodine with sodium thiosulphate solution.

d. Ammonia.

The spectrophotometric phenol-hypochlorite method of Solarzano (1970)

was slightly modified for 0.5 ^ 1ml sample volumes and higher concentrations.



e. Phosphate.

The spectrophotometric phospho-molybdenum blue method for reactive

phosphorus of Strickland and Parsons (1968), was adapted slightly for

0.5 — 1ml sample volumes and higher concentrations.

f. Calcium, magnesium and strontium.

These elements were determined by Atomic Absorption Spectrophotometry

in solutions containing 10 gpl NaCl, ~\% La as LaCl^, and Jfo in Aristar HCL
(Angino and Billings, 1967). for all elements considerable dilution was

necessary, the dilution factors being 50, 1000 and 10 respectively.

g. Chloride.

Chloride was determined on -Jml samples by titration with AgNO^
solution added by a Gilmont Micrometer Burette, a method adapted from that

of Strickland and Parsons (1968).

h. Silicate.

Dissolved silicate was determined by an adaptation for small samples

and high levels, of the silico-molybdate method of Strickland and Parsons

(1968).
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Appendix B

Tables of results.

Details of depth intervals corresponding to the sample numbers in

tables B2 - B5 are given in table B6.



m.

0
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10
20
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70 8o 90

100 110

%

Org 80 79 86 83 87 84 86 77 79 77 76 74 64

TableB.1.

_1

Suspendedmatteranalysis.StationD1̂uglit
Total

Total*

Ga

K

Fe

Ti

Si

Al

Mg

P

Mn

s

l°ad_1

ma;jor oxides

mglit"

^uglit"

17.0

21.3

65.5

4.46

203

64.5

18.9

6.6

1-9

12.6

3.78

760

11.2

16.3

49.5

3.51

154

53-0

15.1

4.9

1.2

8.9

2.73

583

11.4

8.0

19.0

1.14

67

19.2

4.2

1.9

1.3

5-9

1.83

251

12.1

7.3

13.7

0.89

61

18.4

4.3

1.6

1.5

4.5

1.35

227

13.2

6.6

14.3

0.93

59

17.8

4.3

1.4

1.4

3.9

1.68

223

7.4

8.9

17.2

1.17

75

24.1

4.7

1.4

1.8

4.2

1.67

271

12.4

8.2

14.6

0.99

65

20.2

4.0

1.1

1.9

3.3

1.69

241

20.2

11.1

21.8

1.45

92

29.9

6.2

1.5

3.1

4.3

1-55

349

8.4

10.1

22.2

1.49

91

30.3

6.1

1.3

3.3

3.9

1.59

331

25.0

14.3

30.2

1.88

119

39-3

9-2

1.8

5.1

6.0

2.06

459

23.4

15.2

35.0

2.16

132

43.8

11.9

1.8

5.0

5-7

2.14

506

26.6

14.5

41.5

2.06

126

41.4

10.6

1.8

5.8

4.0

1.90

499

15.5

16.5

41.7

2.52

153

51.5

11.1

1.8

5.2

4.4

1.59

564

*ExcludingP,S.



Table B.2.

Sample

s o. m f L e. s_ 9_1
9-4

9-7

9-13

9-17

6-2

6-5
6-10

6-15

7-11

7-5

7-1

8-1

8-5
8-9
8-12

8-15

1-2

1-5

1-9

1-12

D1A

D1B

D2B

D3B

D4

D5

D6

D7

D8

Size Analyses. Wt

Sand Silt Clay

1 27 72

2 36 62

2 4o 59

1 32 67

1 34 65

3 39 58

3 36 61

2 36 62

10 4o 51

81 5 12

82 6 11

76 8 13

4 45 51

4 40 57

6 40 54
6 41 54

9 29 63

5 32 64

6 30 64

6 38 57

3 32 65

4 33 63
3 42 55

62 16 23

24 39 37

21 42 38
6 43 51

2 40 57

3 50 48

2 39 60

Grain

Pebbles

0

0

0

0

0

0

0

0

0

2

1

2

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



Table B.2. (cont)

Sample Pebbles Sand Silt Clay

d10 0 1 39 60

d11 0 37 36 27

d12 0 2 37 62

di4 0 33 28

d15a 1 6o 17 22

d15b 49 32 12 7

d17 9 71 8 12

d18 16 58 11 16

m8 1 64 14 22

m9 2 76 7 14

m11 2 85 7 7

m12 3 62 15 20

M1J 2 59 19 20

m14 0 8 41 51

M15 0 37 39 24

m16 0 89 7 4

M17 7^ 17 6 3

m18 0 5 46 49

M20 0 7 37 56
m21 0 19 45 37

M22 0 41 37 22

m2j 0 35 34 31

M25 0 7 47 46

m26 0 4 39 57

m27 0 3 42 54

M30 0 4 36 6o

M32 0 5 36 59



TableB«3«
SedimentMajorelementanalysisWt.%

Sample

Ca

K

Fe

Ti

Si

A1

Mg

P

coj'-c5
Org.C

1-1

^.4o

2.30

4.57

0.49

22.56

8.84

1.84

0.12

1.11

5.11

1-2

4.49

2.31

4.64

0.48

22.33

8.32

1.28

0.10

0.98

6.04

1-3

5.64

2.26

4.60

0.47

20.95

8.22

1.60

0.10

1.45

5.03

1-4

4.8o

2.26

4.71

0.49

22.26

8.36

1.25

0.09

1.05

5.60

1-5

4.67

2.23

4.60

0.49

22.60

8.48

1.30

0.10

1.09

5.11

1-6

4.58

2.24

4.71

0.50

22.35

8.43

1.64

0.11

0.92

5-90

1-7

4.36

2.18

4.87

0.50

21.96

8.34

1.80

0.10

1.05

6.40

1-8

4.30

2.19

4.59

0.49

21.18

8.39

1.68

0.10

1.02

6.47

1-9

4.61

2.21

4.58

0.49

22.48

8.55

1.62

0.09

O.98

6.17

1-10

4.71

2.21

4.60

0.50

21.65

8.23

1.71

0.10

1.17

N.D.

