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SUMMARY
Anoxic hypersaline basins have been found in two different tectonic
environments in the eastern Mediterranean. Within the Tyro area (the
western Strabo Trench) there are three pull apart basins: the Tyro
Basin, presently filled with anoxic hypersaline bottomwater, and the
Poseidon and Kretheus Basins, thought to have been anoxic and filled
with hypersaline water in the past. The Mediterranean Ridge shows a
"cobblestone topography" (Camerlenghi, 1990). The Bannock Basin is
the largest depression found within this area and is divided into nine
sub-basins. Tectonic deformations of Messinian evaporites are thought
to be the major processes involved in the formation of these anoxic
hypersaline basins.
The interstitial water chemistry of sediments from these basins have
been studied. The fact that the Poseidon and Kretheus Basins have
been filled with hypersaline bottomwater is reflected by an increase of
the CI and Na concentration in the pore waters downcore. These brines
are thought to have been similar to that of the Tyro Basin. A diffusion
advection model has been applied to the CI profiles. From time
calculations it was possible to estimate the time elapsed since
hypersaline conditions in the Poseidon and Kretheus Basins changed
into normal saline conditions. A renewal time between 2000 - 3000
years was found.
Organic matter reaching the sediments is decomposed by sulphate
reducing bacteria. Despite the high salinity (260 %0) in the Tyro and
Bannock Basins, sulphate reduction rates are higher than in the
sediments from the Poseidon and Kretheus Basins. These higher
sulphate reduction rates could be related to a better "preservation" of
the organic matter in the anoxic brine. The release of inorganic
metabolites, such as ammonium, alkalinity, phosphate and sulphide
leads to the formation of authigenic minerals in these sediments such
as dolomite, gypsum and sulphides.
The sulphur chemistry in the anoxic hypersaline sediments from the
Tyro and Bannock Basins have been studied in detail. Despite the
difference in major element chemistry of the brines (De Lange et aI.,
1990a) their sulphur chemistry in the sediments is very similar. The
following sulphur species have been determined and quantified:
elemental sulphur, Acid Volatile Sulphur (AVS), organic polysulphides,
humic sulphur (0.5 M NaOH extractable) and pyritic sulphur. Pyritic
sulphur was found to be the main phase of the inorganic reduced
sulphur (50 - 80% of the total sulphur pool) and was at the same level
(250 pmoles per gram dry weight) in both cores. Remarkably, humic
sulphur was found to account for 17 to 28% of the total sulphur pool
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in the Tyro Basin and for 10 - 43 % in the Bannock Basin. Sulphur
isotope data show negative 634 S values for both pyritic sulphur (-16 to
-40 %0) and humic sulphur (-16 to -30 %0). Pyritic and humic sulphur are
thought to be mainly formed at the interface of oxic seawater and
anoxic hypersaline bottom water. At this interface material is captured
due to the large density difference. Higher amounts of particulate and
dissolved organic carbon have been observed at these interfaces as
well as sulphate reduction and sulphide oxidation processes. Turbiditic
deposition transports pyritic and humic sulphur compounds to the
sediments in the Tyro and Bannock Basins.
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SAMENVATTING
Anoxische hypersaliene bekkens zijn enkele jaren geleden in het
oostelijke gedeelte van de Middellandse Zee aangetroffen. In het
westelijke gedeelte van de Strabo Trog liggen de Tyro, Poseidon en
Kretheus Bekkens. Het Tyro Bekken bevat op dit moment anoxisch
hypersalien bodemwater op een waterdiepte van meer dan 3400 m.
Van de Poseidon en Kretheus Bekkens wordt gedacht dat er in het
verleden anoxische hypersaliene condities zijn geweest. Het Bannock
Bekken ligt in een gebied dat wordt gekenmerkt door een "cobblestone
topografie" (Camerlenghi, 1990). Dit bekken bestaat uit negen sub
bekkens. Voor aile bekkens geldt dat deze gevormd zijn door een
combinatie van het oplossen van Messinil:\n evaporieten en tectonische
bewegingen.
De porianwater chemie van sedimenten uit deze bekkens is nader
bestudeerd. Het feit dat de Poseidon en Kretheus Bekkens in het
verleden gevuld waren met anoxisch hypersalien water is nog waar te
nemen door de toename van CI en Na met de diepte in deze
porianwaters. Aangenomen wordt dat de samenstelling van deze pekels
identiek was aan die van de huidige pekel in het Tyro Bekken. De CI
profielen zijn gemodelleerd met behulp van een diffusie-advectie model.
Aan de hand van dit model kan er bepaald worden hoe lang geleden de
Poseidon en Kretheus Bekken anoxisch hypersalien waren. Voor beide
bekkens is dit ongeveer 2000 - 3000 jaar.
Het organisch materiaal wat deze sedimenten bereikt wordt
afgebroken door sulfaat reducerende bacterian. Ondanks de hoge
saliniteit (260 %0) in de Tyro en Bannock Bekkens is de sulfaat reductie
snelheid hier hoger dan in de Poseidon en Kretheus Bekkens. Dit is
waarschijnlijk gerelateerd aan een betere "preservatie" van het
organisch materiaal in de anoxische pekel. De afbraakprodukten
(ammonium, alkaliteit en fosfaat) en het gevormde sulfide leiden tot de
vorming van authigene mineralen in deze sedimenten, zoals dolomiet,
gips en sulfiden.
De zwavelchemie in de anoxische hypersaliene sedimenten uit de
Tyro en Bannock Bekkens is bestudeerd in wat meer detail. Ondanks
het verschil in de chemie van de hoofdelementen in de twee pekels (De
Lange et aI., 1990a) is de zwavelchemie grotendeels gelijk. De
volgende zwavelspecies zijn waargenomen: elementair zwavel,
monosulfides, organische polysulfides, zwavelhoudende humus (0.5 M
NaOH extraheerbaar) en pyritische zwavel. Het pyritische zwavel is de
belangrijkste fase van het anorganische zwavel (50 - 80% van de totale
hoeveelheid zwavel) en is in beide bekkens ongeveer 250 pmoles per
gram droog gewicht. Uniek is het hoge percentage aan
zwavelhoudende humus in deze sedimenten. In het Tyro Bekken is dit
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17 tot 28% van het totale gehalte aan lwavel, terwijl in het Bannock
Bekken dit lo'n 10 tot 43% is. Het pyritische lwavel en het lwavel in
de humus hebben een negatieve 6348; -16 tot -40 %0 en -16 tot -30%0,
respectievelijk. Van beide lwavelprodukten wordt gedacht dat deze op
de interface tussen het normale zeewater en de anoxische pekel
worden gevormd. Op deze interface wordt materiaal ingevangen ten
gevolge van het dichtheidsverschil. Een hoger gehalte aan opgelost en
particulair organisch koolstof is op beide interfaces waargenomen,
evenals sulfaat reductie en sulfide oxidatie processen. Turbidieten
zorgen ervoor dat het pyritische en de zwavelhoudende humus in de
sedimenten van de Tyro en Bannock Bekkens terecht komen.
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Chapter 1: Introduction

The occurrence of anoxic hypersaline basins in the deep-sea
environment has been reported for only a few locations: the Red Sea
(Swallow and Crease, 1965), the Orca Basin in the Gulf of Mexico
(Shokes et aI., 1977) and the Tyro (De Lange and Ten Haven, 1983;
Jongsma et aI., 1983) and Bannock (Scientific Staff of Cruise Bannock
1984-1,1985) Basins in the eastern Mediterranean.
Tectonic deformations of the sediment and dissolution of the
underlying Messinian evaporites are thought to be the major processes
involved in the formation of the anoxic hypersaline basins in the
eastern Mediterranean (Camerlenghi, 1990). The Tyro and Bannock
Basins both contain anoxic hypersaline bottom water. The chemical
composition of the Tyro brine is related to dissolution of a halite
evaporite, whereas the Bannock brine displays more the composition of
a late stage evaporite including K,Mg-chlorides and Mg-sulphates (De
Lange et aI., 1990a).
Since their discovery, the Tyro and Bannock Basins (Fig. 1.1) have
received much attention (special issues edited by Van Hinte et aI.,
1987; Van der Weijden et aI., 1990; Cita et aI., 1991). The major
scope of these studies has been on the geochemical composition of
these brines, and on the sedimentology. Less attention has been paid
on the interstitial water and sediment chemistry. De Lange and Ten
Haven (1983) and Ten Haven et al. (1987a) were the first who pointed
out the interesting geochemical features of the anoxic hypersaline
sediments from these basins.
In 1987 a scientific expedition with the R.V. Tyro was held to the
anoxic basins in the eastern Mediterranean. This Anoxic Basin
Chemistry (ABC) cruise had three major objectives: 1) to determine in
as much detail as possible the chemistry of the brines; 2) to
characterize and analyze the sediments in these anoxic hypersaline
basins and relate this with the sedimentary and diagenetic history of
the basin sediments; and 3) to collect cores containing as many
sapropel layers as possible for a sedimentological, micropaleontological
and geochemical study. The first objective has been intensively
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discussed in a special issue of Marine Chemistry (Van der Weijden et
aI., 1990). For the third objective the reader is referred to Van Os et al.
(1991; 1993) and Pruysers et al. (1991). This thesis will be dealing
with the second objective of the ABC expedition, Le. sediments from
the Tyro and Bannock area have been studied for their interstitial water
and sediment chemistry.
Within the Tyro area three basins are found. At present, the Tyro
Basin is filled with anoxic hypersaline bottom water, whereas the
Poseidon and Kretheus Basins are thought to be filled with oxygenated
seawater. Using the salinity gradients in pore waters, it will be shown
that these basins have been hypersaline in the past (chapter 2). A
transient diffusion-advection model is presented to describe the
chlorinity profiles.
Material reaching the sediments is subjected to early diagenetic
processes. The interstitial water chemistry has been demonstrated to
be a sensitive tool to study such processes. Early diagenetic processes
in anoxic hypersaline sediments from the Tyro and Bannock areas are
discussed in chapters 3, 4 and 5. These chapters focus on the
decomposition of organic matter and authigenic mineral formation.
Such processes may lead to mobilization of barite in anoxic hypersaline
sediments (chapter 6).
Due to the large density difference at the interface between oxic
seawater and brine, material is captured at this interface. Accumulation
of all kinds of material is observed as will be shown in chapter 7 for
dissolved and particulate organic carbon in the Tyro and Bannock
Basins.
The Tyro and Bannock Basins are amongst the most sulphidic bodies
of water in the world (Luther et aI., 1990). The H2 S content is 2 to 3
mmol.l- 1 (De Lange et aI., 1990a; Luther et aI., 1990). Therefore, these
basins form an excellent opportunity to study the sulphur cycle in the
anoxic brine and sediments. The methods used to identify and quantify
the various sulphur species are reported in chapter 8, while the
distribution of the sulphur species are presented and discussed in
chapter 9.
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Figure 1.1: Location of the Tyro and Bannock Basins in the eastern Mediterranean.
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Chapter 2: Anoxic hypersaline sediments from the Tyro area -salinity
gradients-

Abstract
Within the Tyro area there are three basins: the Tyro Basin, presently filled with anoxic
hypersaline water, and the Poseidon and Kretheus Basins, thought to have been anoxic and filled
with hypersaline water in the past. The interstitial water chemistry of the "salinity" elements Na,
CI and K in the sediment-waters from these basins has been studied.
The concentrations of CI, Na and K in the pore waters of sediments from the Tyro Basin
(ABC1S) are constant with depth. In contrast, in the sediments from the Poseidon (ABC17) and
Kretheus (ABC23) Basins the CI concentration in the pore waters increases with depth. This
increase is accompanied by a similar increase in the Na concentration. The concentration profiles
of CI and Na in these sediments are due to diffusion along the concentration gradient between
normal seawater and brine. The brine composition is thought to have been similar to that of the
Tyro brine. The distribution of K is influenced by diagenetic reactions.
A diffusion-advection model has been used to describe the CI profiles. Changes in time
parameter appears to cause significant differences between the CI profiles, while the model
appears to be hardly sensitive to diffusion coefficients and sediment accumulation rates.
From time calculations it has been possible to estimate the time elapsed since hypersaline
conditions changed into normal saline conditions in the Poseidon and Kretheus Basins. For core
ABC17 a renewal time between 2000-3000 years is found. A similar time is found in core ABC23
applied for depth balow 150 cm. The top of this core is probably influenced by turbiditic
deposition from within the last 500 years.

2.1 Introduction
Tectonic deformation of sediments and dissolution of the underlying
Messinian evaporites are thought to be the major processes involved in
the formation of the anoxic hypersaline basins in the eastern
Mediterranean (Camerlenghi, 1990). The Tyro, Poseidon and Kretheus
Basins are pull-apart basins within the Strabo Trench (Fig. 2.1). These
depressions are characterized areas of strike-slip motion (Camerlenghi,
1990). At present, the Tyro Basin contains anoxic hypersaline bottom
water. The Poseidon Basin has been hypersaline and is thought to be
normal saline at this moment. However, as no data are available from
the deepest part of the basin, there is some uncertainty in this
statement. The Kretheus Basin is now filled with oxygenated seawater,
but has previously been anoxic hypersaline.
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Figure 2.1: Location of the basins in the Tyro area, Strabo Trench. At present only the Tyro Basin
is filled with anoxic hypersalina water (below 3330 dbar)

Pore water profiles are sensitive indicators for changes occurring in
the sediments. Changes in the concentration of elements provide
information on diagenetic processes such as decomposition of organic
matter, dissolution of minerals, and adsorption and desorption
reactions. Pore waters may also provide information on the com
position of the burial water and the history of the sedimentary basin.
Middelburg and De Lange (1989) have shown that pore water chlorinity
(CI) profiles in Kau Bay (Indonesia) give direct evidence for salinity
changes during the Quaternary Era.
This chapter will focus on the pore water concentration of the
"salinity" elements Na, CI and K in order to assess their relation to
hypersaline or normal marine conditions. Applying a transient diffusion
6

advection model to the pore water CI profile of the Poseidon and
Kretheus Basins, an estimate can be made of the time elapsed since
hypersaline conditions changed into normal saline.

2.2 Material and methods
Three different gravity cores were selected for detailed investigation
(Table 2.1). These cores were collected during the Spring of 1987 with
the Dutch R.V. Tyro. The sediments are of Late Pleistocene to Holo
cene age (Emi!;an;a huxley; Acme zone, i.e. younger than 70,000 yr
B.P.) (Erba, 1991).
Core ABC15 was taken from the anoxic brine in the Tyro Basin.
Sediments from this core are completely anoxic with many turbiditic
intervals. The sequence is characterized by alternations of green
gelatinous mud and grey reduced ooze (Erba, 1991). The top 60 cm
consists of a homogeneous carbonate ooze, followed by approximately
two meters of structureless gelatinous mud. Till maximum depth of
recovery (564 cm) repetitive turbidites are observed with some organic
rich units.
Core ABC17 was recovered from the slope of the Poseidon Basin.
Sediments from this core are anoxic muds (Erba, 1991). A striking fea
ture in this core is a thick layer of gelatinous pellicles starting at
approximately two meters depth till the maximum depth of recovery
(546 cm.). The top consists of faintly laminated gelatinous mud and a
pteropod-rich layer at 70 cm. Between these layers organic rich gelati
nous mud with carbonate ooze was observed.
Core ABC23 was recovered from the Kretheus Basin, a previous
anoxic basin, located SW from the Tyro Basin. In core ABC23 the pre
anoxic/anoxic boundary as well as the restoration of the oxygenated
conditions is recorded. The anoxic sediments are characterized by
laminated gelatinous mud and carbonate ooze. The pre-anoxic
sediments (from 475 cm till maximum depth 535 cm) contain carbo
nate ooze and silty or sandy bioclastic layers. A few oxidized layers
have been observed at 500 cm depth (Erba, pers. comm.). The top of
the core (upper 150 cm) consists of an alternation of carbonate ooze
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and organic rich green layers. The organic rich green layers show
turbiditic graded bedding. Only the top centimetre shows evidence of
oxidized mud.
In all the cores no sapropel(lic) (sensu stricto) layers were observed.
The lithology of the cores is presented in figure 2.2.
Table 2.1: Location and recovery of the sediment cores from the Strabo Trench

Core

Basin

Depth m

Recovery
Depth cm

Remarks

ABC15

Tyro

3370

564

anoxic

ABC17

Poseidon

3170

546

anoxic

ABC23

Kretheus

3250

535

oxic/anoxic/oxic

The shipboard procedure for sample processing has been described
in detail by De Lange (1992). Sediment samples were squeezed with
modified Reeburgh-type squeezers in a glove box flushed with high
purity nitrogen and held at a constant bottom water temperature of
13°C. Interstitial water was collected in acid cleaned bottles. Na and K
were measured by Inductively Coupled Plasma Emission Spectrometry
(ICPES, ARL 34.000) after 10 to 100 times dilution, obtaining a
concentration for Na equal to one-tenth of that of normal seawater.
Analytical precision was determined by replicate analyses of Atlantic
seawater (Madeira Abyssal Plain). Usually a precision of 1% and 2%
for Na and K, respectively, was obtained. Chloride was analyzed by
potentiometric titration using 0.06 M AgN0 3 solution (De Lange, 1986)
usually with a precision of better than 1 %.
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Figure 2.2: Lithology of cores ABC15 (Tyro Basin), ABC17 (Poseidon Basin) and ABC23 (Kretheus
Basin) after Erba (1991)
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2.3 Results and Discussion
The pore waters from core ABC15 show constant profiles of CI, Na
and K concentrations with depth (Fig. 2.3). Their concentrations are
similar to those in the Tyro brine (De Lange et aI., 1990a; Fig. 2.3).
The results for cores ABC 17 and ABC23 are shown in figure 2.4 and
2.5, respectively.
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The asterix symbol represents the average concentration in the Tyro brine.
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Core ABC17 and core ABC23 show a linear increase in CI concen
tration with depth (correlationcoefficients of 0.999 and 0.981, respec
tively). The increase in CI concentration is accompanied by an identical
increase in Na concentration (Fig. 2.6A). The K concentration in the top
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of core ABC 17 is slightly higher than the value found in normal seawa
ter. These higher values cannot be explained satisfactorily. From 50 cm
depth on the concentration of K remains almost constant with depth in
this core. However, in core ABC23 a small decrease in the K con
centration with depth is observed. The pore waters of core ABC 17 and
ABC23 are depleted in K with respect to the seawater-brine conser
vative mixing curve (Fig. 2.6B). The distribution of K is thought to be
influenced by diagenetic reactions, such as ion-exchange, adsorption
desorption and silicate precipitation (Kastner et al,. 1990). Similar
observations are common for normal marine sedimentary settings
(Gieskes, 1975; De Lange, 1986).
The concentration profiles of CI and Na in cores ABC 17 and ABC23
are due to diffusion along the concentration gradient between normal
seawater and brine.

2.4 Modelling CI profiles
It has been reported that the Tyro brine is formed by the dissolution
of lVIessinian salt from the sides of the basin (De Lange and Ten Haven,
1983; Jongsma et aI., 1983). The brines of the Poseidon and Kretheus
Basins may originate from an "overflow" of the Tyro brine or may have
been formed by the dissolution of the same evaporitic depositions, that
constitute the source for the Tyro brine. A relative uplift of the sills be
tween the Tyro and the Poseidon Basin and the Tyro and the Kretheus
Basin might have stopped this "overflow" or reduced the formation of a
brine in the Poseidon and Kretheus Basins.
The pore waters of core ABC 17 and ABC23 have NatCI ratios that
are consistent with a diffusive mixing of normal eastern Mediterranean
seawater and Tyro brine. Therefore, it is proposed that the Poseidon
and Kretheus Basins have contained anoxic hypersaline bottom water
with a composition similar to that of the Tyro brine (Fig. 2.6A).
From the pore water chlorinity profiles it is possible to estimate at
which time in the past conditions in the Poseidon and the Kretheus
Basins have changed from hypersaline to normal salinity. For
convenience, and in absence of data, it is assumed that this change
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has occurred instantly.
The concentration of a solute in the interstitial pore waters changes
as a function of time and depth according to the differential equation
(Middelburg and De Lange, 1989):

R 6C
6t

=

6(D[6C/6x]
6x

6 (vC)

6x

(2.1 ]

R = retardation-factor
C = concentration solute
D = diffusion coefficient
v = rate of flow relative to sediment-water interface
IR j = chemical reactions involved
x = depth
t = time
For CI there are no chemical reactions involved (IR j = 0) and there are
no equilibrium sorption processes (R = 1) (Middelburg and De Lange,
1989).
The following assumptions have been made:
1) constant porosity with depth, so 0 is independent of depth.
2) there is no advective flow; Le. v is equal to sediment accumulation
rate w

Using these assumptions equation 2.1 can be rewritten as:

6C
6t

-

6C

Ca)-

6x
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[2.2]

For the pore water chlorinity profiles in cores ABC 17 and ABC23
there are the following boundary conditions: at t =0; the concentration
of CI in the brine at time of isolation Cj is 4425 mmol.kg-' (the
concentration found in the Tyro brine), and at t> 0 and x = 0 the
concentration CI is equal to the present-day concentration, Co' Because
of the lack of bottom water data, the average concentration observed
in the trip core ABC 17 is chosen for Co in case of core ABC 17,
whereas for core ABC23 the value in the top is taken. Co is 625 and
775 mmol.kg-' for ABC17 and ABC23, respectively.
Assuming, that below the depth where the CI concentration is equal
to that of the brine no further changes in the chlorinity occur, a semi
infinite model can be chosen; x - > 00

lie
lIx

= 0

[2.3]

Then the solution to equation 2.2 becomes:
[2.4]

where

A{x,t)

=

0.5

eifc[~-t(,)/2v'Dt] +

0.5 exp{(,)xJD)

eifc[~+t(,))l2v'Dt]

erfc = error function complement, this error function complement can
be approximated with a Taylor serie of ten.
The diffusion coefficient for CI is calculated according to Li and
Gregory (1974). Detailed information on the calculation of the diffusion
coefficients can be found in appendix A.
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Modelling calculations show that equation 2.4 is rather insensitive to
changes in the diffusion coefficient of CI (Fig. 2.7A). Therefore, the
cross-coupling terms (calculated according to McDuff and Ellis, 1979;
see also appendix A) have not been taken into account in the
calculation of the diffusion coefficient. In addition, the sediment accu
mulation rate appears to have little influence on the pore water
chlorinity profile (Fig. 2.7B). Model curves are most sensitive to time
(Fig. 2.7C). Hence, pore water chlorinity versus depth profiles and
equation 2.4 can be used together to obtain estimates for time since
re-establishing of normal saline conditions in the Poseidon and Kretheus
Basins.
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Figure 2.7: Calculated Cl versus depth profiles using the model after Middelburg and de Lange
(19891, see text; AI for various diffusion coefficients, Do is 275, 300, 325, 350, 375 and 400
cm2 .yr'"1, respectively. 81 for various sedimentation rates: w is 5, 25, 50,75, 100 and 150 cm.kyr'"
" respectively; CI for various times: t is 500, 1000, 2000, 3000 and 4000 yr, respectively. Open
diamond symbols represent CI profile observed in core ABC17. C; = 4425 mmol.kg·' and Co =
625 mmol.kg·' for all curves, the other parameters are shown in the figures.
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2.5 Estimates for time past since hypersaline conditions changed into
normal saline conditions in the Poseidon and Kretheus Basins
For the Poseidon and the Kretheus Basins model calculations have
been made, using the parameters shown in Table 2.2. For the Poseidon
Basin a best fit was obtained for time values between 2000 - 3000
years. The pore water profile of CI in the Kretheus Basin is consistent
with a more recent time value between 1000 and 2000 years (Fig.