1-11

4.66

2.20

4.66

0.49

21.47

8.36

2.52

0.09

1.05

6.19

1-12

5.03

2.24

4.66

0.47

20.72

8.30

1.80

0.09

1.26

6.48

7-11

6.87

1.50

3.14

0.28

28.36

6.72

2.48

0.02

1.43

1.39

7-9

7.04

1.59

2.83

0.25

29.15

6.32

0.92

0.04

1.69

0.50

7-7

8.05

1.67

2.86

0.25

28.49

6.55

0.69

0.06

2.11

0.79

7-5

7.47

1.64

2.53

0.23

30.27

6.33

0.67

0.04

1.87

0.87

7-3

8.34

1.59

2.43

0.25

28.41

6.60

0.63

0.04

2.20

O.70

7-1

9.70

1.55

2.14

0.22

26.71

5.92

1.15

0.03

2.68

N.D.



TableB.3.(cont)

Sample

Ca

K

Fe

Ti

Si

A1

9-1

4.21

2.41

4.79

0.49

21.76

8.55

9-2

4.11

2.41

4.87

0.50

21.59

8.94

9-3

3.95

2.47

4.90

0.52

22.62

8.97

9-4

3.89

2.39

4.85

0.52

21-75

9.06

9-5

3.91

2.38

4.85

0.53

22.66

8.95

9-6

3.99

2.35

4.95

0.53

21.86

8.73

9-8

3.91

2.31

4.83

0.52

21.05

8.50

9-10

4.29

2.33

4.73

0.53

21.59

8.84

9-11

4.41

2.32

4.90

0.50

20.79

8.55

9-12

4.29

2.30

4.73

0.51

21.38

8.79

9-14

3.88

2.32

4.94

0.51

21.51

8.87

9-18

4.26

2.39

5.04

O.50

21.59

8.74

6-1

3.17

2.45

4.86

0.54

22.66

9.07

6-2

3.14

2.44

4.98

0.54

23.11

9.19

6-3

3.14

2.45

4.85

0.55

23.15

9.39

6-4

3.51

2.39

4.87

0.55

22.08

8.58

6-5

3.70

2.32

4.73

0.54

21.73

8.57

6-6

3.57

2.35

4.82

0.54

21.94

8.62

6-7

3.28

2.39

4.91

0.54

22.44

8.81

Mg 1.35 1.14 1.12 2.60 1.86 2.08 1.53 1.8-1 1.56 2.04 1.94 1.62 1.69 1.44 1.44 1.30 1.38 1.3^ 1.63

P 0.11 0.12 0.11 0.12 0.11 0.10 0.12 0.11 0.11 0.11 0.10 0.10 0.12 0.10 0.12 0.11 0.11 0.10 0.09

co2:-c
5

1.00 1.02 0.90 1.01 0.79 0.90 0.91 0.99 0.94 0.86 1.01 0.98 0.60 0.62 0.62 0.88 0.84 0.79 0.86

Org.G 3.08 5.82 4.95 5.22 6.73 6.04 6.99 6.25 5.72 7-3^ 6.77 6.47 N.D. 5.49 5.52 3-91 6.62 7.12 6.57



TableB.3«(cont)

Sample

Ca

K

Fe

Ti

Si

Al

6-8

3.65

2.31

4.79

0.53

21.47

8.50

6-9

3.85

2.30

4.76

0.52

21.59

8.32

6-10

3.47

2.35

5.30

0.53

21.88

8.70

6-11

3.51

2.40

4.52

0.54

22.77

8.82

6-12

3.51

2.43

3.04

0.53

23.01

8.90

6-13

3.83

2.48

4.97

0.52

22.86

9.30

6-14

3.85

2.46

4.91

0.51

22.56

9.09

6-15

4.14

2.50

5.00

0.50

23.13

8.85

6-16

3.91

2.39

4.75

0.51

22.79

8.96

8-1

3.84

2.26

4.71

0.53

23.11

8.52

8-2

3.98

2.30

4.92

0.33

24.15

8.87

8-3

4.01

2.20

4.78

0.32

22.87

8.65

8-4

4.06

2.19

5.01

0.53

22.76

8.53

8-5

4.29

2.32

4.90

0.52

22.92

8.52

8-6

4.57

2.26

4.76

0.51

23.34

8.88

8-7

4.43

2.27

4.70

0.50

23.54

8.70

8-8

4.66

2.32

4.76

0.49

23.07

8.97

8-9

4.72

2.34

4.85

0.49

23.91

8.82

8-10

4.36

2.28

4.70

0.49

23.31

8.72

Mg 1.54 1.53 1.91 1.57 1.47 1.87 1.65 1.51 2.60 1.76 1.44 1.83 1.67 1.09 2.12 1.73 2.16 2.00 1.67

P 0.09 0.09 0.11 0.10 0.12 0.10 0.10 0.11 0.12 0.11 0.10 0.11 0.09 0.10 0.11 0.10 0.09 0.08 0.10

co5"-c5 0.77 0.74 0.71 0.75 0.83 1.03 0.90 1.02 0.80 0.72 0.86 0.85 0.82 0.98 1.09 1.02 1.06 0.98 1.07

Org.G 6.69 7-39 6.10 6.07 6.11 4.70 4.78 4.60 N.D. N.D. 5.34 5-86 6.06 4.89 3.68 3.91 4.08 4.18 3.78



TableB.3.(cont)

Sample

Ca

K

Fe

Ti

Si

A1

8-11

4.79

2.34

4.82

0.50

23.24

8.75

8-12

4.67

2.31

4.63

0.49

22.72

8.35

8-13

4.49

2.39

4.69

0.49

21.70

8.43

8-15

4.28

2.30

4.71

0.50

24.17

8.78

Mg 2.21 2.22 1.27 1.68

p 0.09 0.10 0.11 0.09

co|"-c 1.17 0.99 1.12 1.03

Org.C 3.73 N.D. 3.25 3.23
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Table B.4.

Sediment major element analysis
Inter-•element ratios

Sample Ca/Al K/Al Si/Al Ti/Al
1-1 0.50 0.26 2.55 0.055

1-2 0.54 0.28 2.69 O.058

1-3 O.69 0.28 2.55 0.057

1-4 0.57 0.27 2.66 O.058

1-5 0.55 0.26 2.66 0.058
1-6 0.54 0.27 2.65 0.060

1-7 0.52 0.26 2.63 0.060

1-8 0.51 0.26 2.52 0.059

1-9 0-54 0.26 2.63 0.058

1-10 0.57 0.27 2.63 0.060

1-11 O.56 0.26 2.57 0.059

1-12 0.61 0.27 2.50 0.057

6-1 0.35 0.27 2.50 0.060

6-2 0.34 0.27 2.51 0.059

6-3 0.33 0.26 2.46 O.058

6-4 0.41 0.28 2.57 0.064

6-5 0.43 0.27 2.53 O.O63

6-6 0.41 0.27 2.54 O.O63

6-7 0.37 0.27 2.55 0.061

6-8 0.43 0.27 2.53 0.062

6-9 0.46 0.28 2.60 0.062

6-10 0.40 0.27 2.52 0.061

6-11 0.40 0.27 2.58 0.061

6-12 0.39 0.27 2.58 0.059

6-13 0.41 0.27 2.46 0.055

6-14 0.42 0.27 2.48 0.056

6-15 0.47 0.28 2.61 0.057

6-16 0.44 0.27 2.54 0.057

7-11 1.02 0.22 4.22 0.041

7-9 1.11 0.25 4.61 0.039

7-7 1.23 0.26 4.35 0.038

7-5 1.18 0.26 4.78 0.037

7-3 1.26 0.24 4.31 0.037

7-1 1.64 0.26 4.51 0.036



Table B.4. (cont)

Sample Ca/Al K/Al Si/Al Ti/Al

8-1 0.45 0.27 2.71 0.062

8-2 0.45 0.26 2.72 0.060

8-3 0.46 0.25 2.64 0.060

8-4 0.48 0.26 2.67 0.062

8-5 0.50 0.27 2.69 0.061

8-6 0.51 0.26 2.63 0.057

8-7 0.51 0.26 2.71 0.057

8-8 0.52 0.26 2.57 0.055

8-9 0.54 0.26 2.71 0.056

8-10 0.52 0.26 2.67 O.O56

8-11 0.55 0.27 2.66 0.057

8-12 0.56 0.28 2.72 0.058

8-13 0.53 0.28 2.57 0.058

8-15 0.49 0.26 2.75 0.057

9-1 0.49 0.28 2.54 0.058

9-2 0.46 0.27 2.41 O.O56

9-3 0.44 0.28 2.52 0.058

9-4 0.43 0.26 2.40 0.057

9-5 0.44 0.27 2.53 0.059

9-6 0.46 0.27 2.48 0.060

9-8 0.46 0.27 2.48 0.061

9-10 0.49 0.26 2.44 0.060

9-11 0.52 0.27 2.43 O.O58

9-12 0.49 0.26 2.43 O.O58

9-14 0.44 0.26 2.42 0.057

9-16 0.49 0.27 2.47 O.O58



2-i V-

Table B.5.

Sediment minor element analysis p.p.m.

Sample Pb Zn Cu Ni

9-1 145 208 34 47
9-2 126 143 5 36
9-3 123 172 17 42

9-4 124 162 16 42

9-5 68 83 BD 36
9-6 119 113 14 39

9-8 86 101 4 39

9-12 92 109 12 38
9-14 108 99 8 40

9-16 64 79 3 37

9-18 97 87 5 37

M7-0 105 147 16 38
M7-10 107 127 11 4o

M7-20 132 93 14 41

M7-30 86 87 10 4o

M7-35 125 84 6 38
M7-4O 89 84 6 38
M7-50 100 84 6 38
M7-60 87 86 10 41

M7-70 73 68 2 35

M7-80 93 88 5 38
M7-105 83 80 6 37

M7-125 77 68 4 33
M18-0 118 151 16 37
M18-10 131 121 14 36
M18-20 102 104 12 37

M18-30 110 93 9 35
M18-40 104 96 11 37

M18-50 91 73 10 88

M18-60 85 98 9 37

M18-70 92 95 8 36
M18-80 96 96 8 36



Table B.5. (cont)

Sample Pb Zn Cu Ni

M18-90 102 88 6 35

M18-100 96 96 5 36
M18-108 97 91 8 36
M18-116 104 78 5 31

M18-132 80 69 1 31

M18-140 83 89 4 34

M19-0 130 164 18 39

M19-6 125 169 18 37

M19-12 162 178 19 41

M19-24 116 156 17 41

M19-36 97 134 17 42

M19-48 101 124 26 45

M19-60 88 85 11 37

M19-75 92 99 13 42

M19-77 88 99 11 41

M19-96 79 92 11 38

M19-108 89 98 10 4o

M19-120 78 102 7 4o

M19-132 61 85 6 39

1-1 132 178 15 42

1-2 150 183 30 48

1-3 110 143 16 40

1-4 135 134 18 42

1-5 99 121 18 43
1-6 107 98 13 38

1-7 111 85 9 38
1-8 89 99 12 42

1-9 82 97 10 41

1-10 90 77 10 38
1-11 104 93 10 4o

1-12 88 96 13 39



Table B.5. (cont)