2.8).
Table 2.2: Parameters used for modelling the CI profile and estimating turnover time for the
Poseidon and Kretheus Basin

D cm 2 • yf l
W

cm.kyr-

Poseidon (ABC 17)

Kretheus (ABC23)

8)

350

287

1 b)

50

50

4425

4425

625

775

2000 - 3000

1000 - 2000

Cj mmol.kg'l
Co mmol.kg'l
t

yr

• differences
bl
oj

In

cl

D results from different porosities (see Appendix A)

best estimate for sedimentation rate (see also chapter 3)
Co in ABC 17 is the average concentration found in the trip core; for ABC23 the top value has
been used.

CI mmol.kg,1
1000 2000 3000

o

Figure 2.8: Calculated CI versus depth profiles
for various times: t is 250, 500, 1000, 2000

100

E
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:5.
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and 3000 yr, respectively. Cj = 4425 and Co =
775 mmol.kg·'; w

= 50

cm.kyr·' and Dc

= 287

cm 2 .yr·'. Semi-closed squares represent CI pro,
file of ABC23. Asterix symbols show CI data

G)

500

from T83-45 (Ten Haven et aI., 1987a).
t= 250

600
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The CI profile of core T83-45 from Ten Haven et al. (1987a) corres
ponds closely with that of core ABC23 (Fig. 2.8). Using the same
parameters and method as used for the Kretheus Basin the renewal
time for core T83-45 is calculated to be between 500 and 1000 years.
(Fig. 2.8). The estimated renewal time for the Kretheus Basin is in the
same range as that calculated by Ten Haven et al. (1987a). These
authors calculated a renewal time ranging from 250 to 4000 years.
In the top of cores ABC23 and T83-45, the pore water CI con
centration is higher than can be accounted for by the presently used
diffusion-advection model (Fig. 2.8). In case of core ABC23, it might
have been influenced by turbiditic hypersaline anoxic layers in the
upper 150 cm. The lithology of this core displays an alternation of
anoxic and oxic layers. Applying the diffusion-advection model to the
upper 150 cm alone results in a turnover time of about 500 years. For
the deeper part (below 150 cm) the best fit gives a time of 2000-3000
years (Fig 2.9). This value is in the same range as the time observed in
the Poseidon Basin. The discrepancy between the upper and lower part
in core ABC23 may have been influenced by the recent deposition of
turbidites, containing anoxic more saline layers.
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Figure 2.9: Calculated CI versus depth profiles
for various times in core ABC23 (semi-closed

100
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and Do

=

287 cm 2 .yr· 1 •

From the data set presented here the shutdown of brine inflow or
brine formation is calculated to have occurred some 2000-3000 years
ago. A relative uplift of the sills at the Tyro Basin or a slowdown of the
formation rate of Tyro brine can be mentioned as possible causes for
the Poseidon and Kretheus Basins
becoming normal saline. The
presented data set does not allow to make firm conclusions whether
these possibilities are linked to the Minoan Santorini eruption (3500 yr
B.P.) as have been suggested by De Lange and Ten Haven (1983).
In addition, it must be noted that the calculated time is dependent
on a-priori assumptions. First, it is assumed that the "overflow" from
the Tyro Basin suddenly stopped. In fact, it is more likely that the Po
seidon and Kretheus Basins will gradually become less saline due to the
mixing with normal seawater. Therefore, the calculated time will be a
lower limit for the renewal time. Secondly, the changes are thought to
have occurred instantly and simultaneously at all depths in the basins.
This will result in calculated shutdown times that are much shorter for
cores taken from the deeper part of the basins relative to cores from
the boundaries. Therefore, for these cores the estimated time will al
ways be less than the actual time of shutdown of brine inflow.

2.6 Summary and conclusions
Pore water profiles from core ABC 1 7 (Poseidon Basin) and core
ABC23 (Kretheus Basin) show an increase in CI with depth. This
increase in CI concords with the idea that the Poseidon and the
Kretheus Basins have been hypersaline. The brine composition of these
basins is likely to have been similar to that of the Tyro brine, regarding
the similarity of their origin of the dissolving evaporites.
A diffusion-advection model has been used to describe the CI
profiles. This model appears to be hardly sensitive to the diffusion
coefficients and sediment accumulation rates. Changes in the
parameter time appears to cause significant differences between the CI
profiles. Calculations have been made to estimate the renewal time
from hypersaline to normal marine conditions. A renewal time between
2000-3000 years is found for core ABC 1 7. A similar time is found in
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the Kretheus Basin for core ABC23 applied for depths below 150 cm.
The top of this core is probably influenced by turbiditic deposition from
within the last 500 years.
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Chapter 3: Organic matter decomposition in the Tyro area.

Abstract
Changes in pore water concentrations of sulphate, ammonium and phosphate, and
stoichiometric modelling are used to estimate the average composition of the decomposing
organic matter and to estimate sulphate reduction rates in anoxic hypersaline sediments from the
Tyro area. The average composition of the decomposing organic matter can be represented by:
(CH 2 01,08(NH 4 )17(H3 P0 4 )O.03' The relatively high NIP ratio of about 600 compared to the Redfield
ratio of 16 could be due to phosphate limitation for the primary production in the water column
and to selective removal of phosphate in the pore waters by adsorption on calcium-carbonates. In
the Tyro Basin sulphate reduction takes place in the sediments despite the high salinity (260 %0).
The sulphate reduction rates are found to be higher in these sediments, than in the sediments
from the Poseidon and Kretheus Basins. The latter basins have been anoxic hypersaline and are
thought to contain oxygenated normal saline seawater at present time. The higher sulphate
reduction rate observed in the Tyro Basin could be related to a better "preservation" of the
organic matter in the anoxic brine.
Dissolved organic carbon (DOC) is an important intermediate in the decomposition of organic
matter by sulphate reducing bacteria. Pore waters from the Tyro and Poseidon Basins show an
increase of DOC with depth. This increase correlates with the decrease in sulphate and the
increases of alkalinity, ammonium and phosphate with depth in the sediments.

3.1 Introduction
Organic matter is one of the most reactive compounds in the marine
environment. The breakdown of organic matter is the driving force
behind early diagenesis in marine sediments (Berner, 1980). In anoxic
marine sediments the major process involved in the decomposition of
organic matter is sulphate reduction (Goldhaber et aI., 1977; Elderfield
et aI., 1981; J~rgensen, 1982; Westrich and Berner, 1984;
Middelburg, 1991; and others). Decomposition of organic matter by
sulphate reducing bacteria will increase the concentration of the
metabolites (HC0 3 ', NH 4 +, P0 4 3• and H2 S) in the pore waters (e.g.
Berner, 1980; Gaillard, 1988). Accumulation of metabolites such as
alkalinity and ammonium has been reported for many locations: coastal
sediments (e.g. Nissenbaum et aI., 1972a; Goldhaber et aI., 1977;
J~rgensen, 1978; Elderfield et aI., 1981), organic-rich sediments in the
coastal upwelling zone of Peru (Rowe and Howarth, 1985), anoxic
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sediments from Kau Bay (Middelburg, 1990) and the Black Sea (e.g.
Manheim and Chan, 1974).
Dissolved organic carbon (DOC) is an important intermediate in the
decomposition of organic matter in anoxic marine sediments
(Nissenbaum and Kaplan, 1972; Krom and Sholkoviz, 1977; Krom and
Westrich, 1980; Orem et aI., 1986). It may further be decomposed by
sulphate reducing bacteria to inorganic metabolites. Part of the DOC
may also be involved in polymerisation reactions and thus act as
intermediates in the formation of sedimentary humic material and
kerogen (Nissenbaum and Kaplan, 1972; Krom and Sholkovitz; 1977).
Hypersaline environments may play an important role in the
formation of petroleum and its precursors (lyons et aI., 1982). The
anoxic hypersaline sediments from the Tyro area form an excellent
opportunity to study the preservation and mineralization of organic
matter under such conditions. The Tyro area consists of three basins:
the anoxic hypersaline Tyro Basin, and the Poseidon and Kretheus
Basins. The latter two basins have been anoxic hypersaline in the past
but are thought to be overlain by oxygenated seawater at present (see
chapter 2). Sediments from these three basins of the Tyro area have
been studied for their interstitial water chemistry.
In the first part of this chapter the changes in concentration of the
dissolved inorganic metabolites and stoichiometric modelling are used
to estimate the average composition of the decomposing organic
matter and to estimate the sulphate reduction rates in these anoxic
hypersaline sediments. The second part of this chapter will focus on
the distribution of DOC and its relation to the diagenetic processes.

3.2 Material and methods
Sediment cores from the Tyro, Poseidon and Kretheus Basins have
been studied for their interstitial water and their bulk sediment
chemistry. Core ABC15 is taken from the anoxic hypersaline Tyro
Basin, whereas core ABC 17 and core ABC23 are taken from the
Poseidon and Kretheus Basins, respectively. The sediments from the
Tyro and the Poseidon Basins are completely anoxic. Core ABC23 from
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the Kretheus Basin displays oxic and anoxic sediment deposition. A
description of the cores and the basins has been given in chapter 2.
On board ship, sediment samples were squeezed with modified
Reeburgh-type squeezers in a glove box flushed with high-purity
nitrogen and held at a constant bottom water temperature of 13°C as
described by De Lange (1992). Interstitial water was collected in acid
cleaned bottles.
The nutrients (NH 4+ and P0 43-) and alkalinity were analyzed on board
ship usually within 24 hours after collection. Phosphate and ammonium
were done by routine auto analyzer methods using a TRAACS-800
system. Total alkalinity was measured by an automatic potentiometric
titration system using 0.05 M HCI.
DOC was analyzed by measuring the carbon dioxide resulting from
wet oxidation of organic matter (Wilson, 1961; Menzel and Vaccaro,
1964). For DOC measurements, an aliquot of 2 to 5 ml pore water was
put into a glass ampoule, to which 250 pi of 6% phosphoric acid and
200 mg K2 S2 0 e were added. The ampoules were purged for 6 min to
remove inorganic carbon and then sealed. Four months after recovery
all the ampoules were analyzed for CO 2 with an IR carbon analyzer
(Oceanographic International, model 0524B). Prior to the analyses the
ampoules were heated for 3 % hours at 130°C for total oxidation of the
organic matter. Most DOC values are single measurements. A few
duplicates were analyzed, from which an error of precision of 3.5%
was derived.
Sulphate was measured as total S using ICPES (ARL 34.000) after a
10 to 100 times dilution, obtaining a concentration for Na equal to one
tenth of that of normal seawater. Samples for the S04-S isotopes in the
pore waters were measured with a Finnigan MAT 271/45 mass
spectrometer. The 634 S values are reported relative to the Canyon
Diablo standard. The sulphur isotope ratio is expressed as:

23

Prior to the analyses of 6 13C of the organic carbon, carbonate carbon
was removed with 1 M HCI. Organic carbon was oxidized with CuO at
900°C in a closed circulation system. The released CO 2 was separated
from the other gases and measured for the isotopic composition. The
6 13 CO,g. was measured with a VG SIRA 24 mass spectrometer. The
isotopic data are reported relative to the PeeDee Belemnite standard.

3.3 Organic matter decomposition
Results of Ten Haven et al. (1987b) indicate that the organic matter
in the Tyro Basin is characterized by matter produced in the photic
zone, terrigenous material and organic living at the seawater-brine
interface. "rhe authors found that the terrigenous compound was of
minor importance. The 6 13 C of the organic matter in the sediments
cores from the Tyro, Poseidon and Kretheus Basins, studied here,
ranges from -22%0 to -25%0 (majority between -22%0 and -23.5%0). The
lighter isotopic composition of the organic matter in these sediments in
relation to marine material (6'3C is -18%0 to -23%0; Gaskell et aI., 1975)
might be related to the organic matter living at the interface between
seawater and brine. These bacterial mats, gelatinous pellicles, have
been observed in all three sediment cores.
Decomposition of organic matter is investigated by studying the
down-core distribution of the inorganic chemical species. The
ammonium, phosphate, total alkalinity and sulphate data of the pore
waters from the Tyro Basin (ABC15), Poseidon Basin (ABC17) and the
Kretheus Basin (ABC23) are shown in figures 3.1, 3.2 and 3.3,
respectively.
The decrease in sulphate concentration with depth and the
accompanying increase of ammonium, phosphate and total alkalinity in
core ABC15 indicate decomposition of organic matter by sulphate
reducing bacteria. This is strongly supported by the increase of the 6 34 S
of the sulphate in the pore waters (Fig. 3.1). Sulphate reducing bacteria
fractionate the sulphur atoms producing sulphide which is enriched in
32S. Consequently, the sulphate that remains will be more enriched in
34S. In core ABC15 the 6 34 S increases from 30.5%0 in the top to 44.7%0
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at a depth of 222 em (Fig. 3.1). In cores ABC17 and ABC23, an
increase in ammonium, phosphate and total alkalinity is also observed,
while the decrease in sulphate is less pronounced at these locations.
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Figure 3.2: Pore water profiles versus depth of ammonium. phosphate. sulphate and total
alkalinity IT.A.) in core ABC17.
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3.3.1 Sulphate reduction
The organic matter decomposition by sulphate reducing bacteria is
generally described as:

x,y and z are the stoichiometric coefficients depending on the
composition of the organic matter involved. The organic matter
decomposition by sulphate reducing bacteria will, amongst others,
increase the ammonium concentration in the pore waters. At steady
state the distribution of dissolved ammonium can be described using
(Berner, 1980):

D
n

(Pc - v ( 1
ox2

+ K) oC

OX

+ FknN

0

[3.2]

where C is the concentration of dissolved ammonium, Dn is the
diffusion coefficient of ammonium, K linear adsorption constant, F is a
concentration conversion factor, N is the concentration of non
diffusible metabolizable organic nitrogen and k" is the first-order rate
constant for organic nitrogen
decomposition. The following
assumptions have been made:
1. steady state diagenesis is present
2.
diffusion occurs via molecular processes only
3.
there are no porosity gradients with depth
4.
equilibrium adsorption is present and follows a simple linear
isotherm K
5.
the advection rate v is equal to the sediment accumulation rate w
6.
precipitation of ammonium in authigenic minerals does not occur
7.
decomposition of nitrogen-bearing organic matter occurs via first
order kinetics, ~.
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Applying appropriate boundary conditions for equation 3.2:
x = 0; N = No; C=C o
and
x --> ()() ; N --> 0 and C

-->

C...

where Co is the concentration of ammonium at the sediment-water
interface. For this concentration the value observed in the top of the
sediment core was chosen. This value may deviate from the bottom
water concentration because of core top loss. No is the initial amount
metabolizable organic Nand C... the asymptotic concentration of
ammonium. The solution for these boundary conditions is:
C = Co +

2

(w FNo)
(D~+(1 +K)w 2

[1 -exp( - k n z)]
w

or

C

k

[3.3]

Co + (Coo - Co) [1 -exp( -~z)]
w

The measured profiles of dissolved ammonium were fitted to equation
3.3. Results of the modelling efforts are shown in figure 3.4 and
tabulated in table 3.1.
Table 3.1:

Parameters used to describe ammonium profiles
ABC15

ABC17

ABC23

Co

mmol.kg,l

2.35

0

0.4

C...

mmol.kg· l

12.4

2.0

2.0

2E-3

2.7E-3

3E-3

0.30 bl

0.14cl

0.15 cl

k/w

81

cm,l
3

k., *10· .yr·

1

w
cm.kyr,l
150b/
50 c )
50 c )
OJ obtained by curve fitting
bJ w is obtained from the sulphate profile and k is calculated from the k/w ratio
oJ w is estimated from a 35 m long core in the Kretheus Basin (Van Santvoort and De Lange,
pers. comm.J and k is calculated from the k/w ratio.
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Figure 3.4: Ammonium versus depth in core ABC 15, ABC 17 and ABC23. Solid lines represent
model fits (see table 3.1 for the parameters used).

Similarly, it is possible to model the sulphate concentration. In
anoxic sediments, where organic carbon is limiting for sulphate
reduction and sulphate remains present in the pore waters, the sulphate
profile can be described by (Martens and Klump, 1984; Middelburg,
1990):

C

= Coo

+ (Co -

k
CJ exp (-""!z)

[3.5]

w

In which Coo is the concentration at some depth below which no further
concentration change in sulphate concentration occurs and Co is the
sulphate concentration at the top of the sediment core. The sulphate
profile of core ABC15 from the Tyro Basin has been modelled using the
equation 3.5. Due to core top loss the Co value is much lower than the
brine concentration (44 mmol.kg·'). Modelling efforts substituting the
brine concentration for Co gave klw values that were not significantly
different. The k s is the first-order rate constant for organic matter
decomposition obtained from curve fitting of the sulphate profile. In
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figure 3.5 the best fit for the sulphate profile in core ABC15 is shown.
Parameters used for modelling can be found in table 3.2.
Tilble 3.2: Parameters used to describe sulphllte profile in core ABC1S

ABC15

Co mmol.kg"
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Coo mmol.kg"

1

k/w em"

6E-3

ks

*10,3. yr'

0.9 81

w

cm.yr'

15081

• estimated from k/w and k - Aw', in which A

IS

an empirical constant 0.04cm·2 .yr (Berner, 1978).
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Toth and Lerman (1977) showed that over a large range of
sedimentation rates the rate constant for sulphate reduction k. is
directly proportial to the sediment accumulation rate w. They proposed:
[3.4]
in which A is an empirical constant. For concave-down profiles of
sulphate versus depth the ·average value for A is found to be 0.04
yr.cm· 2 (Berner, 1978). Using equation 3.4 and the k/w ratio found for
the sulphate profile of core ABC15 it is possible to estimate the
sediment accumulation rate wand the rate constant for sulphate
reduction 1<". For core ABC15 w is estimated to be 150 cm.kyr', and ks
to be 0.9 * 10-3 yr'. The reactivity constant for organic nitrogen is
obtained by applying the estimated w value to the k/w ratio found for
the ammonium profile. A kn value of 0.3 * 10- 3 yr' is found for core
ABC15. The relationship between kn and w, kn =0.013w 2 , corresponds
closely to the value of A found by Toth and Lerman (1977), being kn =
0.01 w 2 •
The first-order rate constant for organic matter breakdown obtained
from the sulphate profile, ks ' is higher than that estimated from the
ammonium release, k.,. This could be due to several factors. First of all,
one has to bear in mind that modelling is always subject to a-priori
assumptions such as asymptotic values, constant sedimentation rates
and no coretop loss. Secondly, k., is estimated from modelling of an
organic nitrogen compound and k. from modelling of organic carbon. It
is known that the organic nitrogen compounds are relatively reactive
compounds. Before reaching the sediments these compounds most
likely have been partly mineralized within the water column. Within the
Tyro brine decomposition of organic matter takes place (De Lange et ai,
1990a; Henneke and De Lange, 1990). A value of 1 mmol.kg-' NH 4 + is
observed in the brine, indicating the decomposition of nitrogen bearing
organic matter. The organic matter that reaches the sediment surface
contains less reactive organic nitrogen compounds, therefore a lower k.,
can be observed.
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Additionally, sulphate reduction by anoxic methane oxidation may
have occurred in these sediments. There is no direct evidence for
methanogensis in the sediments from core ABC15. However, in figure
3.6 the ammonium and the phosphate concentrations still increase
while the sulphate concentration remains constant. This may indicate
organic matter decomposition by methanogenesis. Consumption of
sulphate by upward diffusion of methane has been reported for several
anoxic marine environments (Devol and Ahmed, 1981; Middelburg,
1990). The consumption of sulphate by methane in core ABC15 is
most likely to occur at the bottom of this core (> 500 cm). This has
hardly any effect on the estimated k. value obtained from curve fitting.
Therefore the difference between k. and kn in core ABC 15 is attributed
to the variation of the organic matter decomposed in these sediments.
Using the relationship for kn and w found in core ABC15 for the
cores ABC 17 and ABC23 a sediment accumulation rate of 200 and
225 cm.kyr- 1 , respectively, is found. This sedimentation rate is much
higher than that found in a recently recovered 35 m long core taken
from the Kretheus Basin. This sediment core shows the Emiliana
huxleyi Acme zone (younger than 70.000 yr. B.P.) till a depth of 35
meter (Van Santvoort and De Lange, pers. comm.). Assuming that the
average sedimentation rate in the Kretheus Basin is comparable for all
sites in the basin and the average sedimentation rate in the Poseidon
Basin is equal to that in the Kretheus Basin a sedimentation rate w of
about 50 cm.kyr- 1 would be a better estimate for the cores ABC17 and
ABC23. Additionally, sediments from the Tyro Basins display a more
turbiditic pattern (Erba, 1991), indicating a higher sedimentation rate
than in the Poseidon and Kretheus Basins.
Applying a sedimentation rate of 50 cm.kyr 1 the reactivity constant
for organic nitrogen is found to be 0.14 * 10. 3 and 0.15 * 10- 3 yr 1 for
ABC17 and ABC23, respectively. Consequently, the empirical relation
ship between kn and w in these cores must be approximately
kn =0.06w 2 •
The discrepancy between the kn and w relationship in the Tyro Basin
and this relationship in the Poseidon and Kretheus Basins could be due
to the different depositional environments. Aller and Mackin (1984)
showed that the relationship between k and w (equation 3.4) is
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determined by various factors such as supply of electron acceptors,
initial flux of organic matter and environment of sediment deposition.
The difference observed here can be attributed to the presence of an
anoxic brine in the Tyro Basin, whereas the Poseidon and Kretheus
Basins are thought to be oxygenated normal saline. The presence of an
anoxic brine in the Tyro Basin may have a preservative effect on the
organic matter reaching the sediment, whereas in the oxygenated
water columns of the Poseidon and Kretheus Basins the most reactive
organic matter may have been decomposed, before being burried in the
sediment. Also, it is known that in the upper cm of a sediment core the
most effective decomposition of organic matter by oxygen and iron
and manganese-oxides occurs (e.g. Froelich et aI., 1979; De Lange,
1986). Therefore, in the top centimetres of the cores ABC17 and
ABC23 most of the reactive organic matter might be decomposed
before reaching the sulphate reduction zone. This would lead to a lower
reactivity constant for the organic nitrogen in such cores and therefore
an other relationship would be found than for sediments overlain by
anoxic seawater.
The sulphate profiles in the pore waters from cores ABC17 and
ABC23 are not only controlled by sulphate reduction but also by
diffusive mixing of normal seawater with brine water. In both cores an
increase of ammonium and total alkalinity with depth is observed (Figs.
3.2 and 3.3), Also sulphide has been measured, in core ABC17 up to a
concentration of 2 mmol.kg- 1 and in core ABC23 about 0.2 mmol.kg- 1
(unpublished results, Catalano). The sulphate profile in ABC17 is
constant with depth, whereas in core ABC23 a small decrease in
sulphate is observed. The complexity of the simultaneous occurrence
of sulphate reduction and diffusive mixing, perturbates the modelling of
the sulphate profiles in these cores.
The sulphate reduction rate can be calculated from either 504 2- or
NH 4 + profiles. Bender and Heggie (1984) stated that the depth
integrated sulphate reduction rate (Fs04) is equal to the 50/- flux at
z = 0 or equal to the production rate of ammonium. At steady state the
rate of sulphate reduction will be balanced by sulphate inputs of
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molecular diffusion or advection (Canfield, 1991). Equation 3.6 gives
the sulphate reduction rate at steady state. In equation 3.7, the
sulphate reduction rate is estimated from the production rate of
ammonium. The 0.5x/y is the ratio of sulphate consumption to
ammonium production. For the Tyro Basin this ratio is 0.5 * 106/17
according to the calculated C/N ratio from equation 3.10, where O.and
On are the diffusion coefficients of sulphate and ammonium and t/J the
porosity (see appendix A).
[3.6]

[3.7]

For the Tyro Basin a sulphate reduction rate of 15 pmol.cm- 2 .yf 1 is
found using equation 3.6. Based upon the ammonium profile (equation
3.7) and the C/N ratio the sulphate reduction rate is estimate to be 12
pmol.cm- 2 • yr- 1 • It seems that the high salinity (260 %0) in the Tyro brine
and sediments does not inhibit organic matter decomposition by
sulphate reducing bacteria. Similar observations have been found in the
Orca Basin (Sheu, 1990).
In case of the Poseidon and the Kretheus Basins the sulphate
reduction rates are estimated from the ammonium production alone.
The organic matter composition, reaching the sediment, is assumed to
be similar to that in the Tyro Basin. For cores ABC17 and ABC23
sulphate reduction rates of 5 and 3 pmol.cm- 2 .yr- 1 are calculated,
respectively.
The sulphate reduction rates observed in the anoxic sediments from
the eastern Mediterranean are in the range of values observed in
continental margins and marginal seas (Canfield, 1991). Sulphate
reduction rates in the Poseidon and the Kretheus Basins are
significantly lower than the sulphate reduction rate observed in the
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Tyro Basin. This corresponds with a lower reactivity constant for
organic nitrogen and lower sedimentation rates in these cores.
Additionally, at the interface of the Tyro brine organic material is
formed (DeDomenico and DeDomenico, 1989;Henneke et aI., 1990;
Erba, 1991). This newly formed organic matter will also reach the
sediments and may contribute to the higher rate of sulphate reduction
in the Tyro Basin.
It can be concluded that in anoxic hypersaline sediments from the
eastern Mediterranean sulphate reduction takes place, even in the
highly saline sediments from the Tyro Basin. Sulphate reduction rates
are high in those sediments overlain by an anoxic brine, due to
"preservation" of the reactive organic matter. When the anoxic brine is
replaced by normal marine oxygenated seawater the sulphate reduction
rates become lower.
3.3.2 Composition of the decomposing organic matter
A best estimate of the average chemical composition of the
decomposing organic matter can be made from the stoichiometric
relation between the changes in concentration of sulphate, ammonium
and phosphate. In figure 3.6 the dissolved sulphate, ammonium and
phosphate concentrations from the Tyro Basin (ABC15) are plotted
against each other. The slopes of the straight lines between sulphate
depletion, ammonium and phosphate enrichments can be used to
estimate the C:N:P stoichiometry, provided that corrections are made
for differential diffusion and adsorption (Berner, 1977). The appropriate
equations of C/N and NIP ratios are:

C
=
N

[3.8]

N

I1NH4 (<<.)2(1 + K,,) +kD,,)

p

I1P04 (<<.)2(1 +Kp ) +kDp )
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[3.9]

Where aso 4 is the sulphate depletion, aNH 4 and apo4 are the
ammonium and phosphate enrichments;
Kn and Kp are the linear
sorption coefficients of ammonium and phosphate, with values og 1.4
and 1.8 respectively. Rosenfeld (1979) found a value of 1.3 for Kn in
marine sediments. For the anoxic hypersaline sediments from core
ABelS a value of 1.4 was found for Kn , based upon the relation
between exchangeable ammonium and the dissolved ammonium
concentration (unpublished data). Krom and Berner (1980) published a
value for Kp of 1.8. For the sediments investigated in this study, the
contribution of the term w2 in equations 3.8 and 3.9 is very small in
comparison with the kD term and can therefore be neglected. This
leads to the following simplifications of the above equations (3.8 and
3.9):

[3.10J
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Figure 3.6: Sulphate versus ammonium and ammonium versus phosphate in pore waters from
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The slope of the solid lines in figures 3.6A and 3.6B are used to
estimate the CIN and NIP ratio, respectively. The CIN molar ratio of
decomposing organic matter in the sediments of the Tyro Basin is
calculated to be 6.1, whereas the NIP ratio range is 597. Accordingly,
the composition of organic matter reaching the sediment-water
interface in the Tyro Basin can be represented by:

The high NIP ratio indicates that the pore waters of the anoxic
hypersaline sediments in the Tyro Basin contain more ammonium than
16), This could
phosphate in comparison to the Redfield ratio (NIP
mean that the NIP ratio has been overestimated because of the
preferential removal of phosphate. Phosphate can be removed by
authigenic P-bearing mineral formation (Martens et aI., 1978), such as
apatite and struvite, or by adsorption on calcium-carbonates (Froelich
et aI., 1982). Alternatively, if phosphate is limiting for the primary
production, higher NIP ratios in the organic matter can be expected.
Krom et al. (1991) reported on phosphate limitation in the eastern
Mediterranean. These authors found higher NIP ratios, on the average
around 28, in the water column than the Redfield ratio.
It is unlikely that the high NIP ratio of the decomposing organic
matter can be explained by the higher NIP ratios found in the water
column (Krom et aI., 1991) and Tyro brine (NIP is 68, marked as * in
Fig. 3.1; De Lange et aI., 1990a). Pore waters from the tripcore and
the top of core ABC15 are depleted in phosphate with respect to the
concentration in the Tyro brine (Fig. 3.1). Consequently, the depletion
in P in the pore waters is due to selective removal of dissolved
phosphate. Within the sediments of the tripcore and the top of core
ABC 15 calcium-carbonate precipitation has been shown to occur (see
chapter 4). Adsorption of phosphate on calcium-carbonates could
explain the removal of phosphate from the pore waters.

=
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3.4 Dissolved organic carbon
The distributions of DOC in the pore waters of anoxic hypersaline
sediments (cores ABC 15 and ABC 17) are shown in figure 3.7. The
concentration of DOC in the pore waters of these sediments are in the
range of the values reported for other anoxic marine sediments (Table
3.3).
Table 3.3: The range of DOC in pore waters found in different anoxic marine sediments

Location

Range of DOC, mmol.l"t

Reference

Black Sea

1.3  1.7

Starikova, 1970

Sea of Azov

1.2 - 5.0

Starikova, 1970

Loch Duich,
Scotland

0.7-5.5

Krom and
Sholkovitz, 1977

Great Bay, N.H.

0.2  11

Lyons et aI., 1979

Orca Basin

5.3  19

Ishizuka et aI.,

Mangrove Lake

0.3 - 3.3

Orem et aI., 1986

Tyro Basin

1.1-11

this study

Poseidon Basin

0.8-7.7

this study

The DOC concentration in the pore waters from the cores ABC15
and ABC17 increases with depth (Figs. 3.7). This increase correlates
very closely (r > 0.95) with the decrease in sulphate concentration in
core ABC15 and the increase of ammonium, phosphate and total
alkalinity (Fig. 3.8) in both cores. Similar results have been obtained by
studies of Starikova (1970), Krom and Sholkovitz (1977) and Krom and
Westrich (1980).
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In figure 3.8 total alkalinity versus DOC is shown. It can be noticed
that there is a similar slope between total alkalinity and DOC for the
pore waters from both basins. However, in core ABC 15 the total
alkalinity profile is strongly influenced by carbonate precipitation (see
chapter 4). This is less the case in core ABC17. When the potential
alkalinity is calculated from the ammonium or sulphate profile (see
equation 4.1, chapter 4) in core ABC15, the slope is much higher. Also
the slopes for phosphate versus DOC and for ammonium versus DOC
are much higher in the Tyro Basin than in the Poseidon Basin (Fig. 3.8).
DOC is known to be an important intermediate in the decomposition
of organic matter by sulphate reducing bacteria (e.g. Nissenbaum et aI.,
1972b; Krom and Westrich, 1980; Capone and Kiene, 1988). The
observed correlations between DOC and sulphate in core ABC 15 and
DOC and the metabolites in both cores confirm the involvement of DOC
in the sulphate reduction process in these anoxic hypersaline
sediments.
The general pathway of mineralization of organic matter by sulphate
reducing bacteria can be described briefly as follows (e.g. Nissenbaum
et aI., 1972b; Krom and Westrich, 1980; Capone and Kiene, 1988;
Alperin, 1989): labile organic matter is broken down microbially to
polymers (High Molecular Weight DOC) and subsequently to
monomers. This latter process is called fermentation. Sulphate reducing
bacteria utilize only monomers, such as acetate and lactate, forming
inorganic metabolites (e.g. Barcelona, 1980). An outline of this model
is shown in figure 3.9.
In both cores DOC is accumulating till the same level of 10
mmoles.kg- t (Fig. 3.7). In core ABC15 per one mmol DOC 7 meq
alkalinity, 0.66 mmol ammonium and 331 pmol phosphate is present
(Fig. 3.8). However, in core ABC17 per mmol DOC 2.5 meq alkalinity,
0.25 mmol ammonium and 174 pmol phosphate is observed (Fig. 3.8).
This means that in the sediments of the Poseidon Basin the amount of
metabolites formed per mol DOC is only one third of that formed in the
sediments of the Tyro Basin.
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(e.g. Nisse!>aum et al•• 1972b; Krom and Westrich, 1980; Capone and Kiene, 1988; Alperin,
1989).

The sulphate reduction rate in the sediments from the Tyro Basin is
about three times higher than the rate observed in the sediments from
the Poseidon Basin. A higher sulphate reduction rate implies more
monomer formation according to the model in figure 3.9. Krom and
Westrich observed that 90% of the DOC consists of HMW DOC in
anoxic marine pore waters, and stated that the amount of monomers in
the pore waters is due to an equilibrium between the production of
these monomers and the formation of HMW DOC by polymerization or
consumption by sulphate reducing bacteria. Assuming a similar rate of
monomers formation in the sediments of the Tyro and Poseidon Basins
a higher amount of DOC is expected to be present in the sediments of
the Tyro Basin. However, the amount of DOC in the pore waters of
both cores is comparable. Therefore, it is suggested that it rather is the
turnover rate of HMW DOC to monomers than the decomposition of
organic matter to DOC that determines the sulphate reduction rate in
these anoxic hypersaline sediments
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3.5 Summary and conclusions

The pore water data from the anoxic sediments from the Tyro,
Poseidon and Kretheus Basins indicate that organic matter is
decomposed by sulphate reducing bacteria. This is shown by a
decrease in sulphate concentrations and increase in products as
ammonium, alkalinity and phosphate. It seems that despite the high
salinity content in the Tyro brine, sulphate reduction in not inhibited.
The sulphate reduction rate in the Tyro Basin is much higher than the
rates observed in the Poseidon and Kretheus Basins. This due to 1) the
anoxic brine in the Tyro Basin, which has an preservative effect on the
organic matter reaching the sediment and, 2) in the top of the cores
ABC 17 and ABC23 most reactive material would have been
decomposed by manganese and iron-oxides before reaching the
sulphate reduction zone.
Incomplete mineralization of the organic matter causes an increase in
DOC in the pore waters from the Tyro and Poseidon Basins. In both
basins accumulation of DOC occurs till about 10 mmol.kg-'. The
accumulation of DOC correlates with the decrease of sulphate in core
ABC15 and the increase of alkalinity, ammonium and phosphate in
cores ABC 15 and ABC 17. The amount of metabolites formed per mol
DOC in the sediments of the Poseidon Basin is only one third of that
formed in the sediments from the Tyro Basin. It is proposed that the
turn over rate of polymers to monomers determines the sulphate
reduction rates in the anoxic hypersaline sediments from the eastern
Mediterranean.
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Chapter 4: Carbonate diagenesis in anoxic hypersaline sediments from
the Tyro area.

Abstract
Pore water chemistry is used to identify authigenic carbonate formation in anoxic hypersaline
sediments from the Tyro, Poseidon and Kretheus Basins. The distribution of alkalinity, Ca, Mg and
Sr in the pore waters indicate the formation of Ca,Mg-carbonates in thase sediments. A model
program PHRQPITZ (Plummer et aI., 1988) has been applied in order to determine which
carbonates are formed. All pore waters are supersaturated with respect to dolomita. Cores ABC15
from the Tyro Basin and ABC23 from the Kretheus Basin also show a loss in alkalinity, whereas
this is not the case in core ABC17 from the Poseidon Basin.
Organogenic dolomite and high Mg-calcite formation is likely to have taken place in the anoxic
hypersaline sediments from the Tyro Basin. The loss in alkalinity estimated from the potential and
the measured alkalinity is linaarly related to the decrease in Ca and Mg. This stoichiometric relation
implies that dolomite has been formed by direct precipitation. In contrast dolomite formation in the
Poseidon and Kretheus Basins is more likely to have occurred by replacement of calcite and
aragonite. In core ABC17 the incorporation of Mg in opal-CT could have been an other sink for Mg
in these pore waters.

4.1 Introduction
The release of inorganic metabolites, due to the decomposition of
organic matter by sulphate reducing bacteria, may result in the
formation of authigenic minerals when their concentrations exceed the
solubilities of these minerals (Suess, 1979; Middelburg et aI., 1990;
Morse and Mackenzie, 1990). The formation of sulphide, phosphate
and carbonate minerals in organic-rich anoxic marine sediments has
been a subject of research for many scientists (e.g. Martens et aI.,
1978; Suess, 1979; Berner, 1984; Middelburg et aI., 1990). The
occurrence and formation of sulphides will be discussed in chapter 9.
Decomposition of organic matter will not only lead to authigenic
carbonate formation, but may also lead to dissolution or
recrystallization of biogenic carbonates (Morse and Mackenzie, 1990).
Calcite and aragonite may dissolve or be replaced by other carbonates,
such as high Mg-calcite and dolomite ( see for a review Morrow, 1982;
Morse and Mackenzie, 1990).
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In hypersaline environments authigenic dolomite and other minerals
are often related to evaporitic processes, such as in the Persian Gulf
sabkhas (Morrow, 1982). However, in deep-sea environments dolomite
formation is related to the decomposition of organic matter (Compton,
1988; Suess et aI., 1988). The decomposition of organic matter by
sulphate-reducing bacteria promotes the formation of dolomite by
simultaneously increasing the alkalinity and decreasing the sulphate
concentration to near zero (Compton, 1988; Middelburg et aI., 1990).
This so-called organogenic dolomite is often found in trace amounts in
organic-rich ~:lnoxic sediments (Morrow, 1982; Baker and Burns, 1985;
Compton, 1988).
In this study pore water chemistry is used to identify authigenic
carbonate mineral formation in anoxic hypersaline sediments from the
eastern Mediterranean.

4.2 Material and methods
Sediment cores from the Tyro, Poseidon and Kretheus Basins have
been studied for their interstitial water chemistry. Core ABC 15 is taken
from the anoxic hypersaline Tyro Basin, whereas core ABC 17 and core
ABC23 are taken from the Poseidon and Kretheus Basins, respectively.
Shipboard procedure for sample processing has been described in
detail by De Lange (1992). The sediment samples were squeezed with
modified Reeburgh-type squeezers in a glove box flushed with high
purity nitrogen and in a room held at a constant bottom water
temperature of 13°C. Interstitial water was collected in acid-cleaned
bottles.
Total alkalinity was measured on board ship, usually within 24 hours
after collection, by an automatic potentiometric titration system using
0.05 M HCI. Major cations were measured by ICPES (ARL 34.000)
after 10 to 100 times dilution, obtaining a concentration for Na equal
to one-tenth of that of normal seawater. Analytical presicion was
determined by replicate analyses of Atlantic seawater (Madeira Abyssal
Plain). Usually a precision of 3% was obtained for Ca, Mg and Sr.
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The pH in the sediments was determined by punch-in pH measure
ments using a glass-carbon electrode (Ingold) with an internal reference
electrode.

4.3 Alkalinity
Total alkalinity and punch-in pH data from cores ABC15, ABC17 and
ABC23 are shown in figures 4.1, 4.2A and 4.2B, respectively.
The total or titration alkalinity refers to the acid neutralizing capacity
of the pore waters (Stumm and Morgan, 1981; Morse and Mackenzie,
1990). The contribution of carbonate to the total alkalinity is called
carbonate alkalinity and is defined as:

At the pH of the anoxic hypersaline sediments, the following species
may contribute significantly to the total alkalinity: HCO a-, CO/-, OH-,
H+, B(OH)4"' HS-, HPO/- and HaSi04-. To obtain the carbonate alkalinity
one has to correct the total alkalinity for the contribution of borate,
sulphide, phosphate and silicate. Because of their relative low
concentrations the contributions of phosphate and silicate have been
neglected. In figure 4.1 the alkalinity corrected for borate and sulphide
is shown. This correction is rather small «
10%). Therefore, the
measured total alkalinity is assumed to be equal to the carbonate alkali
nity.
The carbonate alkalinity in pore waters in anoxic marine sediments is
determined by the following reactions, amongst others (Berner et ai,
1970; Froelich et aI., 1979; Devol et aI., 1984; Middelburg, 1990):
I. organic matter decomposition by bacterial sulphate reduction
(CH 20)'06(NH a)'6(H aP0 4) + 53S0/- ~
106HCO a- + 16NH4+ + HPO/- + 53H 2 S
II. methanogenesis
(CH 20)'06(NH a)'6(H aP04) ~ 16NHa + 53CH 4 + 53C0 2 + HPO/
NH a + CO 2 + H20 ~ NH 4+ + HCO a
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III. anoxic methane-oxidation
CH 4 + SO/- ~ HCO a- + HS- + H20
IV. precipitation and dissolution of carbonates
CO 2 + H20 + CaCO a .. Ca 2+ + 2HCO a
V. authigenic silicate formation
3AI 2Si 20 5 (OH)4 + 2K+ (or with Na+ and Mg 2+) + 2HCO a- ..
2KAl aSi 3 0,o(OH)2 + 2C0 2 + 5H 20
Additionally, sulphide precipitation effects the pH and can even buffer
the pH at a near constant level (Boudreau and Canfield, 1993). The
precipitation of iron-sulphides may therefore influence the carbonate
precipitation/dissolution.
The carbonate alkalinity expected from the decomposition of organic
matter by sulphate reduction (reaction I) can be calculated either from
the ammonium concentrations or from the decrease in the sulphate
concentrations in the pore waters.
Assuming stoichiometric decomposition of the organic matter
decomposing in the Tyro area (C:N:P = 106: 17:0.03; see chapter 3) an
estimate of the produced alkalinity (HCO a") can then be made using the
following equation:

[HC03-]

=

106 Dn [N1i4+]
17 Da1k

[4.1A]

or

[HCOj"]

=

Ds [80:-]
O.5Dn

[4. lB]

In which [HCO a-], [NH 4 +] and [SO/oJ are the potential alkalinity, the
increase in the ammonium concentration and the decrease in sulphate
concentration, respectively. The diffusion coefficients On' D. and Da1k
have been calculated according to Li and Gregory (1974) and can be
found in appendix A.
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For core ABC15 the potential alkalinity, based upon the ammonium
and the sulphate concentrations, is much higher than the alkalinity
actually observed in the pore waters (Fig. 4.1). A similar discrepancy is
found for core ABC23, in which the potential alkalinity is calculated
from the ammonium data (Fig. 4.2B). For core ABC17 the alkalinity
estimated from ammonium is similar to the measured alkalinity (Fig.
4.2A).
The loss of alkalinity in the pore waters of core ABC15 and core
ABC23 may be related to reactions such as IV and V, and will be
discussed in more detail in section 4.5.
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Figure 4.1: Alkalinity and pH versus depth profiles in core ABC15. Diamond symbols represent
total alkalinity values measured in the pore waters. Solid line I is the alkalinity profile corrected for
borate and sulphide. Solid line II is the alkalinity profile calculated from ammonium measurements
and the dashed line the profile calculated from the sulphate data according to equation 4.1. Upper
graph show data from tripcore of ABC15.
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Figure 4.2: Alkalinity and pH versus depth profiles in core ABC17 (A) and core ABC23 (B).
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calculated from the ammonium data (equation 4.1 A).
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4.4 The major ions: Ca. Mg and Sr
The pore waters from core ABC 15 are strongly depleted in Ca and
Mg compared to the concentration of the elements observed in the
Tyro brine (Fig. 4.3). The concentrations of both Ca and Mg decrease
with depth. whereas the alkalinity first increases and finally remains
constant at a concentration of approximately 20 meq.kg· 1 (Fig. 4.1). 
The difference between the Ca and Mg concentration in pore water and
brine correlates nicely with the difference in the potential alkalinity and
the observed alkalinity (Fig. 4.4). This strongly suggests the
precipitation of Ca, Mg-carbonates in the sediments of the Tyro Basin.
The Sr concentration in this core is almost constant with depth, a slight
increase is observed at the bottom of this core (> 500 cm) (Fig. 4.3).
During carbonate diagenesis Sr can be mobilized because of the
recrystallization of the carbonates (Walls et aI., 1977; Baker et aI.,
1982).
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Figure 4.4: The difference in Ca and Mg concentration between the pore waters of ABC1S and
the Tyro brine versus the difference between calculated alkalinity and observed alkalinity. Dashed
line represents the best fit.

In core ABC 17 Mg decreases with depth, whereas Ca and Sr slightly
with depth (Fig. 4.5). Also in core ABC23 the Mg
increase
concentration decreases with depth (Fig. 4.6). In this core Ca shows a
slight decrease and the Sr concen-tration remains almost constant (Fig.
4.6).
In chapter 2 it has been shown that the pore water composition of
cores ABC 17 and ABC23 is influenced by diffusive mixing of normal
seawater and brine. Based on the NatCI ratio it was proposed that this
brine had a similar composition to that of the Tyro brine. Assuming that
the brines in the Poseidon and Kretheus Basins had a similar
composition for the other elements to that of the Tyro brine the
contribution of diffusive mixing to the pore waters can be estimated.
However, it was shown that the composition of the elements such as
Mg, Ca, SO/- and Sr varies between the basins in the Bannock area,
although their NatCI ratio is similar (De Lange et aI., 1990a). Such
differences may be present between the Tyro, Poseidon and Kretheus
brines as well. Therefore the interpretation of diffusive mixing should
be done with care.
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Profiles of diffusive mixing between normal seawater and brine for
Ca, Mg and Sr are calculated with the model discussed for the CI
profiles (see chapter 2). The concentration at time of isolation Cj is
equal to that of the Tyro brine, whereas the present-day concentration
Co is the average concentration of eastern Mediterranean seawater.
Values used for modelling are shown in table 4.1. All diffusive-mixing
profiles are calculated for a sedimentation rate of 50 cm.kyr-' and a
time of 2000 and 3000 years. The diffusion coefficients can be found
in appendix A.
Table 4.1: C; is the brine concentration and Co the present day concentration of average
eastern Mediterranean seawater.

Cj Tyro brine

Co eastern Med.