Sample Pb Zn Gu Ni

6-1 115 186 22 44

6-2 144 157 9 38
6-3 111 135 16 40

6-4 108 113 18 41

6-3 116 101 13 38
6-6 103 96 7 36
6-7 122 101 11 39

6-8 111 94 8 38
6-9 89 8o 9 38
6-10 104 8o 5 36
6-11 89 84 3 35

6-12 113 105 12 41

6-13 94 87 6 39

6-14 91 109 7 41

6-15 98 101 6 39

6-16 84 98 6 39

7-11 81 28 BD 19

7-9 87 38 BD 20

7-7 77 21 BD 19

7-5 71 28 4 23

7-3 8o 25 BD 19

7-1 55 5 BD 15

8-1 96 157 19 43
8-2 125 151 10 42

8-3 117 107 9 42

8-4 98 97 11 42

8-5 97 103 10 42

8-6 96 83 14 42

8-7 109 99 10 41

8-8 97 100 8 41

8-9 122 105 21 48

8-10 93 94 6 41



xi*f

Table B.5. (cont)

Sample Pb Zn Cu Ni

8-11 131 106 24 47
8-12 95 97 6 42

8-13 90 101 11 43
8-14 79 97 5 40

8-15 8o 95 8 44

BD Not detected.



TableB.6.
Interstitialwateranalyses.

Sample No.

Gore section cm

Alk _1
meq1:'

so3:-, mMLJ'

CI" %°

M4+ -1
yuEL

-1

yUMl

4—

Si04-1
^UM1:

&2+ -1
mMli_

,,2+Mg 1 mMli"

Sr2+
^uMi;

Cove1.1_1

0-6

4.7

25.8

ND

300

7.2

300

9-9

53-5

82

1-2

6-12

8.4

22.0

ND

630

33

300

9-4

52.3

83

1-3

12-18

14.4

19.2

ND

950

38

310

9.5

52.1

79

1-4

18-24

19.2

16.9

19.0

1350

47

330

8.5

50.8

80

1-5

24-J0

24.9

12.9

ND

1600

69

350

8.5

53-1

80

1-6

30-36

28.0

10.2

ND

2030

75

410

7-9.

49.2

75

1-7

36-42

35-1

6.2

ND

2370

95

380

8.3

51.1

80

1-8

42-48

40.2

2.9

18.7

2790

130

380

8.2

52.3

79

1-9

48-54

43-2

2.3

ND

3190

150

450

8.3

51.8

77

1-10

54-60

45.9

2.2

ND

3670

170

450

8.4

49.6

76

1-11

60-66

48.5

1-3

ND

3940

190

490

8.3

53.2

78

1-12

66-72

53-2

1.5

18.9

4700

220

530

8.1

54.6

77

Covet,SN6-1

2.5

27.0

18.9

ND

2.2

11.2

10.0

54.9

87

*sn6-2

2.6

26.4

19.1

ND

ND

100

ND

55-3

89

*sn6-3

2.6

nd

19.4

ND

ND

7

9-5

50.8

76

6-1

0-6

3.6

25.6

ND

550

6.5

280

10.2

53.7

86

6-2

6-12

8.8

23.2

ND

810

57

310

10.2

52.1

85

6-3

12-18

14.1

19-0

ND

910

83

390

9.9

51.6

83

6-4

18-24

19.2

16.2

18.8

1090

103

380

9.6

50.8

ND

6-5 6-6

24-30 30-36

24.0 28.8

13.3 9-5

ND ND

1250 1590

110 120

370 390

9.7 9.4

51.2 50.6

87
83



TableB.6.(cont)

Sample No.

Core section cm

Alk _1
meq1"

so,2~ 4 -1
mM1-■

CI" %o

nh4+ -11.1;

PO,.4 -1
yuM1..

Si0^i ^uMi:

0a2+ -1 mM1

2+

Mg 1 mMl.

Sr2+
^uM1

6-7

36-42

35-5

4.9

ND

1670

120

380

9-3

51.5

86

6-8

42-48

36.1

3.3

18.3

2170

130

380

9.2

59-0

82

6-9

48-54

39.5

3.3

ND

2510

160

380

9.3

53.7

81

6-10

54-60

41.0

2.8

ND

2900

150

4oo

9.3

52.4

86

6-11

60-66

43.8

2.0

ND

2940

160

410

9.3

52.7

87

6-12

66-72

45.0

1.54

18.9

3370

170

450

9-3

53-7

85

6-1J

72-78

47.8

1.27

ND

3510

190

470

9.2

50.4

82

6-14

78-84

49.4

O.98

ND

3880

180

500

ND

54.3

85

6-15

84-90

50.0

O.78

ND

3840

190

500

9.0

52.3

83

6-16

90-96

51.7

0.48

19.1

4090

190

570

ND

ND

ND

SN7-1

2.4

26.1

ND

ND

0.8

6

9-7

55.4

86

SN7-2

2.5

27.0

19.1

ND

ND

ND

ND

51.2

83

7-11

0-6

2.8

25.0

ND

280

6.4

137

9-8

52.1

95

7-9

12-18

3.1

25.9

ND

220

4.2

124

10.3

53.8

92

7-7

24-30

3.1

24.8

19-2

470

0.3

111

10.4

52.5

91

7-5

36-42

3.2

25.0

ND

90

5.0

101

10.4

52.5

90

7-3

48-54

3.2

22.9

ND

210

7-5

115

9-6

52.8

91

7-1

60-66

3.3

25.2

19.3

1050

7.2

120

10.5

55.4

94

^Sfs/.S" caps

S"eCX_a.te.-v
>—ecoi/•C.'V̂oUCorfCc/^g,v.