Ca mmoJ.kg-'

29

12

Mg mmoJ.kg-'

59

57

Sr pmoJ.kg-'

272

96

The Sr data in cores ABC17 and ABC23 seem to be related to a
diffusive mixing profile when cross-coupling terms are taken into
account (Figs. 4.5 and 4.6). In appendix A, the calculation of cross
coupling terms according to McDuff and Ellis (1979) is reported.
Especially the diffusion coefficient of Sr is influenced by cross-coupling
terms. A similar observation was found by Ten Haven et aJ. (1987) in
another core taken from the Kretheus Basin.
The concentration of Mg in the Tyro brine is almost equal to that of
average eastern Mediterranean seawater. A contribution of diffusive
mixing to the Mg profile can be neglected. The decrease of Mg with
depth in the pore waters of cores ABC17 and ABC23 is related to
diagenetic processes (Figs. 4.5 and 4.6).
For Ca the picture is more complicated. In core ABC17 the slight
increase of Ca in the top 200 cm corresponds with the diffusive mixing
profile (Fig. 4.5). Below this depth the Ca concentration is lower than
expected from the diffusive mixing profile and remains nearly constant
with depth (Fig. 4.5), This could either mean that Ca is removed from
the pore waters by diagenetic processes or that the Ca concentration in
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the Poseidon brine might have been lower than in the Tyro brine. In
core ABC23 the Ca concentration is significantly lower than expected
from the diffusive mixing profile (Fig. 4.6). Together with the
observation of a decrease in Mg concentration in the pore waters and
the observed loss in alkalinity, formation of Ca, Mg-carbonates are
proposed to act as sinks for Ca, Mg and alkalinity in core ABC23. This
is not that straightforward in core ABC 17.
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Figure 4.5: Pore water profiles versus depth of Ca, Mg and Sr in core ABC17. Solid lines show
diffusive,mixing profiles between normal seawater and brine.

Ca mmol.kg,l
0

10

Mg mmol.kg·
20

0

40

Sr ~mol.kg·l

1

80

0

100

200

0

#

100

E
()
~

i5..

300

ell

0

§
§

200

400
500

0
0
0
0

B

0
0
0
0

8

600
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In order to determine which carbonates may be formed the ion
activity product has been calculated using
the model program
PHRQPITZ (Plummer et aI., 1988). An outline of this program is given
in appendix B

4.5 Dolomitization
The pore waters from core ABC 15 appear to be supersaturated with
respect to the mineral dolomite, pKdal is 16.79 (Fig. 4.7). The pore
water composition seems to reach an apparent equilibrium with respect
to protodolomite (pK = 15.5).
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Figure 4.7: Celculeted saturation index (Log IAP/KI for aragonite (open diamond; pK = 8.151.
calcite (semi-closed diamond; pK = 8.351 and dolomite (closed diamond; pK = 16.791 in core
ABC15. Solid lines mar~ area of thermodynamic solubility (see text for detail).
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Dolomitization in sediments can occur by the following
stoichiometric relations (Morrow, 1982; Baker and Burns, 1985).
I Aragonite or calcite replacement
2CaC0 3 + Mg 2 + :;:> CaMg(C0 3 )2 + Ca 2 +
II Direct precipitation from pore water solution
Ca 2 + + Mg 2 + + 4HC0 3- :;:> CaMg(C0 3 )2 + 2C0 2 + 2 H2 0
III An intermediate stoichiometry, for example
CaC0 3 + Mg 2 + + 2HC0 3 - :;:> CaMg(C0 3 )2 + CO 2 + H2 0
In order to determine which of these reactions occurs in anoxic
hypersaline sediments the following assumptions have been made: (1)
dolomite is forming and (2) the pore water chemistry shown here
represents steady state and reflects the chemistry at the time of
dolomitization.
The decrease of Ca in the pore waters of core ABC 15 and the
accompanying decrease of Mg rules out dolomitization according to the
first reaction. In figure 4.4 it has been shown that the decrease in Ca
and Mg correlates with the loss in alkalinity. The stoichiometric relation
is near 0.5, implying direct precipitation of dolomite according to
reaction II. However, the pore waters show a decrease in the Ca
concentration only till 150 cm depth, while the Mg concentration still
decreases. In these sediments, dolomitization seems not to be limited
by the availability of Mg and carbonate alkalinity but most likely by Ca.
Therefore, the dissolution of calcium-carbonates below a depth of 150
cm may lead to dolomite formation according to reaction III. According
to the thermodynamic calculations, the pore waters are undersaturated
with respect to calcite (pKcal = 8.35) and aragonite (pK = 8.15). So,
dissolution of these minerals may occur.
The offset ~(Ca + Mg) in figure 4.4 is related to the large difference
between Ca in the brine and in the pore waters of the top of core
ABC15. In the trip core of core ABC15 the Ca concentration decrease
from about 23 to 15 mmol.kg-', whereas the Mg concentration and
alkalinity are constant (Figs. 4.1 and 4.3). From the ammonium profile
the loss of alkalinity in the trip core can be estimated (see above),
which is about 10 meq.kg-'. Ca-carbonate formation is likely to occur
at the top of this sediment core. The lithological description of this core
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describes the occurrence of homogeneous carbonate ooze at the top
meter of core ABC 15 and within the trip core.
The pore waters from the Poseidon Basin and the Kretheus Basin are
supersaturated with respect to dolomite too (Fig. 4.8). However, the
pore water profiles display hardly any loss in alkalinity (Fig. 4.2). The
removal of Mg from these pore waters can be due to the replacement
of calcite or aragonite (reaction I). Both pore water profiles are
undersatured with respect to those minerals. Additional removal of Mg
in core ABC17 may occur be incorporation of Mg in opal-CT. Core
ABC 17 differs in lithology from the cores ABC 15 and ABC23 because
of the presence of a thick layer of gelatinous pellicles from two meter
depth till maximum depth of recovery (546 cm). In the sediments of
this core diatoms and siliceous microfossils are the dominant
components, whereas in core ABC15 calcareous plankton is more
abundant (Erba, 1991). During early diagenesis siliceous ooze (opal-A)
has been reported to be transformed into opal-CT in deep-sea
sediments and Mg is incorporated (Kastner et aI., 1977; Baker and
Kastner, 1981). The transformation of opal-A to opal-CT is greatly
enhanced by solutions high in Mg and alkalinity and in the absence of
reactive clay minerals (Kastner et aI., 1977). Conditions in ABC17
seem to favour such removal mechanism for Mg.
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4.6 Summary and conclusions
Using stoichiometric organic matter decomposition and the measured
ammonium data the potential increase in alkalinity was determined. The
pore waters from cores ABC15 (Tyro Basin) and ABC23 (Kretheus
Basin) show a loss in potential alkalinity, whereas this is not the case in
core ABC 17. This removal of alkalinity can be explained by authigenic
carbonate mineral formation.
Organogenic dolomite and high Mg-calcite formation is likely to have
taken place in the anoxic hypersaline sediments of core ABC15. Due to
the decomposition of organic matter by sulphate reducing bacteria the
alkalinity increases strongly. The loss in alkalinity estimated from the
potential alkalinity and the measured alkalinity is linearly related to the
decrease in Ca and Mg. The stoichiometric relation implies that
dolomite is formed by direct precipitation. In contrast the removal of
Mg from the pore waters of cores ABC17 and ABC23 is related to the
replacement of calcite or aragonite. Formation of high Mg-calcite or
dolomite is these sediments seems not to be inhibited by the presence
of sulphate as was proposed by Baker and Kastner (1981). Additional
information from thermodynamic equilibrium calculations showed that
the pore waters in all cores are close to saturation with respect to
dolomite.
In the pore waters of core ABC 17 a decrease in the Mg
concentration is observed, while there is no loss in alkalinity. The
sediments from this core contain high amounts of siliceous oozes.
Incorporation of Mg during diagenesis of these siliceous oozes to opal
CT is thought to be the sink for Mg in this core.
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Chapter 5: Interstitial water chemistry in an anoxic
sediment core from the Bannock Basin

hypersaline

Abstract
The interstitial water chemistry of core ABC45 from the Bannock Basin has been studied. Pore
water from this core show a decrease in the sulphate concentration with depth, while there is no
significant increase in ammonium, phosphate and alkalinity concentration down-core. The decrease
in sulphate is due to bacterial sulphate reduction in the top of the core and gypsum formation
deeper in the core. The sulphate reduction rate is estimated to be 9.5 pmoles.cm- 2yr- 1 •
Thermodynamic calculations with PHRQPITZ (Plummer et al., 1988) indicate that the pore
waters are saturated with respect to gypsum and supersaturated with respect to dolomite. This is
in agreement with observations in the Bannock Basin. which show dolomite and gypsum formation
(De Lange, 1990b). Dolomite is though to be formed by replacement of aragonite or calcite. The
release of Ca is partly removed from the pore waters by the formation of gypsum.

5.1 Introduction
Anoxic hypersaline basins have been observed in two different
tectonic environments within the eastern Mediterranean. The basins in
the western Strabo Trench - the Tyro area - have been discussed in the
previous chapters.
The Mediterranean Riclge, an accretionary prism forming as a res
ponse to the convergence between the African and European plates,
shows a "cobblestone topography" (Camerlenghi, 1990). The Bannock
Basin is the largest depression found within this area (Fig. 5.1) and is
divided into nine sub-basins. Data will be presented from the Borea
Basin. At present, this basin has anoxic hypersaline bottom water with
a salinity of ten times seawater. In this chapter the interstitial water
chemistry of an anoxic hypersaline core from the Bannock Basin will be
discussed.
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Figure 5.1; Location of the Bannock Basin in the eastern Mediterranean

5.2 Material and Methods
Core ABC45 is taken from the sub-basin Borea at a depth of 3350
m. The anoxic sediments in this core show thin laminated green
gelatinous mud and grey oozes, which display a turbiditic pattern (Erba,
1991). The lithology of this core is presented in figure 5.2.
Shipboard procedure and analytical methods have been described
briefly in chapters 2, 3 and 4 for nutrients, alkalinity, sulphate and
sulphate isotopes, and the major cations.
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Figure 5.2: Lithological description of core ABC45 after Erba (1991 I.
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5.3 Results and discussion
5.3.1 Sulphate, ammonium, phosphate and alkalinity
Except for the top 100 em the pore waters from the Bannock Basin
(ABC45) do not show an increase in the concentrations of ammonium,
phosphate and total alkalinity with depth (Fig. 5.3). However, the
decrease in sulphate concentration and in particular the increase of
OMS of sulphate from 23 to 28 (Fig. 5.3) in the pore waters down
core indicate that organic matter decomposition takes place by sulphate
reduction.
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Figure 5.3: Pore water profiles in core ABC45 of A) ammonium, B) phosphate, C) sulphate (open
circles) and sulphate-1l 34S lclosed circles) and D) alkalinity (open circles) and calculated alkalinity
with the ammoniumlsolid line I) and sulphate lsolid line II) profiles versus depth.
Asterix symbol represents the concentration observed in the Bannock brine I.
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The titration alkalinity in the pore waters of core ABC45 is almost
equal to the carbonate alkalinity as corrections for other ions such as
borate and sulphide are relatively minor (see chapter 4). At the pH of
the sediments (pH ~ 6) the carbonate alkalinity is represented almost
entirely by HCO a-. Assuming stoichiometric decomposition of the
organic matter in the sediments from core ABC45 the potential
alkalinity can be estimated from the sulphate or ammonium profiles (see
also chapter 4). In figure 5.3 the results of these calculations are
shown. The alkalinity calculated from the decrease in sulphate is much
larger than the actual measured alkalinity and the potential alkalinity
calculated from ammonium. The discrepancy between the potential
alkalinity calculated from the ammonium and sulphate profiles could be
related to either the removal of ammonium from the pore waters or to
the removal of sulphate by other processes than bacterial sulphate
reduction.
Ammonium may have been removed from anoxic marine pore waters
by ion-exchange processes or authigenic mineral formation (Martens et
aI., 1978; Middelburg, 1990). Ion-exchange reactions of ammonium are
not important in these anoxic hypersaline sediments. Concentrations of
cations (Na, K, Ca and Mg) are 10 to 1000 fold higher than the
ammonium expected from organic matter decomposition. Therefore, the
competition of ammonium for ion-exchange reactions can be neglected.
Ammonium-rich pore waters have been reported to be in equilibrium
with struvite (Martens et aI., 1978; Elderfield et aI., 1981). Indirect
evidence for struvite formation can be obtained by calculation of the
saturation index. The ion activity product of struvite (MgPOl'llH 4 .6H 2 0)
is calculated by:
lAP --

YMg * YP04 * YNH4 * m Mg *m P04 * m NH4 * a6H20

in which Y is the total ion activity coefficient, m is the concentration
and aH20 is the activity of H 20. The total ion activity coefficients and
the activity of H2 0 have been obtained from the geochemical modelling
program PHRQPITZ (Plummer et aI., 1988) and from CHARON (N.M. de
Rooy, Delft Hydraulics laboratory). Both programs calculated similar
total ion activity coefficients for the major ions. "rhe following total ion
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activity coefficients and activity for H 2 0 have been used:
YMg

= 2,

YP04

= 1.3*10.5 ,

YNH4

= 0.57 and aH20 = 0.75.

The solubility product of struvite is reported to be pK = 13.2 (Martens
et aI., 1978), In figure 5.4 the Log (lAP) for struvite calculated for the
pore waters of core ABC45 is shown. Pore waters from core ABC45
are in equilibrium with struvite. However, it is unlikely that struvite
formation has occurred in these pore waters. Stoichiometric
precipitation of struvite would remove an equal amount of phosphate
and ammonium from the pore waters. This would imply a NIP ratio of
the decomposing organic matter ranging between 1 and 2, which
would be very unrealistic. Additional removal of phosphate from these
pore waters can be neglected. Therefore an underestimation of
ammonium due to the removal of ammonium from the pore waters is
thought to be of no importance.
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Figure 5.4: Log(lAP) of struvite in the pore waters of core ABC45 versus depth. Dashed line shows
the logarithm of the solubility product.
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The decrease in the sulphate concentrations with depth could be
related to bacterial sulphate reduction and to gypsum formation.
Assuming a closed system the bacterial isotope fractionation factor ex.
can be obtained from a Raleigh plot (see chapter 9). This fractionation
factor is very small for core ABC45, ex. is 1.005, which could indicate
that the decrease in sulphate is not only due to bacterial sulphate
reduction. The largest increase in 0 348 is observed in the top 150 cm.
In this part bacterial sulphate reduction might be the major process.
The depth integrated sulphate reduction in this part is estimated to be
about 9.5 pmoles.cm-2 • yr-', using the following equation:

[5.1J

In which D8 is the diffusion coefficient for sulphate calculated according
to Li and Gregory (1974) (see appendix A) and cP is the porosity. The
sulphate reduction rate in the sediments of the Bannock Basin is
comparable with the rate observed in the sediments of the Tyro Basin
(see chapter 3).
Below a depth of about 200 cm sulphate removal by gypsum
precipitation may have been more important than bacterial sulphate
reduction since the 0 348 remains almost constant with depth. In
addition, the ammonium and phosphate concentrations are almost
constant in this depth interval, which does not support a continuing
sulphate reduction with depth in this core.
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5.3.2 Major elements
The pore water concentrations of Na, CI and K are constant with
depth in core ABC45 and almost identical to those in the Bannock brine
I (Fig 5.5). In contrast, the concentrations of Ca and Sr increase with
depth, whereas that of Mg slowly decreases (Fig. 5.6). In the next
paragraphs the early diagenetic processes involved in the distribution of
these major elements will be closer viewed.
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Figure 5.5: CI, Na and K concentration in the pore waters of core ABC45 versus depth. Asterix
symbol represents the concentration observed in the Bannock brine I.
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Figure 5.6: Ca, Mg, and Sr concentration in pore waters of core ABC45 versus depth. Asterix
symbol represents the concentration observed in the Bannock brine I.

5.4 Dolomitization and gypsum precipitation
The saturation indices for carbonate and sulphate minerals have been
calculated for the pore waters from core ABC45 by the modelling
program PHRQPITZ (Plummer et al.,1988; see appendix B). This
program is based on the Pitzer equations and can therefore be applied
to solutions with high ionic strength. Major ions and alkalinity
concentrations of the pore waters and the punch-in pH measurements
are used to calculate the ion activity product of Ca-sulphates, Ca,Mg
carbonates and halite.
The pore waters of core ABC45 are in apparent equilibrium with
respect to gypsum (pK = 5.12). This is in agreement with the
observations by De Lange et al. (1990b) for the Bannock Brine, where
the brine composition is reported to be in equilibrium with gypsum.
Calcite and aragonite are undersaturated in these pore waters (Fig.
5.7). The increase of Ca and Sr with depth can therefore be explained
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by the dissolution of these carbonates. The pore waters appear to be
supersaturated with respect to dolomite. Dolomite formation has been
reported to occur in the Bannock Basin (De Lange et aI., 1990b).
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Figure 5.7: Saturation indices, LOG (IAP/K), of gypsum, aragonite (open circle). calcite (open circle
with cross) and dolomite (closed circle) versus depth in core ABC45. The area between the solid
lines shows the error in saturation area due to two different scaling possibilities in the program
PHRQPITZ (see for detailed discussion appendix B).

The process of dolomitization and gypsum formation could have
occurred according to the following reactions:
replacement of aragonite or calcite
I. 2CaCO a + Mg 2 + ~ CaMg(CO a)2 + Ca 2 +
and gypsum formation
II. Ca 2 + + SO/- ~ CaS0 4
Replacement of aragonite or calcite with dolomite will increase the Ca
concentration with approximately 60 mmol.kg·1 , since a decrease of
about 60 mmol.kg-1 in Mg is observed in the pore waters of core
ABC45. This Ca may subsequently react with SOl- and form gypsum.
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A removal of 35 mmol.kg-' of 50/- balances the increase of 25
mmol.kg of Ca in these pore waters. The potential alkalinity in the top
of this core may have been removed by upward diffusion to the
sediment-water interface. There is a large difference between the
concentration of Mg in the top of core ABC45 and the concentration
observed in the brine (Fig. 5.6). Dolomite formation at the sediment
water interface could in part explain the loss in alkalinity and Mg in the
top of this core.
o

'

Based upon the pore water profiles, stoichiometric relations and the
thermodynamic calculations it can be concluded that dolomite or high
Mg-carbonates are formed in the sediments of the Bannock Basin. This
observation is consistent with the findings of high-Mg calcite and
dolomite in hardgrounds from this area (Aghib et ai, 1991).
In contrast to Baker and Kastner (1981) high concentrations of
sulphate (> 35 mmol.kg-') in the pore waters apparently do not inhibit
dolomite formation in these sediments. The Mg/50/- ratio in the pore
waters of core ABC45 ranges from 5.5 to 10.5. These ratios are much
higher than the ratio found in normal seawater (Mg/50/- = 1.8). The
mechanism of the inhibiting effect of sulphate for dolomite formation in
normal seawater is still unknown (Baker and Kastner, 1981). The
formation of Mg-50/- ion pairs has been suggested to be such a
mechanism. Pore water data from core ABC45 indicate that if the Mg
concentrations are much higher than the sulphate concentrations,
dolomite can be formed. So there will be Mg available even if all
sulphate ions will form Mg-50/- ion pairs.
The pore water profiles and the presence of gypsum crystals at large
depth in core ABC45 favour a mechanism of dolomite and subsequently
gypsum formation in these sediments.
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5.5 Summary and conclusions
The anoxic hypersaline sediments of core ABC45 from the Bannock
Basin were studied for their pore water chemistry. Pore water profiles
of the metabolites and the major ions are determined by early
diagenetic processes. Decomposition of organic matter occurs by
sulphate reducing bacteria. The sulphate reduction rate is estimated to
be 9.5 pmol.cm- 2 .yr 1 • Sulphate reduction is only important in the top
150 cm of core ABC45. The decrease of sulphate concentration below
this depth is ascribed to gypsum formation.
The formation of organogenic dolomite or high Mg-carbonates is the
major sink for the alkalinity in the top of core ABC45 and for Mg
throughout this core. In contrast to other reports dolomitization seems
not to be inhibited by the presence of sulphate ions in the pore waters.
Dolomite is formed by the replacement of Ca by Mg in aragonite or
calcite.
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Chapter 6: The mobility of barium in anoxic hypersaline sediments from
the Tyro and Bannock Basins. eastern Mediterranean.

Abstract
Dissolved barium and sulphate has been measured in the pore waters of anoxic hypersaline
sediments from the Tyro (ABC15) and Bannock (ABC45) Basins. Additionally the barium and organic
carbon content in the sediments have been determined.
The concentrations of dissolved barium are higher than the value observed in the overlying brine.
In both cores an increase of dissolved barium is observed at depth. For the Tyro Basin this increase
is very sharp and large, values up to 190 pmol.kg- 1 are measured. In the Bannock Basin the barium
concentration goes up to 500 nmol.kg- 1 • Barium is mobilized by both sulphate reduction and lowering
of the activity coefficient of 80/- in brines. The pore water concentrations of barium and sulphate are
close to saturation to pure barite. The apparent solubility product of barite in these pore waters is
estimated to be : pK '" 10.25.
The barium content in these sediments are comparable with those of normal marine sediments
from the Mediterranean. At most depths the enrichments in barium correspond with a high organic
carbon content. Upward diffusion of dissolved barium and subsequent precipitation of barium may
have lead to enrichments of barium above high organic carbon contents in the sediments.

6.1 Introduction
In the water column barite (BaS0 4 ) precipitates in association with
biological particulate matter (Bishop, 1988). Therefore, barium (Ba) is
often associated with organic matter (Dymond et aI., 1992). Sedimentary
barite concentrations have been suggested to be an indicator for
paleoproductivity. However, preservation of sedimentary Ba and the
distribution of dissolved Ba in sediments are primarily controlled by the
formation and regeneration of barite (Michard et aI., 1974; Van Os et aI.,
1991). Application of Ba as a paleoproductivity indicator causes problems
in suboxic and anoxic sediment (Brumsack and Gieskes, 1983; Von
Breymann et aI., 1990; Dymond et aI., 1992). In anoxic sediments, where
sulphate reduction takes place, dissolution of barite is likely to occur
(Brumsack and Gieskes, 1983; Van Os et aI., 1991; Dymond et aI.,

1992).
The Tyro and Bannock Basins, in the eastern Mediterranean, contain
anoxic hypersaline bottom water (De Lange and Ten Haven, 1983;
Jongsma et aI., 1983; Scientific Staff of Cruise Bannock 1984-12, 1985).
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The Ba concentration in the brines is much higher than in normal
seawater, 490 nM and 130 nM Ba in the Tyro and Bannock brine
respectively. Barite has been reported to be close to saturation in both
brines (De Lange et aL, 1990b). The sulphate concentration in the brines
seems to determine the dissolved barium concentration (De Lange et aL,
1990b).
Both basins have a high sulphate content, 44 mmoLkg-1 and 86
mmol.kg-1 for the Tyro and Bannock-I brine respectively (De Lange et
aL,1990a). To determine the equilibrium of barite with the dissolved
barium concentration in the anoxic hypersaline sediments from the Tyro
and Bannock Basins a high resolution pore water and sediment study has
been performed.

6.2 Material and methods
Gravity cores ABC 15 and ABC45 are recovered from the anoxic
hypersaline Tyro and Bannock Basins, respectively. The sediments in these
cores are completely anoxic and extend over a period of Late Pleistocene
to Holocene. Core ABC 15 is strongly turbiditic. The sequence is
characterized by thin laminations consisting of alternating green gelatinous
mud and grey, reduced oozes. The lithology of core ABC45 is comparable.
In neither core any sapropelic (sensu stricto) layers have been observed.
Sample processing has been described in detail by De Lange (1992).
Briefly, sediment samples were squeezed with modified Reeburgh-type
squeezers in a glove box flushed with high-purity nitrogen and held at a
constant bottom water temperature of 13°C. Interstitial water was
collected in acid-cleaned bottles. The squeezed sediment was subsampled
for the further analyses.
Pore waters: Sulphate was measured as total S by ICPES (ARL 34.000)
after 100 times dilution. Analytical precision was obtained by replicate
analyses of seawater (Madeira Abyssal Plain). The precision obtained for
S was about 5%. Ba was measured with a VGPQ1 ICP mass spectrometer
(ICPMS) at MIT (Cambridge, USA), a standard deviation of less than 5%
was found.
Sediment: After complete dissolution of the sediment with an acid
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mixture of HF/HNO a/HCI0 4 the Ba content was measured by ICPE5.
Analytical precision was obtained by replicate analyses of an international
standard 50-1 and an in-house standard. Organic carbon was determined
by burning the organic carbon in an oxygen atmosphere at 900°C and
measuring the CO 2 volumetrically. Prior to the analyses carbonate carbon
was removed by reaction with 1M HCI. Based on duplicate analyses the
standard deviation of the organic carbon measurements is 3.5%.