TableB.6.Ccont)

Sajnple No.

Gore section cm

Alk

meq1;

Sl\2" -1 mM1.'•

CI~ %o

M4+ -1
^uM1:

p043" -1 ^uMl.

sV"-i
yuMI

/12+

-1

mM1;

Mg2+ . mM1

Sr2+
ytiM1.

SN8

2.5

25.5

19.0

ND

0.8

16

ND

53.2

81

8-1

0-6

3.6

26.5

ND

130

3.4

190

10.1

ND

90

8-2

6-12

3.9

25.4

ND

260

2.0

220

10.4

51.5

82

8-3

12-18

5-4

25.3

19.0

260

26

290

10.2

53.8

89

8-4

18-24

7.0

22.9

ND

390

34

320

9.7

ND

88

8-5

24-30

9.2

22.3

ND

690

44

380

10.1

48.9

85

8-6

30-42

11.5

21.5

ND

890

58

360

10.2

49.6

88

8-7

42-54

11.7

21.3

18.8

1060

57

320

9.5

50.9

ND

8-8

54-60

14.7

18.9

ND

1150

70

350

9-6

49.4

ND

8-9

60-66

16.4

18.0

ND

1290

75

380

9-6

51.0

ND

8-10

66-72

17-5

18.1

ND

1370

84

410

9.5

50.5

ND

8-11

72-78

17.9

18.1

19.0

1380

90

400

9.7

53.1

ND

8-12

78-90

19-4

15.1

ND

1660

90

390

9.4

51.9

ND

8-13

90-102

20.5

13.9

ND

1670

97

370

9-3

52.8

ND

8-15

114-126

23.4

ND

19.4

1720

110

410

8.3

49.7

ND



TableB.6.(cont)

Sample No.

Core section cm

Alk _1
meq1

<--1

mM1.'

CI" %o

M4+ -1 ^uMl.

P043" -1
yuM1.■

Ca2+ mM1.

M2+Mg , mM1.~

Sr2+
yuM1.

SN9

4.1

26.2

19-3

ND

6.0

50

ND

53-4

86

9-1

0-6

4.4

24.5

ND

330

16.4

300

10.7

53.1

87

9-2

6-12

7-3

23.3

ND

500

53

280

10.0

52.7

84

9-3

12-18

12.6

20.6

ND

840

48

280

10.2

52.3

88

9-4

18-24

17.4

16.8

18.9

1070

72

350

9-2

52.5

80

9-5

24-36

23.9

12.7

ND

1300

97

430

ND

51.7

bO

9-6

36-48

32.6

7.1

ND

1820

160

410

9-1

51.1

80

9-8

54-60

37.8

3-3

19-2

2430

180

430

9-1

52.1

85

9-10

66-72

44.5

1.66

ND

2730

210

470

ND

52.2

82

9-12

7b-b4

46.5

1.51

ND

3240

250

460

9-0

52.3

86

9-14

90-96

50.0

1.16

19.1

3530

260

500

9.1

55.0

81

9-16

108-120

51.1

1.21

ND

3890

280

510

8.4

51.4

80

9-18

132-144

55-5

0.74

18.6

4530

280

570

8.4

52.5

80

bo



TableB.6.(cont)

Sample No

Core Section cm

Water content %

Alk

meq,1.•

2-

SO,
b -1mMl.

NH,+
^uM1

PO,.
" ^uML.

0a2+ -1mM1..

s2~ -1mM1.

PH

T11

SN

-

2.7

26.9

to

8.1

10.0

0

6.8

T12

0-3

195

3.3

25.3

110

5.0

10.5

0

7.3

T13

5-10

236

k.6

ND

220

15.0

10.6

0

7-8

T15

15-20

211

to.o

20.7

780

63

9-9

0.08

8.0

T17

25-30

185

25.7

12.1

970

75

8.5

0.25

8.0

T19

35-to

19^

39.7

3-7

ND

101

8.3

0.20

8.3

T21

to-50

207

43.6

2.9

i9to

130

8.3

0.23

8.2

T2if

60-65

176

45.0

0.13

2620

15*f

8.5

0.27

8.0

T26

70-75

191

to.3

1.18

3360

182

8.5

0.18

8.0

T28

80-85

186

to.9

1.25

3550

200

8.3

0.27

7.9

T30

90-95

176

51.8

i.to

3960

200

8.0

0.18

8.0

T32

100-105

187

53.5

0.38

to2o

220

8.1

0.16

0

06

T3k

110-120

139

57.6

i.to

to90

2to

7.8

0.08

7.9

T35

120-130

138

58.9

1.05

5180

230

7-3

0.08

8.0



TableB.6.
(cont)

Sample No

Core Section cm

Water content %

Alk _i
meq1.

-1

mM1..:

NH,+
yiiM1.

PO,

-1r4.-1 ^uM1

0a2+ -1 mM1

s2- mM1.~1

pH

T40

SN

3.6

25.1

130

8.3

9.7

ND

ND

T41

0-10

26k

6.7

24.7

340

29

10.1

ND

ND

T42

10-20

253

6.8

23.6

320

37

10.4

ND

ND

T43

20-30

235

8.2

23.1

500

53

8.7

ND

ND

T44

30-40

223

13.0

24.6

830

63

9.0

0.06

7-7

T45

40-50

214

17.0

20.4

910

84

9.9

0.07

8.0

T46

50-60

181

18.9

20.0

930

89

10.5

0.10

8.0

T47

60-67

165

23.7

15.5

1500

100

9.4

0.15

8.0

T48

67-74

161

25.9

14.2

1330

120

9.7

0.13

7.9

T49

74-81

149

26.2

12.6

1970

110

8.9

0.20

7.9

T50

81-88

149

29.8

10.8

2150

120

9.3

0.21

7.9

T51

88-95

148

33.2

8.6

2100

130

9.2

0.29

8.3

T52

95-102

143

36.0

6.9

2770

130

9.1

0.13

7.9

T54

112-119

130

38.7

5.2

2420

150

8.0

0.18

8.2

T56

126-133

135

38.9

5-1

2600

140

8.2

0.17

7-9

T58

140-147

137

38.9

5.7

2670

150

7-5

0.21

8.1

K>



-1»>?
mM1:

M7-00-51732.829.8
29-5 27.2 26.4 25.6 25.1 23-9 22.6 23.0 21.2 21.9 21.0 nd

Sample No

Core Section cm

Water content %

Alk

raeq1.

M7-0

0-5

173

2.8

M7-10

10-15

155

4.0

M7-20

20-25

147

6.6

M7-30

30-35

ND

6.8

M7-40

40-45

106

7.8

M7-50

50-55

113

9.6

M7-60

60-65

115

10.7

M7-70

70-75

95

12.3

M7-80

80-85

91

12.7

M7-90

90-95

79

14.4

M7-110

110-115

79

15.0

M7-120

1204125

69

15.8

M7-130

130-135

64

15.2

TableB.6.
(cont)

M4+ -1
,uM1.

-1

^uMl.

Ca2+ -1 ■ML

s2" -1 mM1.'
pH

180

5-9

10.9

0

6.8

310

13

11.5

0

7-k

390

38

10.0

0

7.3

420

k7

9.8

0

7.8

470

k9

9.9

0

7-3

610

53

9.9

0.02

7.5

720

64

10.3

0.02

8.4

900

69

9-9

0.03

7.9

960

71

9.6

0.02

7.2

1270

76

9.0

0.05

7.9

1220

7k

8.8

0.04

8.0

1300

76

8.6

0.03

8.0

ND

ND

ND

ND

8.1



TableB.6.(cont)

Corti"11

SampleWaterAlk _SO,2'NH,+PO,3" Ca2+S2~ No „mcontentmeq1mM1,uM1.,uM1.mM1' mM1p cm%//
M18-0

0-10

232

3.3

28.5

120

10

9.8

0

7.4

M18-10

10-20

213

3.2

28.5

240

12

10.2

0

7.2

M18-30

30-40

230

6.0

27.4

370

19

10.1

0

7-7

M18-40

40-50

204

9.2

ND

540

28

10.2

0

7.5

M18-60

60-70

153

14.5

22.8

84o

63

10.3

0.01

8.0

M18-80

80-90

129

16.3

21.6

950

72

10.4

0.01

8.0

M-18-90

90-100

106

9.6

24.7

620

37

9.5

0.01

8.0

M18-100

100-108

125

17-2

19.3

1250

88

9-3

0.07

7.8

M18-124
124-132

88

19.2

18.7

1270

95

9.6

0.10

8.4

M18-140

140-148

86

19.0

18.7

1320

92

9.6

0.06

7.8

-J



TableB.6

Sample No

Co-r-tmilM19-0
M19-6 M19-12 M19-24 M19-36 M19-48 MI9-60 M19-72 M19-84 MI9-96 M19-108 M19-120 M19-132

Core section cm

Water content %
meq1."

<- .1
mMl.1

NH,+
yuM1;

0-6

ND

4.1

26.5

200

6-12

226

3-2

26.8

100

12-24

ND

7-4

24.7

620

24-30

ND

23-5

13-6

930

36-42

ND

36.7

3-7

1180

48-54

ND

40.9

ND

1780

60-66

194

42.9

ND

2560

72-78

111

49.8

ND

3170

84-90

ND

55-8

ND

3760

96-102

186

62.5

ND

4340

108-114

ND

66.9

ND

524o

120-126

166

69.6

ND

56A0

132-138

153

72.8

ND

6500

(cont)
_1ru4_1_10 _1PH ^uMl.mMl.mMl.P 12

9.9

ND

7.8

14

10.0

ND

7-3

33

9.8

ND

7.7

57

ND

ND

8.2

73

6.6

ND

8.2

100

6.8

ND

8.1

130

6.7

ND

8.1

160

7.2

ND

8.0

190

9.0

ND

7-9

250

9.4

ND

7-9

270

8.7

ND

7.9

280

ND

ND

7.8

300

7.4

ND

7.8



Sample No

Co-r-eW2.1M29-0
M29-5 M29-10 M29-15 M29-20 M29-25 M29-30 M29-35 M29-40 M29-50 M29-60 M29-75 M29-85 M29-100 M29-115 M29-130 M29-145

Core

Water

&1Ir

section

content

ii-LK

cm

%

meq1."

0-5

209

4.9

5-10

200

3.3

10-15

185

3-7

15-20

207

3.8

20-25

183

4.1

25-30

81

if.2

30-35

74

4.1

35-40

76

4.2

40-45

70

4.2

50-55

66

4.5

60-65

69

4.8

75-80

69

4.9

85-90

66

5-0

100-105

69

5.4

115-120

ND

6.1

130-135

66

6.0

145-150

ND

6.4

Table

B.6.