6.3 Results and discussion
The results of Ba, sulphate and organic carbon are shown in figures 6.1
and 6.2 for cores ABC15 and ABC45, respectively. The dissolved Ba
concentrations are higher than the values observed in the overlying brine
(490 nM and 130 nM Ba in the Tyro and Bannock brine, respectively;
Klinkhammer and Lambert, 1989; De Lange et aI., 1990b). A steady
increase in dissolved Ba is observed at depths greater than 350 cm for
core ABC 15. The Ba concentration reaches values up to 190 pmol. kg-'.
In core ABC45 the dissolved Ba increases up to 500 nmol.kg-' at depth
greater than 600 cm. The increase in Ba corresponds with a decrease in
the sulphate concentration in both cores.
The downward increase of dissolved Ba in both cores suggests that the
dissolved Sa concentration is controlled by barite dissolution. Similar pore
waters profiles of Ba and sulphate have been found by others (Brumsack,
1986; Michard et aI., 1974; Von Breymann et aI., 1990). Dissolution of
barite in the lower part of core ABC15 can be expected since sulphate
decreases to near zero due to sulphate reduction. Although sulphate
concentrations are high in core ABC45, an increase of dissolved Ba in the
pore waters is observed.
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Brine-induced changes in the activity coefficients of Ba and sulphate
may be an important factor for the solubility barite in a hypersaline
environment.The ion activity product of barite has been determined using
the activity coefficients of BaH and SO/- calculated with the modelling
program PHRQPITZ (Plummer, 1988). More information on this program
can be found in appendix B. The ion activity product is calculated as
follows:

In which "l Be and yT504 are the total ion activity coefficients for Ba 2+ (y
= 0.20) and for SO/- (y = 0.017), respectively. The activity coefficient
for Ba 2 + is in the range of values for Ba in normal seawater (Church and
Wolgemuth, 1972), whereas the activity coefficient of S04 2• is about three
times lower than values found in seawater (Church and Wolgemuth,
1972). Dissolution of barite in core ABC45, where concentrations of
sulphate are high in the pore waters, might be related to this lower
activity coefficient for SO/- in brines. The pK of barite ranges from 9.77
to 10.05 (review, Falkner et aI., 1993). Correction for temperature and
pressure have not been applied. Church and Wolgemuth (1972) showed
that the decrease in temperature from 25°C to 1° reduces the solubility
product with a factor of two, while an increase in pressure from 1 atm to
500 atm increases the K value about three times. For sediments of the
Tyro and Bannock Basins temperature is 13°C and waterdepth is about
3400 m (350 atm). The combined effect of temperature and pressure is
therefore balanced and masked by the range of pK values reported in the
literature.
Pore waters of core ABC 15 are close to saturation relative to pure
barite till a depth of 350 cm (Fig. 6.1). Below this depth the pore waters
become supersaturated because of the strong increase in dissolved Ba. In
core ABC45 the pore waters are near saturation until maximum depth of
recovery (Fig. 6.2). Despite the differences in the dissolved Ba and
sulphate concentrations between cores ABC15 and ABC45 the ion activity
product in the pore waters are similar; Log lAP is about -1 0.25. The offset
in core ABC 15 below a depth of 350 cm might be due to an
overestimation of the sulphate concentration. Pore water samples were
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measured for their total sulphur content, samples could have been
enhanced by the oxidation of sulphide. This contamination would be
significant at depths where the sulphate concentration decreases to zero.
An estimation of this contamination can be calculated from the apparent
solubility product (Log lAP = -10.25) and the activity of dissolved barium.
The sulphate concentration, which is in equilibrium with the apparent
solubility product, is shown in figure 6.1. Below 350 cm this
concentration approaches zero. This indicate that the measured sulphate
concentration at the bottom of this core can be attributed to oxidized
sulphide.
The concentrations of sedimentary Ba in these anoxic hypersaline
sediments are comparable with those of normal marine sediments from
the Mediterranean (Calvert, 1983; Van Os et ai, 1991; Pruysers et ai,
1991). DeHairs et al. (1987) reported that 96% of the barium is biological
related in western Mediterranean sediments. Van Os (1993) found similar
values for the eastern Mediterranean sediments. In both basins the
enrichments of Ba correspond with higher organic carbon contents (Figs.
6.1 and 6.2). This is in agreement with the association of Ba and organic
matter often found (Dymond et aI., 1992; Pruysers et aI., 1991; Van Os
et aI., 1991). Deeper in core ABC45 diagenetic remobilization of Ba may
occur. This is indicated by the increase of dissolved Ba and the suspicious
Ba enrichment at 550 cm depth (Fig. 6.2). The onset of this increase is
not matched with a higher amount of organic carbon.

6.4 Conclusions
Pore waters of anoxic hypersaline sediments from cores ABC 15 and
ABC45 are saturated with respect to barite. The apparent solubility
product of barite in these pore waters is estimated to be: pK ~ 10.25.
From the pore water data it is shown that barite can be mobilized by both
sulphate reduction and lowering the activity coefficient of 50/- in brines.
Upward diffusion of Ba may lead to barium enrichments above high
organic carbon contents as observed in core ABC45.
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Chapter 7: The distribution of DOC and POC in the water column and
brines of the Tyro and Bannock Basins'

Abstract
DOC (dissolved organic carbon) and POC (particulate organic carbon) have been measured in the
Tyro and the Bannock basins in the eastern Mediterranean Sea. These basins contain an anoxic.
hypersaline brine with the interface at 3383 dber and 3330 dber respectively.
In the oxic water-column DOC is at its maximum at 70 - 100 m depth (-2.5 mg Col·'). Below this
layer the DOC value is constant around 1.5 mg CJ-' down to the depth at which the seawaterlbrine
interface occurs. In the oxic water-column POC values gradually decrease from 20 jJg CJ-' to 5 jJg C.1·'
with increasing depth. POC and DOC show e sharp increase at the seawaterlbrine interface, where
velues of 150 jJg CJ-' and -4.0 mg Col·' respectively have been observed. Within the brine the POC
values are about 10 times higher (-50 jJg CJ-') than in the oxic overlying seawater. The DOC content
in the brine is ebout 2 - 2.5 times higher (4-4.5 mg CX') than in the oxic seawater.
The accumulation of POC et the interface and the presence of a high POC and DOC concentration
in the brine fevor bacterial activity et the interface.

7.1 Introduction
During recent decades several authors have pointed out that organic
matter is of extreme importance in biogeochemical cycles in the marine
environment (Duursma. 1961; Krom and Sholkovitz. 1977; Elderfield.
1981; Heggie et aI., 1987; Berger et al.. 1989). Although organic matter
is only a minor component of seawater. it plays a major role in biological
(productivity), geological (sedimentation and early diagenesis) and
chemical processes (metal complexation. flocculation. adsorption
phenomena) (Cauwet. 1984).
Little is known about the characteristics of dissolved organic matter; so
far only 10-20% of this pool of organic matter has been characterized
(Ehrhardt. 1977). The pool of dissolved organic carbon (DOC) in the ocean
is sixteen times the annual production of organic material (Fredericks and
Sackett. 1970). This estimate is obtained by taking 120 g C.m-2 as the
average annual productivity, 3800 meters as the mean depth of the
ocean, and 0.5 mg C.I-' as the global mean concentration of DOC. Thus

1Henneke and De Lange, 1990. Mar. Chem., 31: 113-122
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a knowledge of the distribution of DOC and coexisting particulate organic
carbon (POC) is essential for a complete understanding of the carbon cycle
in the ocean (Fredericks and Sackett, 1970). Berger et al. (1989) pointed
out that the removal of organic carbon from the photic zone in the form
of POC and as DOC acts as a "biological pump" which lowers the partial
pressure of CO 2 in the surface waters. The DOC profiles given by
Sugimura and Suzuki (1988) suggest that the ocean's DOC pool is at least
twice as big as the atmospheric CO 2 reservoir (Toggweiler, 1989).
DOC in the deep ocean has a long residence time. The residence time
of DOC in the Pacific Ocean at 2000 m has been estimated to be -3400
yr. (Williams et aI., 1969). Assuming a steady-state situation Williams et
al. (1969) calculated that this age means that 0.51 per cent of the fixed
carbon enters the deep sea. The utilization of DOC and the production of
POC by free-living bacteria have been reported by Cho & Azam (1988)
and Pett (1990).
The first data on dissolved organic matter in the Mediterranean were
reported more than ninety years ago. In 1892 Natterer found 2 mg.l- 1 of
dissolved organic matter in the surface water in the open sea, and 10-20
mg.l- 1 in water taken from near the coast of Greece (Duursma, 1965).
Williams (1975) reported dissolved organic carbon values ranging from 0.8
to 1.3 mg C.I-1 for the western Mediterranean. To the best of our
knowledge, the present paper is the first to report on the distribution of
DOC and POC in the eastern Mediterranean. we report here not only on
the DOC and POC content of seawater, but also on that of the brine-filled
depressions in two areas, namely the Tyro and the Bannock areas (De
Lange and ten Haven, 1983; Jongsma et aI., 1983; Scientific staff of
cruise Bannock 1984-12,1985).

7.2 Sampling and methods
Samples were collected from the Tyro and the Bannock Basins on the
ABC87 cruise with the Dutch R.V. Tyro in June 1987. Sea water samples
for DOC and POC were collected with Niskin bottles.
DOC and POC were analyzed by measuring the carbon dioxide resulting
from wet oxidation of organic matter (Wilson, 1961; Menzel and Vaccaro,
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1964). The procedure for the sample preparation will be outlined briefly
below. All the glass ampoules had been pre-heated at 500°C for four
hours to remove any organic contamination. All the other preparations
were done on board ship; the actual measurements were done in a shore
based lab. For DOC 5 ml of filtered seawater, filtered through a Whatman
GF/F glass fibre filter, were put into a glass ampoule. To this ampoule 250
pI of 6% phosphoric acid and 200 mg K2 S2 0 a were added. The ampoules
were purged for 6 minutes to remove inorganic carbon. then the ampoules
were sealed and heated for three and a half hours at 130°C for total
oxidation of the organic matter. For POC, 500 or 1000 ml seawater were
filtered through a Whatman GF/F glass fibre filter. The filter was put into
an ampoule, to which 5 ml of Q-dest and 250 pI of 6% phosphoric acid
and 200 mg K2S20 a were added. The ampoules were prepared in the same
way as for DOC. In the autumn of 1987 all the ampoules were analyzed,
with a CO 2 infrared carbon analyzer (Oceanographic International, model
0524B).
All DOC values are the mean of two different sub-samples. The
precision of these data is estimated to be better than 10%. POC data are
all single measurements. A standard curve was constructed from
carbonate solutions of varying concentration. The reported DOC and POC
values of the samples have been calculated from this standard curve. A
glucose standard curve (20 -100 pg C.I-') was prepared, similar as those
of the samples. Extrapolation through zero concentration gave a blank
value of 0.5 mg.I-'. All DOC data have been corrected for this blank.

7.3 Results
A detailed study has been made of DOC and POC content of seawater
and brines in two basins in the eastern Mediterranean. Figures 7. 1A and
7.2A show the DOC profiles for the Tyro and Bannock Basins respective
ly. In the oxic water column there is a maximum of DOC at 70 - 100 m.
The DOC values in the oxic water column range in the Tyro and Bannock
Basins from 1.4 to 2.5 mg C.J-' and from 1.0 to 2.7 mg C.J-' respectively.
Both profiles show a rapid increase in DOC at the interface between the
oxic seawater and the anoxic brine. At the interface the density changes
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within a few meters from 1.025 g.cm-3 in the oxic water to 1.21 g.cm-3
in the anoxic brine. The interface is for the Tyro Basin at a depth of 3383
dbar (3328 m) and for the Bannock Basin it is at 3330 dbar (3276 m)
(Boldrin and Rabitti, 1990). In the Bannock Basin the DOC decreases
slightly just above the interface.
In the oxic water column of the Tyro area the POC values gradually
decrease from 20 pg C.!-' to 5 pg C.!-' (Fig. 7.1 B). The POC content
sharply increases from 5 pg C.!-' just above the interface to 152 pg CX'
at the interface. In the brine the POC values are about 50 pg C.!-'.
Although there are no data for the oxic water column in the Bannock
area, we are confident that the values of POC will not deviate significantly
from those found in the water column of the Tyro Basin (Fig. 7.2B). For
both areas the profiles of other biogeochemically involved constituents
such as oxygen, nitrate, silica, phosphate and Ba, are identical (De Lange
et aI., 1990a). The POC value at the interface of the Bannock Basin is
within the range of that of the Tyro Basin, namely 146 pg C.!-' versus 150
pg C.I"'. The POC in the Bannock brine decreases with depth, but there is
a large scatter in the data.
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Figure 7.1: DOC and POC data of the water-column of the Tyro Basin
A)DOC expressed in mg C.i-' and B)POC expressed in pg C.i-'; dashed line represents the interface
between the oxic seawater (190 pM O2 , density 1.025 g.cm-3) and the underlying anoxic brine (2 mM
HS·' density 1.21 g.cm-3)
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7.4 Discussion
The DOC values in the oxic water column of the Tyro and the
Bannock Basins range within the values reported for other oceanic
areas. Starikova (1970) has reported a range of 1.5-2.0 mg C.I-' for the
Indian, Pacific and Atlantic Ocean using dry combustion techniques. For
the Black Sea values ranging from 2.5 - 3.0 mg C.I"' have been
reported (Williams, 1975).
In the western Mediterranean DOC values ranging from 0.8 mg C.I-'
to 1.3 mg C.I·' have been measured (Williams, 1975), These data were
obtained using peroxydisulphate oxidation. Cauwet (1984) reported
that the DOC content decreases from 1-1.5 ppm to 0.2 ppm in the
deep water of the western Mediterranean. The data from the eastern
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Mediterranean, which are reported here, deviate considerably from
those from the western Mediterranean reported by Cauwet (1984). The
differences may be due to differences in the analytical technique and
equipment used. A relative small difference is observed between the
data from this study and those reported by Williams (1975).
Sugimura and Suzuki (1988) have indicated that in the surface
waters considerably higher DOC values may be measured, if a newly
developed catalytic oxidation step is used in the analysis of DOC.
However, with regard to the DOC content of deep waters these authors
observed relatively small differences in the results obtained by their
analytical technique and by the conventional method (Sugimura and
Suzuki, 1988). Suzuki et al.(1988) reported on an intercomparison of
different analytical techniques for DOC analyses. They found large
differences between the data measured using persulphate oxidation,
using the Suzuki method (Sugimura and Suzuki, 1988) and using a
commercially available high temperature combustion instrument
(Shimadzu TOC500). When used to measure seawater samples, the
Suzuki method gave values that were 3.5 times higher than those
obtained with the persulphate method. Recently, Suzuki (1993)
retracted the results of the DOC measurements published by Sugimura
and Suzuki (1988). The Shimadzu instrument gave values that were
about twice those measured by persulphate oxidation. This indicates
that it is mandatory to use a consistent and adequate measuring
technique to interpretate concentrations of DOC in the oceans and
seas. Although the persulphate method may miss some of the DOC
(Sharp 1973; Gordon and Sutcliffe, 1973; Sugimura and Suzuki,
1988), the values discussed here can be compared for depth profiles
with other oceanic data done by the same method.
The DOC profiles of the water column in both basins show a
dramatic increase at the interface between seawater and brine. Within
the brine the DOC value remains fairly constant. A similar increase in
DOC within the brine relative to seawater has been observed in another
anoxic hypersaline basin, the Orca Basin (Reid et aI., 1977; Sackett et
aI., 1979). The observed values found in the Orca brine are within the
range of the values measured in the Tyro and the Bannock brines.
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The small decrease in DOC just above the interface in the Bannock
Basin can probably be attributed to the utilization of DOC by bacteria
(Cho & Azam, 1988; Pett, 1990). This is confirmed by the fact that
gelatinous pellicles are more numerous in the Bannock area than in the
Tyro area (Erba et aI., 1987; Erba, 1991). It is also possible that
sampling resolution causes this difference. However, further research
needs to be done to explain why this decrease has been observed in
the Bannock Basin and not in the Tyro Basin.
The POC values in the oxic water column of Tyro Basin decrease
from about 20 J.lg C.I- 1 at 400 m to 5 J.lg C.I- 1 at 3315 m. These values
are within the range of values observed by Wangersky (1976) in the
Pacific and Atlantic Ocean. He found that values in the two oceans
were similar at all depths. The POC distribution in the Black Sea shows
a similar profile but with considerably higher concentrations: in the oxic
waters the concentration decreases with depth from 120 J.lg C.I- 1 to 40
J.lg C.I- 1 (Radford-Knoeryand Cutter, 1988).
The literature shows that in an ocean the maximum poe content
occurs in the upper 0-100 m. In the 100-500 m layer it tends to
decrease. However, a difference has been observed between stations.
Below the 500 m a gradual decline in POC concentrations has been
observed, pointing to continuing decomposition and utilization of
organic matter. (Romankevich, 1984). The POC data for the Tyro Basin
show a gradual decrease in the upper oxic column. In the
Mediterranean, values of 44-171 J.lg C.I- 1 (average about 80 J.lg C.I- 1 ) for
POC have been observed in the upper part of the water-column
(Romankevich, 1984). Using these values I have calculated that 75%
of POC has been utilized at 400 m depth, and almost 95% of POC has
been utilized just above the interface. Similarly, Bruland et al. (1989)
found that during transit from the bottom of the euphotic zone to the
deep-sea floor, more than 90% of the sinking particulate organic
material degrades (Bruland et aI., 1989). Flocculation is known to have
only a negligible effect on the POC distribution in the water-column
(pers. comm. Eisma).
At the interface there is a sharp increase in POCo The only report on
poe in anoxic cold brines has been presented by Reid et al. (1977) and
Sackett et al. (1979). They report an increase in poe levels in the
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intermediate zone between seawater and brine of up to 140 pg C.!-' for
the Orca Basin, whereas within the brine an average pac concentration
of 71 pg C.!-' is observed. This is about seven times higher than in the
overlying seawater (Sackett et aI., 1979). In the Tyro and Bannock
Basins an average of 50 pg C.I"' has been measured for pac; this is
about ten times higher than the value measured in the overlying
seawater. Because of the density difference between the oxic seawater
(1.025 g.cm-3 ) and anoxic brine ( 1.21 g.cm-3 ) an accumulation of pac
may occur.
The sharp increase in pac at the interface may be caused not only
to accumulation, but also to the production of pac by bacteria.
Romankevich (1984) reported that in water basins, where the water
mass or bottom sediments are periodically or continuously
contaminated with hydrogen sulphide, bacterial chemo-synthesis of
organic matter may be significant. In the Orca Basin an increased
biomass has been observed at the interface (LaRock et aI., 1979). This
bacterial community may contribute organics to both DOC and pac
(Sackett et aI., 1979).
DeDomenico and DeDomenico (1989) have reported the occurrence
of a much larger population of bacteria at the interface than in the brine
of the Bannock Basin. These bacteria have not yet been identified or
quantified. In addition, Luther et al. (1990) report sulphate reduction
and sulphide oxidation at the interface. Manganese oxidation and
reduction at the interface have been reported by De Lange et al.
(1990a,c). The report of the occurrence of gelatinous peJlicles of bac
terial origin at the interface (Erba et aI., 1987; Erba, 1991) also points
to the option of bacterial activity and therefore to the production of

pac.
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7.5 Conclusions
DOC and poe show a similar trend in the water-column of the Tyro
and the Bannock Basins. In the oxic layer a slow decrease in DOC and
poe with depth is found. At the interface both parameters increase
sharply, the poe increases more than the DOC. DOC increases at the
interface by a factor of 2 - 2.5 and poe by a factor of 15 - 20.
At the interface the increase in poe could be caused by the
accumulation of poe due to a density difference between the seawater
and the anoxic brine, and by bacterial production at the interface. The
slow turnover rate of the residual, possibly more resistent, particulate
organic matter at this depth may cause this extreme increase in DOC
content.
The presence of a high poe content at the interface and high DOC
content and high nutrient concentrations in the brine all favor the
development of a bacterial community at the interface. This is
consistent with sulphate reduction, manganese oxidation and reduction
processes, and the occurrence of gelatinous pellicels reported by other
researchers (Luther et aI., 1990; De Lange et aI., 1990a,c; Erba,
1991).
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Chapter 8: The determination of solid phase sulphur species. 1

Abstract
The inorganic and organic solid phase sulphur speciation in anoxic hypersaline sediments from the
eastern Mediterranean has been identified and quantified. The following sulphur species have been
studied: Acid Volatile Sulphur (AVS), pyrite, total zerovalent sulphur (elemental sulphur and low
molecular weight non-polar organic sulphur), organic polysulphides and humic sulphur (0.5 N NaOH
extractable).
The determination of A VS and pyrite was based respectively on the acidification with 3 M HCI
and Cr(lll-reduction of these sulphur components to H 2S. The H 2S was collected in base and the
sulphide concentration was measured by polarography. Standard

N~S

and pyrite gave recoveries of

100% ± 4% and 97% ± 12% respectively. A sequential sulphur extraction scheme was used to
quantify the amount of zerovalent sulphur, organic polysulphides and humic sulphur. The extracts
were analyzed by either HPLC-techniques or ICPE5.
Zerovalent sulphur extracted, with a mixture of methanol and toluene, from these sediments
consists only of 58 and not of low molecular weight non-polar organic sulphur since the results of the
58 and zerovalent sulphur derived thiosulphate measurements gave similar concentrations. Previously,
an acetone/freon mixture was used to extract zerovalent sulphur from very small amount of wet
sediment (25-35 mg). The zerovalent derived thiosulphate was measured by polarography. Zerovalent
sulphur values from the methanol/toluene extraction differed slightly from those obtained by this
extraction. The discrepancy between the two extractions could be due to oxygen contamination in
the later case.
The humic sulphur was extracted by a NaOH solution. In the NaOH-extract the possible
coextracted pyritic sulphur was found to be insignificant compare to the total amount of humic acid
sulphur in these anoxic sediments.

8.1 Introduction
In marine sediments the sulphur cycle is dominated by solid phase
inorganic iron-sulphur compounds, e.g. FeS and FeS 2 (Luther and Church,
1991). Iron sulphides are generally separated into two "operational"
categories: acid volatile sulphides (hereafter referred to as AVS) and pyrite
(Berner, 1964). AVS-forms are generally considered to include
'amorphous-FeS', mackinawite, greigite and pyrrhotite (Cornwell and
Morse, 1987).
Iron sulphides are found in varying concentrations in marine sediments.

Ipart of this chapter has been published in Henneke et al. (1991). Mar. Geol.. 100: 115-123.
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Most studies have focused on pyrite in normal marine sediments (e.g.
Luther et aI., 1982; Berner, 1984; Raiswell and Berner, 1985; Cutter and
Velinsky, 1988). In the last few years, several studies of iron sulphides in
recent anoxic marine sediments have been published (Morse and Cornwell,
1987; Boesen and Postma, 1988; Calvert and Karlin, 1991; Middelburg,

1991 ).
It is possible to identify sedimentary pyrite by means of Scanning
Electron Microscope-EDS, X-ray diffraction and microscopic examination.
However, for quantitative work pyrite can be extracted by oxidative dis
solution and quantified by gravimetry as BaS0 4 (Goldhaber et aI., 1977).
Begheyn et al. (1978) and Lord (1982) have described how the amount
of pyrite can be determined on the basis of Fe-liberated by HNO a digestion
after all other Fe-forms have been removed by selective leaching. Pyrite
and AVS can be determined on the basis of the generation of H 2 S. For
pyrite the sediment is reacted with a chromium reduction method (Zhabina
and Volkov, 1978; Howarth and Merkel, 1984; Canfield et aI., 1986;
Cutter and Oats, 1987). The classic determination technique for AVS is
acidification of wet sediment. The H2 S generated can be measured by gas
chromatography (Cutter and Oatts, 1987), or by trapping in an appropriate
agent. The collected H 2S can be analyzed by iodometric titration (Kolthoff
and Sandell, 1952), gravimetrically as A9 2S or BaS0 4 , by potentiometric
titration (Cornwell and Morse, 1987), or it can be measured as ZnS
suspension with the methylene blue method (Cline, 1969; Boesen and
Postma, 1988),
Recently Hsieh and Yang (1989) have reported on the use of diffusion
methods for the determination of AVS, pyrite and elemental S. Their
methods are similar to the above mentioned techniques. However, they
do not involve active distillation.
Polarographic methods are more sensitive than iodometry,
potentiometry and methylene blue analysis (Luther and Tsamakis, 1989).
Polarography has already been used successfully in determining sulphur
species in natural waters (Davison and Gabbutt, 1979), seawater (Luther
and Tsamakis, 1989), hypersaline brines (Luther et aI., 1990) and pore
waters (Luther et aI., 1985). These polarographic techniques have been
applied successfully to recent hypersaline anoxic sediments from the
Eastern Mediterranean (Henneke et aI., 1991) and salt marshes (Luther et
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aI., 1991a).
Less is known about the organic sulphur species in recent marine
sediments. Recently some reports have been published about diagenetic
organic sulphur formation (Francois, 1987a,b; Kohnen et aL, 1989;
Brassell et aI., 1986; Ferdelman et aI., 1991). Brassell et al. (1986)
identified isoprenoid thiophenes in recent and ancient deep-sea sediments.
Kohnen et al. (1989) showed the incorporation of polysulphides in organic
matter during early diagenesis. Francois (1987b) published a study on the
sulphur enrichment in the humic fraction of marine sediments during early
diagenesis. Organic sulphur species have been identified using combined
GC-MS or HPLC techniques (Kohnen, 1991) or sequential procedures
(Francois, 1987a, Ferdelman et aI., 1991; Mossmann et aI., 1991).
In this chapter methods used for the determination of inorganic and
organic sulphur species in anoxic hypersaline sediments from the eastern
Mediterranean will be discussed.

8.2 Iron sulphides by polarographic techniques
The determination of the sulphur species AVS and pyrite in the
sediments is based on the reduction of these sulphur compounds to H2 S
(Zhabina and Volkov, 1978; Canfield et aI., 1986; Cutter and Oatts,
1987). The H2 S is collected in 1 M NaOH and measured by polarographic
techniques (Luther et aI., 1985). H2 S dissolves in 1 M NaOH to form bisul
phide according to the following reaction:
[8.1 ]
Bisulphide can be measured by polarography at a potential of -0.68V.
Polarograms of the samples were recorded with a Princeton Applied
Research model 364 polarograph and a model RE0073 X-V recorder with
a static mercury drop electrode, model 303. Linear sweep voltammetry
(LSV) was used with a potential scan rate of 50 mV/s from 0 to -1.0 V.
A standard curve was constructed with Na 2 S (anhydrous, Alfa products),
dissolved in degassed quarts distilled water.
The recovery of H2S in 1 M NaOH, previously purged with N2 , was
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checked by acidification of standard Na2S in a reaction vessel similar in
design to the one used by Cutter and Oatts (1987). The collection vessel
contained 20 ml 1 M NaOH. The system was continuously purged with
nitrogen to prevent any contamination by oxygen. Ten ml of 3 M HCI was
added to 2 ml Na2S (concentration 0.5 - 1 mM). After a reaction time of
20 min a recovery of 100% ± 4 %, n = 4, was obtained.
The acidification of AVS in the sediment was analogous to the
acidification of the standard Na 2S. Between 10 mg and 20 mg wet
sediment were weighed in a tared aluminium boat and placed in the
reaction vessel. The sediments were put into the boats in a glove bag
filled with nitrogen to prevent oxidation.
A modification of the method described by Cutter and Oatts (1987)
was used to determine the pyrite. Pyrite is reduced to H2S by oxidation of
the ion chromium-II (Zhabina and Volkov, 1978; Luther, 1987). The
chromium reduction method has been shown to be specific for inorganic
reduced sulphur phases; organic sulphur and sulphate S are not converted
into H 2S (Canfield et aI., 1986).
Ten mg of dried sediment, which was extracted with acetone to
remove elemental sulphur, was placed in a reaction vessel and 20 ml 1 M
Cr 2+ in a 1 M HCI solution ( 1 mole CrCI 3 in 1 M HCI was passed over an
amalgamated zinc column to form Cr 2+) was added. During the reaction
the solution was stirred and flushed with nitrogen. The H2S was collected
in 1 M NaOH. This method was first verified with pure pyrite (Alfa
products). Using a reaction time of 60 minutes a recovery of 97% ± 12%
(n =6) was obtained.

8.3 Zerovalent sulphur by polarographic techniques
Zerovalent sulphur, which includes elemental sulphur and low molecular
weight non-polar organic polysulphides, is determined by measuring
thiosulphate formed by the reaction of S(O) with sulphite. The extraction
method used to determine total zerovalent sulphur in the sediments is a
modification of the reaction with sulphite (J0rgensen et aI., 1979;
Ferdelman et aI., 1991). Between 25 and 35 mg wet sediment was
weighed and transferred to a test-tube, which was purged with nitrogen.
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Approximately 10 ml of a degassed solution of trichlorotrifluro
ethane(freon)-acetone (3: 1) was added. The test-tube was placed in an
ultrasonic cleaner for one hour. After centrifuging, the liquid layer was put
into another test-tube. The extraction was repeated with 5 ml freon
acetone. The extracts were put together and the liquid was allowed to
evaporate; the precipitate consisted of Sa and organic S(O) forms. One ml
of 0.01 M Na 2 S0 3 and 4 ml of 0.1 M NaCI0 4 were added and the test
tube was capped. The test-tube was placed in an oven at 60 - 70 °C for
12 hours. The sulphite reacted with low molecular weight non-polar
organic sulphides and elemental sulphur to form thiosulphate according to
reaction [8.2] (Tuller, 1970; J'?Jrgensen et aI., 1979):
[8.2]
This solution was added to a polarographic cell with 5 ml of 0.1 M NaCI0 4
and analyzed for thiosulphate at a potential of -0.12 V using linear sweep
voltammetry (Luther et aI., 1985). A recovery of 97% was obtained by
Ferdelman et al. (1991) for elemental sulphur.

8.4 Organic sulphur species
A sequential sulphur extraction scheme was applied to the sediments
(Fig. 8.1) to estimate their content of elemental sulphur, organic
polysulphides and humic sulphur. This extraction scheme is based on the
work of Francois (1987a,b) and Ferdelman et al. (1991). The extractions
were done in duplicate and performed under nitrogen. One to two grams
wet sediment were subsampled and placed in a polyethylene tube.
In the first step, a 0.5 M NaCI rinse, removes residual pore water
sulphate. Ten ml, degassed 0.5 M NaCI solution was added and the tubes
were shaken for two hours. NaCI was used instead of distilled water in
order to prevent bacterial cells from bursting. After shaking the tubes
were centrifuged and the liquid decanted. This procedure was repeated.
The second extraction step contains a mixture of methanol and toluene
(3: 1). This mixture extracts low molecular weight non-polar organic
sulphur and elemental sulphur. A methanol/toluene mixture was used

89

instead of an acetone/freon mixture for environmental reasons. Twenty ml
of this mixture, purged with nitrogen, was added and the tubes were
shaken for 14 hours. The tubes were centrifuged and the liquid was
decanted and collected. This procedure was repeated. The extracts were
divided into two parts. One part was measured directly for 58 by HPLC
techniques. From the other part ten ml were subsampled and allowed to
evaporate, the residue consists of 58 and organic 50 forms. To the residue
5 ml of 0.02 M Na 2 50 a solution was added and treated in the same way
as the samples for the acetone/freon extraction. The formed thiosulphate
was measured by HPLC techniques.
The third step uses 1 M HCL, degassed with nitrogen. The acidification
of the sample removes AV5 and breaks down organic polysulphides (R-5 x 
R, x ~ 3). Twenty ml 1 M HCI was added to the tube and the
sediment/solution mixture was purged for 5 min. with nitrogen to remove
all H2 5. After purging the tubes were capped and shaken for 14 hours.
The liquid was decanted and collected, after centrifuging the tubes.
The broken organic polysulphides form mainly elemental sulphur which
can be extracted with the methanol/toluene mixture. This procedure,
similar as step two was done in the fourth step.
The final step consists of the extraction of humic sulphur compounds
by 0.5 M NaOH. Twenty ml of the degassed NaOH solution was added to
the tubes. The tubes were shaken for 14 hours, after which they were
centrifuged and the liquid decanted. The procedure was repeated. The
liquid was collected and measured for total sulphur by ICPE5 (ARL
34000).
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Figure 8.1: Sulphur extraction scheme, modified after Francois, 1987a,bl and Ferdelman et aI., (19911

SULPHUR EXTRACTION SCHEME·

SAMPLE
0.5 M NaCI

Remove residual
porewater sulphate

MethanolfToluene ..

LMW non-polar organic sulphur and elemental sulphur

~

Acidification
1 M HCI

Remove AVS
Break down organic polysulphides

MethanolfToluene ..

Organic polysulphides

0.5 M NaOH

Humic Sulphur

•All extractions are performed under nitrogen atmosphere.

8.5 HPLC Techniques
Sulphur homocycles can be measured by reversed-phase HPLC (Mockel,
1984a,b). A HPLC-unit from Scientific Science Inc. (551) was used in
combination with an UV-detector (II = 254 nm) for the determination of
Sa' The eluent was purged through the system with a flow velocity of 1
mllmin, the pressure was about 1200 psi. The samples were injected into
a Rheodyne injector #71 25 with a 100 pi loop and passed through a C-18
column (Zorbax ODS). A methanol solution was used as the eluent,
depending on the percentage of water the retention time of Sa is 10
minutes using 2% H2 0 and 13 minutes when using about 5% H2 0. The
eluent was continuously purged with He, to degas the eluent.
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A standard was prepared by dissolving powdered elemental sulphur in
toluene. Dilutions from this stock solution (26.5 mM 5(0)) were prepared
in methanol. A standard curve was made ranging from 25 pM to 262 pM
5(0). The standard curves gave good reproducibility during the two month
period of analysis, and the analytical precision was usually within 1 %. The
detection limit was improved when methanol was used in the reference
cell instead of air. Figure 8.2 shows some standard curves.
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Figure 8.2: 5tandardcurves for 58; UV absorbance (A. 254nm) versus the concentration 5 in pmoles.l
1 (* 19 nov., 0 22 nov., A 26 nov.,
3 dec., 9 dec., + 18 dec. 1990)

*

In figure 8.3 an example of a chromatogram is given for a standard
solution (Fig. 8.3A) and for a first methanol/toluene extract (Fig. 8.38).
Using a 95% methanol solution as an eluent gave a good separation of the
toluene peak and the Sa peak, so there was no need to dilute the
samples.!n the chromatogram of the second methanol/toluene extract
three peaks were observed (Fig. 8.4). One peak corresponds to Sa,
whereas the other two peaks are attributed to 56 and 57 due to
decomposition of organic polysulphides after acidification.
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Figure 8.3: Chrometogram of 8 8 : Al standard solution 115 pM. Bl first methanol/toluene extract (step
2 of the extraction schemel of a sample.
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Figure 8.4: Chromatogram of second methanolltoluene extract (step 4 of the extraction schemel of
a sample.

A subsample of the methanol/toluene extract was taken from step two
and step four and reacted with sulphite to form thiosulphate (see for
preparation above). The formed thiosulphate was measured using HPLC
techniques in combination with an electrochemical detector (EG&G, PAR
model 400). The electrode consists of a golden disk, amalgamated with
mercury. The potential' was 0 mV. Thiosulphate is oxidized at the
electrode, and negative currents were recorded. The eluent (70%
methanol, in 0.1 N NaAC solution pH = 6) was purged through the system
with a flow velocity of 1 ml/min, the pressure was about 800 psi. The
samples were injected through a 20 pi loop and passed over a BIO-RAD
strong anion column. Using these conditions thiosulphate has a retention
time of 14 minutes.
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8.6 Some remarks on the methods

Zerovalent sulphur: Elemental sulphur and low molecular weight non
polar organic sulphides can be dissolved in a non-polar organic solution
such as benzene, toluene and Freon-TF In this study, zerovalent sulphur
has been extracted by two different solutions, an acetone/freon mixture
(3: 1) and a methanol/toluene mixture (3: 1). In case of the acetone/freon
extraction total zerovalent sulphur has been extracted from very small
amounts of wet sediments (25 - 35 mg). The extract was reacted with
sulphite to form thiosulphate, which was measured by polarography as
described earlier in this chapter. The extraction with a methanol/toluene
mixture formed a part of the sequential sulphur extraction scheme (step
2). In this case the extract was divided into two parts. One part was
directly measured for the elemental sulphur content as S8 with HPLC
techniques (see below). The other part was reacted with sulphite and the
formed thiosulphate was also measured by HPLC. The results of these
two extraction "methods" are given in the appendix table 8.1 and 8.2 for
the Tyro Basin and the Bannock Basin, respectively. Comparing the data
from these tables a few remarks can be made. Firstly, the data from the
methanol/toluene extraction show a good correlation (r > 0.92) between
the values of S(O) as S8 and S(O) as thiosulphate for sediments from both
basins (Fig. 8.5 and 8.6). The slope of this relation is 1.08 for sediments
from the Tyro Basin (Fig. 8.5) and for sediments from the Bannock Basin
m is 0.99 (Fig. 8.6). This suggests that the zerovalent sulphur extracted
by a methanol/toluene only consist of S8 and does not contain low
molecular weight non-polar organic sulphides in these anoxic hypersaline
sediments. This is in contrast to sediment from the salt marshes
(Ferdelman et aI., 1991).
Secondly, the zerovalent sulphur data measured as thiosulphate show
higher values for the acetone/freon mixture than for the methanol/toluene
extraction in the sediments from the Tyro Basin (table 8.1). In the case of
the sediments for the Bannock Basin the data of the acetone/freon extract
seem to be in the same range as the first methanol/toluene extract from
the sequential sulphur extraction scheme for most of the depths. Both
extracts will extract S8 and low molecular weight non-polar organic
sulphur. Oxidation of the wet sediment might be the main factor for the
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discrepancy between the two extracts. The amount of extractable S8
might increase due to oxidation of residual pore water, AVS and organic
polysulphides. The data from the acetone/freon mixture are more likely to
have been more sensitive for oxygen contamination since very small
amounts of wet sediments were used. In chapter 9 data obtained with the
methanol/toluene extraction will be discussed.
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Organic po/ysu/phides: The second methanol/toluene extraction could
not be measured for the thiosulphate method. Due to interference of iron
in the extract thiosulphate could not be identified. Thiosulphate is oxidized
by iron according to the following reaction:
[8.3]
NaOH fraction Francois (1987a) observed that 30-45% of the sulphur
in the NaOH-fraction can be attributed to pyritic sulphur. He estimated the
amount of pyritic S by the amount of H 2 S that was liberated after a CrCI 2
treatment on the humic acid fraction.
Samples from this study have been measured, after ten times dilution,
by ICPES. Using this method not only S data are obtained but also Fe
data. Assuming all iron in the NaOH-fraction is due to extracted pyrite it
can be calculated that between 1.1 % - 7.3% of the total amount of NaOH
extractable S can be due to coextracted pyrite (Appendix: Table 8.3). The
average amount is about 4 %, this is less than the average standard
deviation between duplicate extractions. Based on these observation it
can be stated that the amount of sulphur in the NaOH extract represents
the humic sulphur fraction.
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Appendix chapter 8
Table 8.1: Zerovalent sulphur presented as 5(0) pmoles per gram dry weight in
sediments from core ABC15, the Tyro Basin.
MethanolfToluene

Freon!Acetone

5ample

Depth
(cm)

5(0) as 58 by
HPLC

5(0) as
thiosulphate by
HPLC

7609

12.0

1.8 ± 0.4

2.46 ± 0.04

13.0 ± 1.0

7614

66.5

9.3 ± 0.6

8.5 ± 1.4

15.9 ± 1.2

7618

127.5

11.1 ± 1.5

11.1 ± 0.2

15.0 ± 0.3

7626

265.5

10.3 ± 2.9

14.25 ± 0.06

n.a.

7630

321.5

8.8 ± 3.7

8.8 ± 2.4

31.8 ± 0.4

7635

413.5

5.6 ± 0.3

6.5 ± 0.5

32.1 ± 5.9

7639

486.0

3.9 ± 1

4.3 ± 0.8

13.411

7642

529.0

5.5 ± 3.3

4.3 ± 2.0

11 single measurement
n.a. not analyzed
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5(0) as
thiosulphate by
polarography

10.8 ± 2.0

Table 8.2: Zerovalent sulphur presented as 5(0) pmoles per gram dry weight in
sediments from core ABC45, the Bannock Basin
MethanollToluene
5(0) as 5 a by
HPLC

Freon/Acetone
5(0) as
thiosulphate by
HPLC

5(0) as
thiosulphate by
polarography

5ample

Depth
(cm)

7743

7.0

7745

26.0

7746

42.0

1.5 ± 0.1

2.1 ± 0.3

n.a.

7747

51.5

4.4 ± 1.3

6.6 ± 1.8

n.a.

7748

66.5

1.4 ± 1.1

1.4 ± 1.0

n.a.

7750

107.5

0.9 ± 0.6

1.1 ± 0.5

n.a.

7751

127.5

20.9 ± 2.1

21.8±3.4

7.3 11

7756

207.0

14.2 ± 0.4

17.0±1.9

9.5 ± 3.3

7758

253.0

4.6 ± 0.9

8.9 ± 1.0

13.2 ± 2.3

7768

449.5

2.2 ± 0.9

3.1 ± 1.1

4.7 ± 1.0

7771

504.5

10.7 ± 3.6

9.6 ± 0.7

13.8 ± 2.9

7777

631.0

19.8 ± 2.4

21.2 ± 0.8

n.a.

7783

752.0

10.7 ± 0.6

14.2 ± 0.6

21.7 ± 0.3

7786

810.5

23.4 ± 8.8

15.7 ± 2.4

7.5±2.1

3.6 ± 2.2
15.63 1)

1) single measurement
n.a. not analyzed
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3.6 ± 2.3

11.6 ± 1.8

12.2 ± 0.7

n.a.

ITable 8.3: Possible contribution of pyritic sulphur based on iron concentration in
Ithe NaOH-fraction. Concentrations are given per gram wet sediment.
SAMPLE

Fe
pmoles

S pyritic
pmoles

S NaOH
pmoles

%S
pyritic

7609

0.81

1.62

36.9

4.4

7614

0.63

1.26

40.7

3.1

7618

1.26

2.52

68.0

3.7

7626

1.23

2.46

56.0

4.4

7630

1.44

2.87

54.8

5.2

7635

0.73

1.46

55.0

2.7

7639

1.46

2.91

49.6

5.9

7642

1.37

2.75

68.9

4.0

7743

0.24

0.48

18.0

2.7

7745

0.48

0.96

36.6

2.6

7746

0.49

0.98

31.8

3.1

7747

1.61

3.22

79.3

4.1

7748

0.36

0.72

9.8

7.3

7750

0.21

0.42

36.6

1.1

7751

0.98

1.95

52.9

3.7

7756

0.30

0.60

27.2

2.2

7758

1.03

2.06

41.2

5.0

7768

0.55

1.10

80.8

1.7

7771

0.75

1.50

70.5

2.1

7777

0.73

1.46

34.4

4.2

7783

0.59

1.71

25.0

6.8

7786

0.68

1.35

48.4

2.8
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Chapter 9: Sulphur speciation in anoxic hypersaline sediments from the
Eastern Mediterranean 1

Abstract
The anoxic hypersaline Tyro and Bannock Basins are among the most sulphidic bodies of water
in the marine environment (H 2S

>

2mM). The sulphur cycle in these basins has been studied.

Elamental sulphur, Acid Volatile Sulphur (AVS), organic polysulphides, humic sulphur (0.5 M NaOH
extractable) and pyritic sulphur have been found in the sediments from these basins. Pyritic sulphur
appears to be the main phase of inorganic reduced sulphur (50 - 80 % of the total sulphur pool), and
is at the same level (about 250 pmoles per gram dry weight) in cores recovered from the two areas.
Remarkably, humic sulphur has been found to account for 17 to 28 % of the total sulphur pool in the
Tyro Basin, and for 10 - 43 % in the Bannock Basin. Sulphur isotope data show negative

tfJ4s

values

for both pyritic sulphur (Q34S: ·16 %0 to -40 %0) and humic sulphur (Q34S: -16%0 to -30%0). This
suggests that both pyritic and humic sulphur originate from microbially produced H2S.
In neither basin is there a significant correlation between pyritic sulphur and organic carbon,
suggesting syngenetic pyrite formation. Additionally, the degree of pyritization in these sediments
(OOP is 0.62) indicates that pyrite formation is limited by the reactivity of iron. Humic sulphur
correlates reasonable with the pyritic sulphur distribution and seems to be related with gelatinous
pellicles (bacterial mats at the interface between oxic seawater and brine). Both pyritic and humic
sulphur are thought to be formed at the interface of oxic seawater and brine. The presence of a
bacterial mat and a high H2S content in the brines seem to favour such conditions. Although these
basins differ in their major element chemistry, their reduced sulphur species chemistry appears to be
similar.