Ccont)

SO,2~ 4-1 mMl,

NH."PO,3'
^uM1.' yUM1.

28.1

20

28

28.3

30

10

27.8

110

23

ND

150

23

28.1

170

21

ND

150

21

27.2

180

27

26.9

170

19

27.0

200

21

ND

170

28

26.8

240

36

26.6

190

40

29.2

290

41

29.7

270

39

28.8

290

53

26.1

320

56

26.2

440

61

10.3

7.5

10.3

7.0

10.4

6.9

10.3

7.6

10.2

7-5

10.4

7.2

10.0

6.4

10.4

7.7

10.0

7-7

10.2

7-5

10.5

7-2

10.1

7.7

10.0-
7-3

10.5

7.8

11.2

7.8

10.5

7-8

10.3

7.9



TableB.6.(cont)

Sample No

Core section cm

Water content %

Mk -1
meq1'~

SO,2" mM1

NH~ yUMl

PO

-1"I ^.uM1.

Ca2+ . mMl

pH

M29-150

150-155

59

6.5

25.8

580

62

10.5

7.7

M29-170

170-175

ND

7.8

ND

440

57

11.1

-4"

•

00

M29-190

190-195

59

8.7

ND

520

67

12.6

8.0

M29-200

200-205

ND

8.7

ND

480

63

12.2

8.3

M29-210

210-215

61

8.6

ND

440

62

11.9

8.3

V5
VO

o



TableB.6.

Sample No

Gore section cm

Water content %

Alk„ -1-1
meq1

mM1.

M29A-0

0-5

227

3-7

27.4

M29A-5

5-10

154

5.4

27.1

M29A-10

10-15

240

6.4

24.8

M29A-15

15-20

175

6.3

25.2

M29A-20

20-25

170

8.3

21.5

M29A-25

25-30

133

6.3

26.1

M29A-40

40-45

83

6.4

26.4

M29A-50

50-55

76

6.4

26.6

M29A-60

60-65

68

8.4

28.3

M29A-76

76-82

69

7-1

28.7

M29A-88

88-94

77

7.1

28.3

M29A-100

100-105

72

7-0

25.5

M29A-120

120-125

71

8.2

23.1

M29A-140

140-145

66

8.0

25.5

M29A-160

160-165

ND

9-6

22.4-

M29A-180

180-185

ND

10.8

25.2

M29A-205

205-210

ND

8.6

23.2

(cont)
M4~ -1 ^uMl.

*V~ -1 yuMl•

P2+Ca mM1.'

pH

0

18

10.3

8.0

30

31

10.2

8.2

120

36

10.0

8.3

150

30

9-6

8.1

250

39

13-4

8.0

220

30

10.0

8.1

230

39

10.0

8.2

70

40

10.1

8.2

180

36

14.3

8.1

170

33

11.3

8.3

110

30

10.7

8.2

130

45

10.0

8.3

380

49

11.3

8.2

ND

50

10.0

8.4

440

57

12.4

7.9

420

71

13.1

8.2

270

56

9.7

8.2

CA>



X zx

Table B.7.

Parameters derived from interstitial water analyses

Sample
No

AAlk

meq 1.
-2 A SOJ:"
mM 1. 1 Al®4+

yuM I: , '
Apc\3"-1

^uM I. .

2+
-2 A CaT .

mM 1.
AHCO '
meq I.

1-1 0 0 0 0 0 0

1-2 3-8 7-7 330 25 1.0 4.4

1-3 9-7 13.3 640 31 0.8 9.9

1-4 14.5 17.8 1040 40 2.8 16.3

1-5 20.2 26.0 1300 62 2.8 21.7

1-6 23-4 31-3 1730 68 4.0 25.6
1-7 30.5 39-3 2060 88 3-2 31.6
1-8 35-5 45.8 2483 121 3.4 36.4
1-9 38.6 47.0 2890 144 3.2 38.9
1-10 41.2 47.3 3360 162 3-0 40.9

1-11 43.9 49.1 3640 179 3.2 43.4
1-12 48.5 48.7 4400 210 3.6 47-7

6-1 0 0 0 0 0 0

6-2 5-1 4.8 260 51 0 4.9

6-3 10.5 13-3 370 77 0.6 10.7

6-4 15.5 18.9 540 97 1.2 16.2

6-5 20.4 24.6 710 110 1.0 20.7

6-6 25.1 32.3 1040 110 1.6 25.7

6-7 31.9 41-5 1130 110 1.8 32.5

6-8 32.5 44.7 1630 120 2.0 32.9

6-9 35-9 44.6 1970 160 1.8 35-7

6-10 37.4 45.7 2350 140 1.8 36.9

6-11 40.2 47.3 2400 150 1.8 39.6

6-12 41.4 48.2 2820 160 1.8 40.4

6-13 44.2 48.7 2960 180 2.0 43.2

6-14 45.7 49.3 3340 170 2.2* 44.6

6-15 46-3 49.7 3300 180 2.4 45.4

6-16 48.1 50.3 3540 180 2.4* 46.9

* Interpolated



Table B.7. Ccont)

Sample AAlk -2 A SO,Z~
No meq 1. mM 1

8-1 0 0

8-2 0.6 2.2

8-3 2.0 2.3
8-*i 3.7 7-1

8-5 5.9 8.3
8-6 CM•CO 9-9

8-7 8.*t 10.3
8-8 11.*1 15.0

8-9 13.1 16.9
8-10 1*1.2 16.7
8-11 1*1.5 16.8

8-12 16.1 22.8

8-13 17.2 25.2

8-15 20.0 ND

9-1 0 0

9-2 2.9 2.3

9-3 8.3 7.7

9-*t 13.0 15-*1
9-5 19.6 23.5

9-6 28.2 3*1.8
9-8 33.*1 *12.3
9-10 *10.1 45-7
9-12 *12.2 *16.0

9-1*i *15.6 46.6

9-16 *16.8 46.5
9-18 51.1 47.5

AP0,3"_ -2ACa^ AHCO "
y-uM 1. ' mM 1. ~ meq 1.