9.1 Introduction
Decomposition of organic matter by sulphate reducing bacteria leads to
the formation of hydrogen sulphide (e.g. Berner, 1964,1980; Goldhaber
and Kaplan, 1974, 1975; JI/Jrgensen, 1982) and an increase of other
metabolites (equation 9.1):

Such pore water chemistry has been observed in various marine
environments, such as, in near-shore organic-rich sediments at the FOAM
site (Goldhaber et aL, 1977), coastal sediments (Howarth and JI/Jrgensen,

lpart of this chapter has been published as Henneke et al. (1991). Mar. Geol., 100: 115-123.
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1984; Lin and Morse, 1991), in upwelling zones (Gieskes et aI., 1984;
Mossmann et aI., 1991) and salt marshes (Luther et aI., 1982; Howarth
and Merkel, 1984; Oenema, 1990). In anoxic basins sulphate reduction
can take place within the water column. The Black Sea is the largest
known basin in which sulphate reduction is observed within the water
column (Degens and Ross, 1974; Murray, 1991). Other anoxic basins are
known in the Baltic Sea (Boesen and Postma, 1988), Framvaren Fjord
(Skei, 1983) and Cariaco Trench (Hastings and Emerson, 1988). Sulphate
reduction in the water column can also take place in extreme saline
environment, examples are the Dead Sea (Shatkey and Magaritz, 1987),
Solar Lake (Jergensen and Cohen, 1977), the Orca Basin (Ishizuka et aI.,
1985b; Presley and Stearns, 1985) and the Tyro and Bannock Basins
(Luther et aI., 1990).
Part of the hydrogen sulphide may react with iron (Berner, 1984) or
organic matter (Kohnen et aI., 1989) (Fig. 9.1). The distribution and
interaction of inorganic sulphur species like pyrite, Acid Volatile Sulphur
(AVS) and zerovalent sulphur have received much attention (e.g. Luther
et aI., 1982, Berner, 1984; King et aI., 1985; Morse and Cornwell, 1987;
Cutter and Velinsky, 1988; Boesen and Postma, 1988; Middelburg,
1991; Fossing, 1990, Ferdelman et aI., 1991).
Recently some reports have been published about diagenetic organic
sulphur formation (Francois, 1987a,b; Kohnen et ai, 1989; Mossmann et
aI., 1990; Ferdelman et aI., 1991 ). In nearshore sediments the organically
bound sulphur content makes up only a few percent of the total sulphur
content (Berner and Westrich, 1985; Francois, 1987a,b). However, in salt
marsh sediments with high sulphate reduction rates up to 60% of the
sulphur was present in the organic fraction (Ferdelman et aI., 1991).
Mossman et al. (1990) observed uptake of sulphide in kerogen after most
of the reactive iron-minerals were converted to pyrite. The incorporation
of sulphur in organic matter generally takes place in sediments which are
iron-poor and/or have a high production rate of H 2 S.
The anoxic hypersaline Tyro and Bannock Basins are among the most
sulphidic bodies of water in the marine environment (Luther et aI., 1990).
Sediments in the Mediterranean are relatively iron-poor. In the anoxic
hypersaline basins from the eastern Mediterranean pyritic sulphur and
organic sulphur have been observed. In this chapter their distribution will
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be discussed and an attempt will be made to describe the mechanism of
pyrite and organic sulphur formation. Parameters such as CIS/Fe
relationships, degree of pyritization and sulphur isotopes give avenues to
evolve this mechanism.

Organic
Matter

Organic C

Iron
Minerals

b: bacteria
Organic
Sulphur

Figure 9.1: Sulphur diagenesis in anoxic marine sediments

9.2 Material and methods

Sediments
Gravity cores ABC1 5 and ABC45 have been sampled to study their
inorganic and organic sulphur speciation. Core ABC15 was taken from the
Tyro Basin and core ABC45 from the Bannock Basin, during the ABC
expedition in 1987 with the R.V. Tyro. Both cores contain anoxic
sediments.
Sample processing has been described in detail by De Lange (1992).
Sediment-samples were squeezed with modified Reeburgh-type squeezers
in a glove box flushed with high-purity nitrogen. The squeezed sediment
was sub-sampled for the remaining water content and for further
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analyses. One part of the sediment samples was stored under nitrogen in
air-tight glass bottles at 4°C.
After the removal of carbonate carbon with 1 M HCI organic carbon
was determined by combustion of organic carbon in an oxygen
atmosphere and measuring the CO 2 content by pressure. Based on
duplicate analyses the precision of the organic carbon analyses is 3.5%.
Dried sediment (250 mg) was completely dissolved with an acid mixture
of HF/HN0 3 /HCI0 4 • After evaporation the residue was taken up in 1 M HCI
(50 ml), this solution was analyzed for total sulphur by ICPES (ARL
34000). Analytical precision was obtained by replicate analyses of an
international standard and an in-house standard.
The determination of the sulphur species in the sediments has been be
discussed in chapter 8. An outline of the methods is shown in table 9.1.
The amount of reactive iron was determined in the acid fraction of the
sequential sulphur extraction scheme (chapter 8) and measured by ICPES.
Table 9.1: Analytical methods applied for inorganic and organic sulphur speciation in anoxic
hypersaline sediments from the eastern Mediterranean.
wet sediment sample A
~

0.5 M NaCI

remove residual pora water sulphata

~

MethanolfToluene

elementa' sulphur
LMW non-polar organic sulphur

1 M HCI

- HPLC

remove AVS and
breakdown organic polysulphides
~

MethanolfToluene

organic polysulphides

-HPLC

humic sulphur

-ICPES

AVS

- Polarography

~

0.5 M NaOH

wet sediment sample B
~

3 MHCI
dry sediment sample C
~

Acetone

remove elemental sulphur
pyritic sulphur

- Polarography
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Sulphur isotopes of the pyritic and the humic sulphur fraction were
determined with a Finnegan MAT 251 (G6ttingen, Germany). Samples
were measured as S02 gas after oxidation of the A9 2S with V 20 5 • Pyritic
sulphur was converted into H2S with a Cr(lll reduction method (Zhabina
and Volkov, 1978) and collected in Cd-acetate. The formed CdS was
converted to A9 2S by addition of AgN0 3 • To the 0.5 M NaOH extract,
which contained humic-S, BaCI 2 was added. Prior to this the samples
were acidified with concentrated HN0 3 for the converging of humic
sulphur to SO/-. The formed BaS04 was converted with a KIBA reagent
(Sasaki et al., 1979) to H2S and treated similar as the pyritic sulphur
samples. Small amounts of pyritic and humic sulphur were directly
collected as A9 2S on quartz-wool, which had been soaked in AgN0 3 , after
their conversion to H2S.

Interface
A special designed Interface Sampler (IS-II) was used for detailed
sampling of the interface between oxic seawater and anoxic brine. The IS
II, designed at Utrecht University, consisted of a coated aluminium rack
with 15 evenly spaced 2 litre teflon bottles. These bottles could be closed
simultaneously upon an electronic signal. With the IS-II 15 samples were
collected within a vertical interval of 3 m across the sharp interface.
Samples from the interface in the Bannock Basin were taken during a
Mast expedition with the R. V. Tyro, october 1991.
On deck sub-sampling was done with acid-cleaned syringes, equipped
with a three-way stopcock. During sampling nitrogen was flushed into the
bottles to avoid oxygen contamination. Total sulphur and Mn were
measured by ICPES (ARL 34000) after 10 to 100 times dilution, obtaining
a concentration for Na equal to one-tenth of that of normal seawater.
Sulphide was measured by polarographic techniques <Luther et aI., 1985)
using square-wave voltammetry. An aliquot of 25 pi to 200 pi seawater
was added to a polarographic cell, which contained 10 ml of a 0.1 M
NaOH solution.
For total zerovalent sulphur an aliquot of 100 to 300 ml was filtered
through a 0.2 pm polycarbonate filter. All samples were filtered in a glove
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bag. The filters were put on a polyethylene bottle. To the filter 1 ml of 0.1
M Na 2S0 3 and 9 ml NaCI04 was added. The bottles were put in an oven
at 60 0 C for at least four hours. The sulphite reacts with the zerovalent
sulphur and forms thiosulphate. Thiosulphate was measured by
polarography using square wave voltammetry (SWV) (Luther et aI.,
1991 b) using an EG&G Princeton Applied Research model 384B-4 with a
Model 303 static dropping mercury electrode.
On board ship samples for stable isotope determination were prepared
as follows. About 50 ml seawater was put into a glass bottle. In one
bottle sulphide was removed by adding 1 ml of 3 M HCI. In the other
bottle sulphide was fixed with Zn-acetate. All handling was done within
a glove bag filled with nitrogen. Back home in the acidified bottle the
sulphate was precipitated as BaS04 by adding 10- 15 ml of 0.1 M BaCI 2.
The formed BaS04 was converted to H2S with KIBA reagent and further
prepared for analyses as described above. For sulphide, the ZnS
precipitate was collected in a reaction vessel similar as the ones used for
AVS determinations. The reaction vessel was kept anoxic by flushing with
nitrogen. Ten ml of 3 M HCI was added to the vessel. The liberated H2S
was collected on quartz-wool which had been soaked with AgN0 3 •
Samples were measured as S02 gas with a Finnegan MAT 251
(G6ttingen). The 634S values are reported versus Canyon Diablo standard.
Most values are based on single measurements, a few duplicates were
done. These duplicates gave a standard deviation of 1%0.

9.3 Results
The sulphur speciation data from samples of core ABC15 and core
ABC45 are given in table 9.2 and 9.3 in the appendix, respectively. All
data are based on duplicate or triplicate extractions, except those for total
sulphur. Figures 9.2 and 9.3 show the distribution of the sulphur species
with depth in the sediments of the Tyro and the Bannock Basins
respectively.
The amount of AVS measured is the cumulative of the monosulphides
and the soluble H2S that remains from residual pore-water. The
contribution of H2S to the total amount of AVS is less than 1 pmole per
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gram dry weight and therefore its contribution can be neglected. Although
there are large error-bars, the changes in concentration with depth in each
core are significant (Fig. 9.2B and 9.3B). The lower precision of the AVS
analyses is mainly due to sample inhomogeneity. In most cases it was
possible to measure the pyrite with a relative precision of better than 5%.
In the Tyro Basin (ABC15) the pyritic sulphur value ranges from 150 to
300 pmoles per gram dry weight (Fig. 9.2C). AVS ranges from 5 to 20
pmoles per gram dry weight (Fig. 9.2B). Below a depth of about 100 cm
the pyritic sulphur content in the Bannock Basin (ABC45) is fairly
constant, about 250 pmoles per gram dry weight (Fig. 9.3C). In the top
of this core the pyritic sulphur content seems to increase from 80 to 250
pmoles per gram dry weight, interfered by an enrichment at 50 cm of 350
pmoles S per gram dry weight (Fig. 9.3C). AVS ranges from 5 to 25
pmoles per gram dry weight (Fig. 9.3B).
In the Tyro Basin the amount of Sa increases in the upper 125 cm (Fig.
9.2A), a maximum of 11 pmoles S per gram dry weight. After this
maximum the Sa concentration slowly decreases till about 5 pmoles per
gram dry weight. The sediments from the Bannock Basin show more
variation in the Sa concentration (Fig. 9.3A). In the Bannock Basin higher
Sa values are measured than in the Tyro Basin.
Figures 9.2A and 9.3A show the organic polysulphides concentrations
versus depth for core ABC15 and ABC45, respectively. In core ABC15 the
concentration of the organic polysulphides increases with depth in the
upper three meter. The value is constant, approximately 40 pmoles per
gram dry weight, over an interval of about 150 cm (from 265.5 till 413.5
cm), after which it decreases significantly to 3 pmoles per gram dry
weight. The maximum amount of organic polysulphides is significantly
higher than the amount of Sa, namely 40 pmoles versus 11 pmoles per
gram dry weight. In contrast, the profile of organic polysulphides in the
Bannock Basin shows a similar pattern as that of the Sa profile (Fig.
9.3A). In addition, the concentration of organic polysulphides are in the
same range as those of the Sa'
In core ABC15 the humic sulphur is about 50 pmoles per gram dry
weight in the upper meter, whereas it is higher below this depth, with a
maximum value of approximately 100 pmoles per gram dry weight at 127
cm (Fig. 9.2D). The humic sulphur content in the sediments from core
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ABC45 are highly variable in the upper meter, ranging from 25 to 140
pmoles per gram dry weight (Fig. 9.3D). This variability continues
downcore.
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Figure 9.2: Sulphur speciation versus depth in sediments from the Tyro Basin, ABC'5. All species
are given as pmoles per gram dry weight. A) elemental sulphur (open triangles) and organic
polysulphides (filled triangles), BI Acid Volatile Sulphur, C) Pyritic sulphur and 0) Humic sulphur.
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9.4 Discussion
9.4.1 Sulphur speciation and the total amount of S
In the sediments from the Tyro and Bannock Basins, the inorganic
reduced sulphur phases (Sa, AVS and FeS 2 ) are higher in concentration
than the organic reduced phases (organic polysulphides and humic
sulphur) (Fig. 9.4). Pyrite is the main inorganic reduced sulphur species in
the sediments from these two anoxic hypersaline basins, whereas humic
sulphur is the most abundant organic reduced sulphur phase. The sum of
the inorganic and organic sulphur species is in reasonable agreement with
the total amount of sulphur (Fig. 9.4) and there is no apparent difference
in total reduced sulphur content for both basins.
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Figure 9.4: The sum of organic sulphur (organic polysulphides and humic sulphur) and the sum of
inorganic sulphur (58, AVS and pyritic sulphur). Solid line represents the total amount of sulphur
measured by ICPES.
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9.4.2 Pyrite formation
The formation of pyrite has been summarized by various researchers
(e.g. Berner 1970, 1984; Goldhaber and Kaplan, 1974,1975), and include
the decomposition of organic matter by sulphate reducing bacteria,
followed by the reaction of hydrogen sulphide with iron minerals to form
ironsulphides and subsequently the reaction with elemental or zerovalent
sulphur to pyrite (Fig. 9.1). The amount of pyrite formed in a sediment
may be limited by: (1) the concentration of dissolved sulphide, (2) the
amount of reactive iron, (3) the transformation of ironsulphides to pyrite,
(4) Sa or zerovalent sulphur and (5) organic matter.
In normal marine sediments pyrite formation is limited by organic
matter and the H2 S produced from the decomposition of this organic
matter (Berner, 1984). Under such conditions there is a significant
positive correlation between pyritic sulphur and organic C and the best
linear fit extends through zero.
In anoxic environments, H2 S is present above the sediment-water
interface as well as within the sediments. Pyrite can form from
sedimenting detrital iron minerals prior to burial both in the water-column
and at the sediment-water interface (syngenetic pyrite) (Raiswell and
Berner, 1985). As a result of the omnipresence of H 2 S, organic carbon is
not needed for pyrite formation at any given location (Raiswell and Berner,
1985).
Sediments of the Tyro and Bannock Basin indicate that there is no
relation (Fig. 9.5A) between pyritic sulphur and organic carbon. The
sediments of both basins are enriched in pyritic sulphur relative to organic
carbon in comparison with normal marine sediments. This is consistent
with the observation that generally an enrichment of pyritic sulphur
relative to organic carbon is observed in anoxic environments in
comparison with normal marine sediments (Leventhal, 1983; Berner,
1984; Raiswelll and Berner, 1985).
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It is generally thought that pyrite is formed by the reaction of iron
monosulphides with elemental sulphur (Berner, 1970) or polysulphides
(Rickard, 1975; Luther, 1991).
Fe5 + 5° -

[9.2]

Fe5 2

A complete transformation of AV5 into pyrite is expected in presence of
elemental sulphur on a time scale of years (Berner et aI., 1979).
In the anoxic hypersaline sediments from the Tyro and Bannock Basins
AV5 and elemental sulphur were observed down to the maximum depth
of recovery (Fig 9.2 and 9.3). The presence of AV5 and 58 at great depth
in the sediment cores from the Tyro and Bannock Basins may be due to
1) a slow rate of pyrite formation with in the sediments or 2) to the
incomplete transformation of AV5 into pyrite.
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9.4.3 Degree of pyritization
The iron which may react with H2 S (reactive iron) is mainly non-silicate
bound iron, including amorphous iron (oxyhydr)oxides, some crystalline
ironoxides and iron-monosulphides (Canfield, 1989). Recently, Canfield et
aI., (1992) have reported measurable but low reactivities of ironsilicates
towards sulphide. Berner (1970) proposed that the amount of iron,
reactive towards H2 S, can be determined by extracting iron with
concentrated (12M) hot HCI for one minute. With this measurement for
reactive iron the Degree of Pyritization (DOP) can be calculated using the
following equation (Berner, 1970):

DOP =

Pyri tic iron
Pyritic iron + Reactive iron

[9.3]

Although this parameter is widely used, no consensus exists on the
concentration of the HCI and the time used to extract the reactive iron.
A comparison between different methods used for reactive iron
determinations is given by Leventhal and Taylor (1990). They suggested
an extraction of 1 M HCI, shaken for 24 h although 12 h gave identical
results 2 , for reactve iron determination. For practical reasons, the amount
of reactive iron in this study has been determined by an extraction of 1
M HCI shaken for 14 h.
When there is a significant amount of AVS present in the sediments
the DOP parameter underestimates the amount of iron which has reacted
with H2 S (Boesen and Postma, 1988). The Degree of Sulphidization (DOS)
is therefore a better parameter:

DOS

=

Pyritic iron + AVS-iron
Pyr i tic iron + reactive iron

[9.4]

2Morse showed that 12 hours shaken gave already similar results as Berner, 1970(comment in Leventhal and Taylor,
~O)
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The DOP values for the sediment of the Tyro and Bannock Basins are
about 0.62 (Fig. 9.6). Part of the sulphidized iron is AVS therefore the
DOS values are slightly higher, around 0.70.
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Figure 9.6: DOP (open) end DOS (filled) versus depth in the sediments.

Raiswell et al. (1988) showed that the DOP parameter can be used to
distinguish normal marine sediments from anoxic sediments in case of
ancient marine sediments. They observed that the DOP values for the
anoxic sediments are between 0.55 and 0.93, whereas the normal marine
sediments had DOP values less than 0.42. The observed DOP and DOS
values in the sediments from the anoxic hypersaline Tyro and Bannock
Basins are in good agreement with the findings for ancient anoxic marine
sediments.
An average DOS value of 0.70 in the sediments from the Tyro and
Bannock Basins (Fig. 9.6) suggests that there is still iron available to react
with hydrogen sulphide. A possible overestimation of the amount of
reactive iron due to the dissolution of iron-aluminium-silicates may be a
reason. Studies of reactive iron estimation of recent sediments when
extracted with increasing acid concentrations showed that iron-aluminium
silicates were coextracted (unpublished results, Henneke and Middelburg).
These iron-aluminium-silicates may be reactive towards H 2 S as has been
reported by Canfield et al. (1 992). However, they showed that the
reaction rate is very slow. Iron containing clay minerals, such as smectite,
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have a low crystallinity in the anoxic sediments from the Bannock Basin
(Tomadin and Landuzzi, 1991). These "amorphous" silicates could have
been partially extracted using the 1 M HCI procedure. Therefore the DOP
value may have been slightly underestimated with respect to the
overestimated amount of reactive iron available. Based upon the average
AI/Fe ratio in the sediments and the AI content in the HCI fraction, the
amount of Fe derived from silicates is estimated to be 20 - 30% of the
total amount of Fe extracted with HCI. Subtracting the amount of Fe
related to silicates from the total amount of reactive Fe will increase the
DOP and DOS with approximately 0.06. This indicates that there is still
iron available as (oxyhydr)oxides.
Canfield et al. (1992) argued that DOP values only give information on
the potentially reactive iron and nothing on the actual reactivity of the iron
(Canfield et al.,1992). The DOP values in the anoxic hypersaline
sediments from the Tyro and Bannock Basins still suggest that iron is
available to react with H2 S. However, the values for DOP and DOS are
constant with depth (Fig. 9.6) and hydrogen sulphide is building up within
the pore waters (for ABC15 > 2 mM and for ABC45 about 0.5 mM).
These observations suggest that pyrite formation in these sediments is
limited by the reactivity of iron.
9.4.4 Organic carbon-pyritic sulphur-iron relationships
The formation of pyrite is controlled by the decomposition of organic
matter by sulphate reducing bacteria and the reaction of the formed
hydrogen sulphide with iron minerals. Based upon the relationships
between organic carbon, pyritic sulphur and reactive iron Raiswell and
Berner (1985) distinguished three scenarios for pyrite formation in anoxic
environments. Their findings are summarized in figure 9.7.
The organic carbon-pyritic sulphur-reactive iron relationships for the
anoxic hypersaline sediments from the Tyro and Bannock Basins are
shown in figure 9.5. There are no relations observed between pyritic
sulphur and organic carbon. The DOP values and reactive iron (pyritic iron
and HCI leached iron) are both independent of the amount of organic
carbon. Additionally, at low carbon content high pyritic values are
observed. These observations correspond to the scenario in which the
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formation of pyrite is mainly syngenetic and limited by iron. The
decoupling of iron and carbon suggests that the fluxes of iron and carbon
to the sediments are different.

OIgInIoC

8WftaenIO IIld dIIQeMlIO
OrgenIoC_
No CIOUIJIIna"" IIld C

Figure 9.7: Organic carbon-pyritic sulphur-iron relationships as defined by Raiswell and Berner. 1985.
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9.4.5 Organic reduced sulphur
Organically bound sulphur makes up between 12 to 40% of the total
amount of sulphur in these anoxic hypersaline basins (Fig. 9.4). The humic
sulphur compounds are the major organic sulphur species. Organically
bound sulphur is formed by an abiotic reaction of reduced sulphur species
with organic matter (Nissenbaum and Kaplan, 1972; Francois 1987b;
Sinninghe Damste et aI., 1989). As possible reactants hydrogen sulphide,
polysulphides, elemental sulphur and thiosulphate (Nissenbaum and
Kaplan, 1972; Luther et aI., 1986; Vairavamurthy and Mopper, 1987;
Kohnen et aI., 1989) have been mentioned.
The increase of organic polysulphides and the humic sulphur within the
zone of sulphate reduction suggests that those compounds are diagenetic
reaction products between organic matter and inorganic reduced sulphur.
Organic polysulphides in the Tyro Basin strongly increase with depth up
to 40 pmoles per gram dry weight till about 450 cm (Fig. 9.2A). At this
depth the amount of organic polysulphides drops to 3 pmoles per gram
dry weight. In the Bannock Basin there is no clear pattern observed, the
concentration is mostly at 10 pmoles per gram dry weight and never
exceeds the amount of 25 pmoles per gram dry weight (Fig. 9.3A).
Organic polysulphides are known to be unstable under strongly reducing
conditions (Boulegue, 1982) and will degrade to tri- and/or di-sulphides
during prograde diagenesis (Kohnen, 1991). The profile observed in the
Tyro Basin (Fig. 9.2A) can be explained as being the result of formation
of organic polysulphides and their degradation at depth. The decrease in
organic polysulphides is accompanied with a decrease in AVS and a small
increase in pyrite, which may suggest the conversion of the degradation
products of organic polysulphides into pyrite. For the Bannock Basin this
is not so straight forward.
Nissenbaum and Kaplan (1972) reported thatthe SIC ratio (mole based)
for humic substances in anoxic sediments is much higher (up to 0.037)
than those observed in marine plankton (0.004 - 0.011). The SIC of
humic substances in various anoxic sediments is given in table 9.4:
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Table 9.4: SIC fatios of humic substances in vafious anoxic mafine sediments, fatios afe given on
mole basis.

Location

SIC ratio

References

Jervis Inlet,
British Columbia

0.009 - 0.015

Francois, 1987b

Salt Marsh,
Delaware

0.018

Ferdelman et aI., 1991

Peru Margin

0.056 - 0.112

Mossmann et ai., 1991

Bannock Basin

0.038 - 0.204

this study

Tyro Basin

0.062 - 0.162

this study

The SIC ratio of the humic compounds in the sediments from the Tyro
and Bannock Basins are higher than those reported by Francois (1987b)
and Ferdelman et aI., (1991). Such a high sulphur content of organic
matter was also observed in sediments from the Peru Margin (Mossmann
et aI., 1991).
The incorporation of sulphur in organic matter takes place during the
early stages of diagenesis (Nissenbaum and Kaplan , 1972; Francois,
1987b; Mossmann et aJ., 1991; Ferdelman et aJ., 1991). It has been
demonstrated that reactive iron controls the organically bound sulphur,
because the reaction of organic matter with reduced sulphur species is
slower than the reaction of these sulphur species with detrital iron
minerals. So, organically bound sulphur will be formed after reactive iron
oxides have been converted to iron monosulphides and pyrite (Mossmann
et aI., 1990). However, in the anoxic hypersaline sediments from the Tyro
and Bannock Basins the profile of humic sulphur correlates reasonable
with that of pyrite (Figs. 9.2 and 9.3). Additionally, there is no prograde
formation of humic sulphur with depth observed. Organic carbon- pyritic
sulphur and reactive iron relationships (Fig. 9.5) suggest that the
formation of pyrite is mainly syngenetic and limited by iron. The humic
sulphur compounds seem to correlate with an enrichment of gelatinous
pellicles in the sediments. Gelatinous pellicles are bacterial mats formed
at the interface between oxic seawater and brine (Erba, 1991). Therefore,
it is suggested that humic sulphur is also formed syngenetic.
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9.4.6 Sulphur isotopes
The sulphur atom has four stable isotopes: 32S (95.02%), 33S (0.75%),
34S (4.21 %) and 36S (0.02%). Normal seawater has an isotopic
composition of 634S = + 20 %0. During sulphate reduction of organic
matter the stable isotope distribution of sulphur is modified. The produced
hydrogen sulphide contains more 32S than the sulphate, enriching the
latter in 34S. Accordingly, the hydrogen sulphide will have a negative 6 34 S
value. A fractionation of 60 %0, giving a 6 34S for H2S of -40%0, has been
observed in marine sediments (e.g. Hartmann and Nielsen, 1969; Kaplan
and Rittenberg, 1964). During prograde diagenesis the sulphate
component will become "heavier" (a higher 6 34S). Subsequently the
isotope of the H2S produced will also become "heavier" and the 634 S will
become less negative (Hartmann and Nielsen, 1969; Goldhaber and
Kaplan, 1980).
The sulphate concentration of the anoxic hypersaline bottom waters in
the Tyro and Bannock Basins is determined by a mixture of normal marine
seawater and evaporitic source. The isotopic composition of the
Messinian evaporite is about the same as that of normal seawater (De
Lange et aI., 1990b). The isotopic composition of sulphate in the Tyro
Brine is 634S = + 26 %0 (De Lange et aI., 1990a,b) and in the Bannock
Brine 634 S = + 21 %0 (Fig. 9.8). Both basins contain sulphidic bottom
water (Luther et aI., 1990), indicating that sulphate reduction takes place.
A fractionation of more than 50%0 is observed in the Bannock brine,
where the isotopic composition of the H2S in the Bannock brine is about 
30 %0. Unfortunately, there are no isotopic data available for H2S in the
Tyro brine. A fractionation of more than 50 %0 would give a bacterial
fractionation factor a of 1.050 according to the relation A (634SS04-634SH2S)
= (a-1)1 000. However, laboratory studies predict a = 1.000 - 1.025
(Goldhaber and Kaplan, 1980). The high fractionation between 634 S_
sulphate and 634S-H 2S and their constant profile across the interface (Fig.
9.8) indicate an open sulphate reduction system in the Bannock brine, due
to a high amount of sulphate in this brine.
Rayleigh distillation is also observed within the pore waters. The
increase of the 6 34S and the decrease of the sulphate concentration with
depth indicate that continuing sulphate reduction has taken place within
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these anoxic hypersaline sediments (Fig. 9.9). The bacterial isotope
fractionation factor 0 can be obtained from a Raleigh plot. The logarithm
of the isotope ratio is plotted against the logarithm of the sulphate
concentration. In case of a closed system and steady state the slope of
this plot is equal to (1-1/0) (Goldhaber and Kaplan, 1980). The Raleigh
plots for cores ABC15 and ABC45 are shown in figure 9.10. A
fractionation factor 0 of 1.014 is found for core ABC 15 and 0 is 1.005 for
core ABC45. These values are in the range of laboratory studies.
However, as shown in chapter 5, sulphate reduction in core ABC45 is
only of importance in the upper 150 cm. The 0 for this deth interval is
estimated to be 1.025.
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When hydrogen sulphide reacts with iron minerals or organic matter
there is hardly any fractionation (Frey et aI., 1984). The 6345 for the
pyritic sulphur and the humic sulphur are shown in figure 9.11. The range
of the 6345 values lies between -19%0 and -39%0 for the pyritic sulphur,
whereas for the humic sulphur this range is from -1 5%0 to -29%0. The 634 5
values of the humic sulphur are between 1%0 and 13%0 heavier than the
pyritic sulphur. This is concordant with the observation that H2 5 reacts
faster with iron minerals than with organic matter (Mossmann et aI.,
1990). Therefore the lighter, earlier produced, sulphide will be
incorporated in pyritic sulphur, whereas the more heavy sulphide will be
incorporated into organic matter.
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9.5 A scenario for syngenetic pyrite and humic sulphur formation
Pyritic and humic sulphur are the end products of the sulphur cycle in
anoxic hypersaline sediments from the eastern Mediterranean. Their
distribution in relative magnitude and in 634 S is almost identically. The
observation of high pyritic sulphur at low organic carbon and the organic
carbon-pyritic sulphur and reactive iron relationsships show in figure 9.5
suggest the formation of syngenetic pyrite.
At the interface between oxic seawater and the anoxic brine in both
basins higher amounts of dissolved and particulate organic carbon have
been observed (chapter 7; Henneke and De Lange, 1990). Additionally,
gelatinous pellicles have been found at these interfaces (Erba, 1991). The
presence of sulphate reducing bacteria in these mats (Erba, 1991), is
indicative of sulphate reduction occurring at the interface.
Due to the large density difference between the oxic seawater and the
brine pelagic fall out is captured at the interface (Erba, 1991). Within the
brines there is an abundancy of H2 S present which can react with detrital
iron to form monosulphides and subsequently pyrite. To form pyrite the
monosulphides must react with zerovalent sulphur. This zerovalent
sulphur may be Sa (Berner, 1970) or polysulphides (Rickard, 1975; Luther,
1991 ). In the Bannock Basin zerovalent sulphur was found to be enriched
at the interface; values up to 40 pm 01.1- 1 (Fig. 9.8) were found.
Manganese oxides are the likely oxidants that may oxidize the H2 S to
elemental sulphur (Burdige and Nealson, 1986; Aller and Rude, 1988). An
increase of dissolved Mn is observed at the interface in the Bannock Basin
(De Lange, 1989; De Lange et aI., 1990a,c; Schijf, 1992). Data obtained
from the IS-II for dissolved Mn are shown in figure 9.8. Van der Sioot et
al. (1990) and Saager et al. (1993) found a particulate Mn maximum near
the seawater-brine interface in the Tyro Basin.
According to these observations pyrite formation at the interface is
likely to occur. "rhis is supported by a relatively constant and highly
negative 6 34 S for pyritic sulphur. Assuming a closed system, a biological
fractionation factor a of 1.014 and 1.022 was found in the sediments
from the Tyro and Bannock Basins, respectively. This fractionation factor
can not produce the highly negative 6 34 S values as found for pyritic
sulphur. However an open system, as observed in the Bannock brine, can
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produce such negative 634 S values.
Because of the omnipresence of H2 S in the brines, incorporation into
organic matter may also take place at the interface. High bacterial activity
has been recorded at the interfaces (DeDomenico and DeDomenico,
1989). This newly formed organic matter, including gelatinous pellicles,
may incorporated sulphide. As reported, humic sulphur seems to be
closely related to these gelatinous pellicles. Unfortunuately, the
mechanism involved in the formation of humic sulphur still remains
unsolved.
Turbiditic deposition transports pyritic sulphur and humic sulphur
compounds to the sediments in the Tyro and Bannock Basins. The Tyro
Basin has a more turbiditic regime than the Bannock Basin (Erba, 1991).
These turbidites also provide also extra iron minerals which can be
converted to pyrite within these sediments. The isotopic data of pyritic
sulphur in the Tyro Basin show a slight increase. This increase is related
to an increase of the 6 34 S of the pore water sulphate, which is indicative
for progressive diagenesis.

9.6 A comparison with the Orca Basin
The conditions of sediment deposition in the Tyro and Bannock Basins
can be contrasted with those in the Orca Basin. The Orca Basin is a small,
deep-water depression in the northern Gulf of Mexico. The bottom-water
in this basin is anoxic and hypersaline (Shokes et aI., 1977). For the Orca
Basin a high content of dissolved iron in the brine has been reported
(Trefry et aI., 1984). Dissolved sulphide concentrations have been
reported to be low (less than 1 pM, Trefry et aI., 1984). Data from the
Orca Basin sediments show a direct covariance between carbon and
sulphur, with a positive intercept at the S-axis (Sheu and Presley, 1986;
Sheu, 1987). Sheu and Presley (1986) conclude that carbon is the limiting
factor for sulphate reduction, since dissolved sulphate and reactive iron
are abundant at all levels of the sediment column in the Orca Basin. An
increased biomass was observed at the interface (LaRock et aI., 1979).
However no bacterial mats have been recorded. Iron monosulphides are
reported to be the major sulphur species in the anoxic hypersaline
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sediments from the Orca Basin (Sheu, 1990). By contrast, in the Tyro and
Bannock brines H 2S is observed at a concentration of > 2 mM (Luther et
aI., 1990) and dissolved iron is very low (Saager et aI., 1993). Pyritic and
organic sulphur are the major sulphur species in these basins.

9.7 Conclusions
Pyritic and humic sulphur are the major end-products of the sulphur
diagenesis in anoxic hypersaline sediments from the eastern
Mediterranean. The 634 S for pyrite lies between -19%0 and 39%0, for the
humic sulphur this range is from -1 5%0 to -29%0. The sediments from the
Tyro and Bannock Basins show no relation between the amount of pyritic
sulphur and the organic carbon content. In both basins the sediments are
enriched in pyritic sulphur relative to organic carbon in comparison with
normal marine sediments. This is consistent with the observations
generally found in anoxic environments (Leventhal, 1983; Raiswell and
Berner, 1985).
The DOP values, in both basins approximately 0.62, indicate that there
is still iron available to react with hydrogen sulphide. However, the DOP
values are essentially constant with depth and hydrogen sulphide is build
up with in the pore waters. Pyrite formation is limited by the reactivity of
iron and not by the availability of iron as had been argued by Canfield et
al. (1992).
Humic sulphur makes up to 40% of the total amount of sulphur found
in these anoxic hypersaline sediments. The humic compounds are formed
by the interaction between reduced sulphur species and organic matter.
The profile of humic sulphur correlates reasonable with that of pyrite.
Additionally, they seem to be related with the gelatinous pelJicles
observed at the interfaces.
Because of the omnipresence of H 2S organic sulphur compounds can
be formed at an almost equal timescale as the interaction of iron minerals
with H2 S. The presence of a bacterial mat and a high H2 S content in the
brines favour pyritic and organic sulphur formation at the interface of the
Tyro and Bannock Basins. Turbiditic deposition transports organic sulphur
compounds and pyrite to the sediments in these basins. Additional pyritic
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and humic sulphur is formed diagenetically within the anoxic hypersaline
sediments. Although these basins differ in their major element chemistry,
their reduced sulphur chemistry appears to be similar.
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Appendix chapter 9

Table 9.2: Sulphur speciation in anoxic hypersaline sediments from the Tyro Basin, ABC15. All
species are given in pmoles S per gram dry weight.
Sample

Depth (em)

S8

Organic
polysulphides

Humic
Sulphur

AVS

Pyritic
Sulphur

7609

12.0

1.6 ± 0.5

4.5 ± 1.3

51.5 ± 6.4

10.0 ± 1.2

222 ± 11.0

7614

66.5

9.3 ± 0.6

5.8 ± 0.7

57.1 ± 5.6

11.4 ± 1.2

168 ± 12.4

16.3 ± 1.2

292 ± 1.0

7618

127.5

11.1 ± 1.5

11.0 ± 1.1

109 ± 0.01

7626

265.5

10.3 ± 2.9

42.9 ± 10.3

90 ± 14

7630

321.5

8.8 ± 3.7

37.0 ± 8.6

83.6±16

17.2 ± 4.0

184 ± 8.6

n.a.

158 ± 8.0

7635

413.5

5.6 ± 0.3

45.5 ± 1.9

86.6 ± 5.0

20.6 ± 2.7

216 ± 14.4

7639

486.0

3.9 ± 1.0

2.8 ± 0.4

78.7 ± 1.0

17.8 ± 2.5

236 ± 13.2

7642

529.0

5.5 ± 3.3

3.3 ± 0.7

106 ± 7.5

6.7 ± 1.1

298 ± 14.8

n.a. not analyzed

Table 9.3:Sulphur speciation in anoxic hypersaline sediments from the Bannock Basin, ABC45. All
species are given in pmoles S per gram dry weight.
Sample

Depth (em)

7743

7.0

7745

26.0

7746

42.0

7747

51.5

S8
3.6 ± 2.2

Organic
polysulphides

Humic
Sulphur

AVS

0.24 ± 0.16

24.2 ± 0.3

5.9 ± 0.2

45.9 ± 3.1

n.a.

1.5 ± 0.1

2.8 ± 1.4

41.2 ± 1.6

n.a.

4.4 ± 1.3

9.7 ± 1.4

n.a.

140 ± 1.0

7.5 ± 1.7

n.a.

Pyritic
Sulphur
82 ± 4
n.a.
n.a.
356 ± 16

7748

66.5

1.4±1.1

1.0 ± 0.03

13.0 ± 3.2

n.a.

56 ± 1

7750

107.5

0.9 ± 0.6

2.2 ± 0.6

48 ± 17

n.a.

179 ± 1

7751

127.5

20.9 ± 2.1

20.0 ± 6.4

79 ± 11

16.3 ± 1.8

7756

207.0

14.2 ± 0.4

6.9 ± 0.9

40.6 ± 1.5

17.2 ± 3.3

228 ± 14

7758

253.0

4.6 ± 0.9

4.5 ± 1.2

77.9 ± 5.1

9.9 ± 1.9

278 ± 2

7768

449.5

2.2 ± 0.9

4.8 ± 0.2

121"

9.1 ± 0.8

264 ± 15

7771

504.5

10.7 ± 3.6

25.1 ± 0.7

99 ± 14

25.3 ± 4.7

230 ± 10

7777

631.0

19.8 ± 2.4

16.2 ± 0.9

60.8 ± 0.1

15.0 ± 2.4

228 ± 21

272 ± 9

7783

752.0

10.7 ± 0.6

8.4 ± 1.4

42.2 ± 4.2

20.0 ± 5.7

272 ± 6

7786

810.5

23.4 ± 8.8

13.9 ± 1.3

73.6"

16.7 ± 3.1

268 ± 19

n.a. not analyzed
11 single measurement
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Appendix A: Diffusion Coefficients

Calculation of the diffusion coefficients aher Li and Gregory (1974).
The OJ 0, the tracer and self-diffusion coefficient of ions at infinite
dilution is linear with temperature T. The temperature of Mediterranean
bottom-water is 13°C. The OjO of several ions at 13°C have been
calculated from the OJ ° data of Li and Gregory (1974). The calculated
OJ ° are listed in table A-I.
Tabla A-I: Tracer and self-diffusion coefficients of ions at infinite solution, at 13°C (Calculated
according to Li and Gregory, 1974)

O·J° (10-6 cm 2 /sec)

Anion

0.°
(10-6
)
cm 2 /sec)

Na+

9.90

CI

15.2

K+

14.8

HC0 3 

8.72

Mg 2 +

5.28

CO/

6.85

Ca 2 +

5.90

SO/

7.82

Sr 2 +

5.87

HPO/

5.42

Ba2+

6.27

H2 P0 4 

6.18

NH 4 +

14.86

Cation

The tracer and self-diffusion coefficients of ions in seawater OJ can be
predicted from the viscosity of seawater

A-I

The viscosity

11

11 ° /11888 w8ter (351

is depended of temperature, pressure and density p.
= 0.92 at 25°C and 0.95 at OOC
129

The influence on the amount of salt in solution can be estimate from
the relation between 'll0/'ll and salinity given in the Handbook of Che
mistry and Physics (CRC Press, 66th edition). The 'll/'ll for seawater at
20°C is 0.997 en for brine water 0.94.
The effect of temperature and density on the OJ is relative small,
respectively 3% and 6%. Also the pressure effect has been show to be
at most 8% (Li and Gregory, 1984). The OJ is brine water is at most
8 % smaller than OJ 0, therefore no corrections have been made for
viscosity.
To calculate the diffusion coefficient for interstitial solution in sediment
the following equation is used.

A-2
The tortuosity 8 of the sediment depnds on the geometry of the
sediment and is difficult to measure directly. The tortuosity can be
calculated as follow (ullman and Aller, 1982/3): 8 2 = F * cj>
So equation A-2 becomes

A-3

F = formation factor or resistivity, which can be estimated from Ullman
and Aller (1983).
F

= cI>-n

A-4

n = 2 for sediments with a porosity cj> ~ 0.7
n = 2.5 - 3 for sediments with a porosity cj> = 0.7 - 0.9.
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Recently, Iversen and JcjJrgensen (1993) postulated a new empirical
relationship to estimate Dj,.ed

1 + n (1-4»

A-5

At a porosity above 0.7 they found no difference in the estimated
diffusion coefficients for sulphate. For clay-silt sediments a value of
n =3 seemed to be the best choice. Applying A-5 to the sulphate
diffusion coefficients for the anoxic hypersaline sediments from the
eastern Mediterranean this will give a Dj,sed value 25% lower than the
ones given in table A-2.
Table A-2: Calculated diffusion coefficients for interstitial solutions in sediments.
cm 2 .yl calculated according to equation A-3

Oj,oed

is given in

ABC15 ABC45 .)

ABC17

ABC23

0.63± 0.03

0.87± 0.06

0.71±0.11

n

2

3

2.5

Ion

°j.oed

°j.oed

Oj,oed

Na+

197

229

187

CI-

302

352

287

K+

294

342

279

Ca2 +

117

137

111

Mg 2 +

105

123

100

Sr2 +

117

136

111

Ba 2 +

125

145

118

50/-

156

180

148

NH 4 +

296

344

281

HC03 -

173

202

165

cOl-

136

158

129

HPO/-

108

125

102

H2 PO/-

123

143

117

porosity

+

')From core ABC45 no porosity data are available. The porosity is assumed to be similar to that in
as core ABC15, since their lithology is comparable. The standard deviation of the porosity in core
ABC23 will give an error of less than 15% for all diffusion coefficients.
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Cross-coupling terms

The diffusive flux is driven by the gradient of the concentration oCJox
and the electrical potential oE/ox (McDuff and Ellis, 1979):

R = gasconstant
F = Faraday's constant
T = absolute temperature
Z = charge of the ion
U = ionic mobility of ion i (cm 2 .moI.J-'.sec-')
This equation can be applied to an isothermal solution under the
assumption that the gradient of concentration is identical to the
gradient of the chemical potential, meaning that oy/ox = 0, where Yj
is the activity of i.
U is the ionic mobility of i at infinite solution and can be calculated
from the following equation (Ben-Yaakov, 1972):

A-7

A. = equivalence conductance (Handbook of Chemistry and Physics;
CRC Press, 66th edition)
Electroneutrality is required so

l:ZA = 0
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A-a

Also the diffusion coefficient is an empirical constant defined by Fick's
First Law:

A-9

Combining equations 6, 8 and 9 gives the following equation

A-10

The diffusion coefficient is composed of a leading term equal to the
tracer diffusion coefficient (UjRT) and a correction term arising from
cross-coupling of the ionic fluxes. McDuff and Ellis (1979) showed that
for pore waters of geochemical interest the cross-coupling term are
very small and that the magnitude of the cross-coupling term is
concentration dependent. The cross-coupling terms for diffusion
coefficients in the pore waters of the anoxic hypersaline sediments in
the eastern Mediterranean have been calculated. The outcomes indicate
that they can be neglected in cores ABC15, ABC33 and ABC45. In
cores ABC 17 and ABC23 a large gradient in CI and Na with depth is
observed, resulting in a cross-coupling term for Mg 2 +, Sr 2 +, SO/-, Na+,
CI- and HCO a-. An example of the calculation of the cross-coupling term
is given in table A-3, the cross-coupling terms for the pore waters of
ABC 17 and ABC23 are given in table A-4.
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Table A-3: Calculation of cross-coupling tarms in pora waters of core ABC17. Poseidon Basin

lafter McDuff and Ellis, 1979).

Z;

C.'I

Uj

AMg

AN.

Bj

ZjUjlilC/ilC Mv)

ZjUjlilCj/ilCN.)

Z;2 UjCj

CI

-1

1116

8.2

401

-8.45

9151

Na

+1

1068

5.38

-255

5.38

5746

K

+1

11

7.89

0

0

87

Mg

+2

53

2.85

5.7

-0.12

600

Ca

+2

14

3.19

0

0

172

Sr

+2

0.12

3.19

-0.008

0.0002

1.5

S04

-2

33

4.3

0

0

568

HC03

-1

10

4.79

3.4

-0.07

48

154.7

-3.26

16326

'J

OJ

average concentration in the pore watars ovar total depth
DjO 11 - ZjCjA/B)

=

Table A-4: Cross-coupling term for the ions Na-. CI", M g2+. Ca 2 +. Sr 2 +. SO/- and HC03 " in the

Posaidon and Kretheus Basins

Poseidon OJ

(*0/'>

Kretheus OJ

(*0/1

CI

0.78

0.84

Na+

1.21

1.18

Mg2+

0.006

0.64

Ca2+

no cross-coupling

0.40

sr2+

2.92

2.68

sot

no cross-coupling

1.50

HC0 3

0.87

0.82

For most ions the cross coupling term is of minor importance for the
estimated 0j,sed' The uncertianties in the estimated OJ,sed values are
largely due to the unknowence of the totuosity of the sediment and its
relation with the porosity.
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Appendix B: Thermodynamic equilibrium calculations, the PHRQPITZ
model
A computer program for geochemical calculations in brines has been used to
estimate the ion-activity products of Ca,Mg-carbonates, Ca-sulphates and
halite (PHRQPITZ, Plummer et aI., 1988). This model is based on the Pitzer
equations and can therefore be applied to solutions with high ionic strength.
The model program PHRQPITZ has two options for scaling the individual ion
activity coefficients. The first option is based on the work of Harvie et al.
(1984). The other option is that the activity coefficients are scaled according
to the Macinnes (1919) convention. In this case the activity coefficient of CI is
equal to the mean activity of KCI in a KCI solution of equivalent ionic strength.
The choice of the activity-coefficient scale to be used is important when a
measured pH is introduced in the geochemical solutions. Measured pH is not
likely to be on the same activity-coefficient as the aqueous model because
there are uncertainties in the measured pH in brines such as the influence of
the liquid-junction potentials (Westcott, 1978; Plummer et aI., 1988). The
choice of scaling is particularly sensitive in case of the carbonate system. The
differences in the calculated saturation index (Log IAP/K) between unsealed
and scaled (Macinnes) activity coefficients largely depends on the ionic
strength of the solution. At an ionic strength equal to 6.3 (Tyro brine) the
difference between unsealed and scaled saturation indices is at most 0.50.
The saturation indices for carbonates presented here are based on the
unsealed individual-ion activity coefficients.
The PHRQPITZ program calculates the solubility products at a pressure of 1
atm. The sediment cores are taken from a depth between 3000 and 3500
meter. A water-depth of 3500 m. corresponds to a pressure of 350 to 400
bar. It is known that the pressure will increase the solubility product. A pressu
re of about 400 bar. will give a solubility product that is about two times the
solubility product at 1 bar. (Stumm and Morgan, 1981; Millero, 1983). The
uncertainties in the scaling of the individual-ion activity coefficients, the
pressure effect and solid solution formation gives rise to problems in defining
whether or not a solution is saturated with respect to a specific mineral. The
uncertainty due to the choice of scaling is marked by an area enclosed by two
solid lines in the figures.
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