0 0 0

-1 -0.6 -0.1

22 -0.2 1.7

30 0.8 4.2

41 0 5-3

54 -0.2 7-2

5^ 1.2 8.6

66 1.0 11.3

72 1.0 12.9

81 1.2 14.1

87 0.8 14.1

87 1.4 15-9

94 1.6 17-2

106 3.6 22.0

0 0 0

37 1.4 3-2

32 1.0 00•CO

56 3-0 15-2

81 3.0* 21.6

139 3-2 29-9

166 3.2 34.5
194 3.2* 40.9

229 3-4 42.7
242 3-2 45.6
260 4.6 47.8
260 4.6 51-5

ANH,+
„

/UM £--1
0

130

130

250

560
760

920

1020

1160

124o

1250

1530

15*10

1590

0

170

510

750

970

1*1-90
2110

2*100

2910

3200

3560
*1210

♦Interpolated



Table B.7- (cont)

Sample A Alk -2 A SO, 2~ ANH, + APO 3" -2/iCa2+ AHCO '

No meq 1. mM 1. ' ' yuM 1. yuM 1 mM 1. "1 meq 1

T11 0 0 0 0 0 0

T12 0.6 3-3 70 -3 -1.0 -0.5

T13 1.9 ND 180 7 -1.2 0.5

T15 11-4 12.4 730 55 0.2 10.8

T17 23.0 29-7 930 67 3-0 23-1

T19 37-0 46.4 ND 93 3-4 40.4

T21 to.9 to.2 1900 122 3-4 42.4

T24 to.4 to-8 2570 1to 3-0 42.8

T26 45-6 51.5 3320 174 3-0 45-3

T28 47.3 51-2 3500 192 3-4 47.1

T30 to.1 50.9 3920 197 4.0 49.2

T32 50.8 53.0 to70 217 3-8 50.4

T34 55.0 50.8 to50 231 4.4 54.6

T35 56.2 51.8 5lto 221 5-4 56.5

Tto 0 0 0 0 0 0

T41 •3.1 0.9 210 21 -0.8 2.1

T42 3.2 3.0 190 29 -1.4 1.6

T43 4.6 too 370 to 2.0 4-3

T44 9-4 1.0 700 55 1.4 10.1

T45 13-4 9-4 770 76 -0.4 12.2

T46 15-3 10.2 800 81 -1.6 12.9

Tk7 20.1 19.3 1370 95 0.6 18.8

Tto 22.3 21.8 1200 109 0.0 21.1

T49 22.6 2to9 l8to 98 1.6 23-4

T50 26.2 28.7 2010 108 0.8 25.0

T31 29.6 33-1 2000 119 1.0 28.6

T52 32.4 36.3 26to 120 1.2 30.9

T5k 35-1 39-8 2290 ito 3.4 36.2

T56 33.3 to.o 2to0 135 3.0 36.9

T58 35-3 38.8 23to ito 4.2 37-0



Table B.7. Ccont)

Sample AAlk -2AS0,2" ANV APO^3- -2 A Ca2+ Ahco ~
No meq 1: -

-1
mM 1 „ /UM I. ~1 ^uMi: "1 mM 1. /"1 meq 1.

M?-0 0 0 0 0 0 0

M7-10 1.2 0-5 130 7 -1.2 -0.1

M7-20 3-9 5-2 210 32 1.8 5-5

M7-30 4.0 6.7 250 41 2.2 6.0

M7-40 5-1 8.3 290 ^+3 2.0 6.8

M7-50 6.8 9-3 V50 47 2.0 8.4

M7-60 7.9 11.7 540 58 1.2 8.5
M7-70 9.5 14.4 720 63 2.0 10.8

M7-80 10.0 13.6 790 65 2.6 11.8

M7-90 11.6 17.1 1100 70 3-8 14.3
M7-110 12.2 13-7 1040 68 4.2 15-4

M7-120 13.0 17-5 1130 70 4.6 16.5

M18-0 0 0 0 0 0 0

M18-10 -0.1 0 130 2 -0.8 -1.0

M18-30 2.7 2.2 250 9 -0.6 1.9

M18-40 5-9 ND 430 18 -0.8 4.7
M18-60 11.3 11.5 730 53 -1.0 9.6
M18-80 13.1 13-7 830 62 -1.2 11.0

M18-90 6.3 7-7 500 27 0.6 6.4

M18-100 13.9 18.if 1130 78 1.0 13.8
M18-124 15-9 19-5 1150 85 0.4 15-2

M18-140 15.8 19.6 1200 82 0.4 15-0

M19-0 0 0 0 0 0 0

M19-6 -0.9 -0.7 -100 3 -0.2 -1.0

M19-12 3-2 3-5 420 21 0.2 3.0

M19-24 19.4 25.8 730 i+6 3.0* 22.0

M19-36 32.6 45-6 970 62 6.6 38.2
M19-48 36.8 ND 1380 91 6.2 41.4

M19-60 38.8 ND 2350 115 6.4 42.8

M19-72 45-7 ND 2970 151 5.4 48.1

M19-84 51-7 ND 3360 180 1.8 ^9-9
M19-96 58.4 ND 4140 241 1.0 55-2

M19-108 62.8 ND 5030 263 2.4 60.1

M19-120 65-3 ND 5440 271

M19-132 68.7 ND 6300 286 5.0 67.4

♦Interpolated


