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32. CARBON, SULFUR, AND OXYGEN ISOTOPE GEOCHEMISTRY OF INTERSTITIAL WATERS 
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ABSTRACT

Interstitial waters from six sites of the Western Mediterranean Basin (Sites 974–979) were analyzed for stable iso
dissolved sulfate (δ34S, δ18O), water (δ18O), and dissolved inorganic carbon (13C), in addition to major and minor ions. 

Sulfate reduction rates (as determined by modeling sulfate profiles) are positively related to bulk sedimentation rate
indicates a higher burial of metabolizable organic matter with increasing sedimentation rate. Bacterial sulfate reductioe
deeper samples from Sites 974 and 978 is overprinted by a sulfate input from saline brines located at depth. Dissolutio-
sum within the section cored was found at Site 975. The concentration and sulfur isotopic composition of pore-water
(δ34S values up to +89‰ relative to the Vienna-Canyon Diablo troilite standard) are dominated by microbial organic mat
dation with associated sulfate reduction. Therefore, most interstitial sulfate is enriched in 34S with respect to modern Mediterra-
nean seawater (δ34S = +20.7‰; Site 973 surface seawater). Dissolved sulfate at Sites 974, 975, 977, and 979 is also enr
18O with respect to Mediterranean seawater (δ18O[SO4

2–] = +9.4‰ relative to Standard Mean Ocean Water). The sulfur and o
gen isotopic compositions of dissolved residual sulfate are positively correlated to each other. Microbiologically mediat-
gen isotope exchange reactions lead to isotope shifts towards equilibrium between residual sulfate and interstitial H2O with
increasing degree of sulfate reduction. The results support the previous suggestion that δ18O–δ34S relations of residual sulfate
directly reflect sulfate reduction rates in marine sediments. 

The depth profiles of the carbon isotopic composition of dissolved inorganic carbonate species (δ13C values between –0.1‰
and –22.6‰ relative to the Vienna Peedee Belemnite standard) reflect the in situ degradation of organic matter via
reduction, followed by the formation of methane via in situ fermentation of organic matter, and probably carbonate diss
and precipitation.
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INTRODUCTION

Interstitial waters from six sites of the Western Mediterranean Ba-
sin (Sites 974–979; Fig. 1) were retrieved during Leg 161 of t
Ocean Drilling Program (ODP) and analyzed for stable isotopes
dissolved sulfate (34S/32S, 18O/16O), water (18O/16O), and inorganic
carbonate species (13C/12C), in addition to major and minor ions. Site
974 was drilled in the central Tyrrhenian Sea. Site 975 was loca
on the South Balearic Margin, between the Balearic Promont
(Menorca and Mallorca Islands) and the Algerian Basin. Sites 9
and 978 are situated in the Eastern Alboran Sea, and Sites 976
979 were drilled in the Western and Southern Alboran Sea, resp
tively (Comas, Zahn, Klaus, et al., 1996). The recovered sedime
span a time interval from the Pleistocene to the Miocene (Com
Zahn, Klaus, et al., 1996). Several sapropel layers with organic c
bon contents up to 6.3% by weight (Comas, Zahn, Klaus, et al., 19
were found at almost all sites and reflect periods of enhanced org
matter production and/or preservation.

Pore waters were retrieved from all sites drilled during Leg 161
characterize the early and late diagenetic microbial degradation o
ganic matter within the sediment column and the influence of evap
ites or brines at depth on the interstitial waters of the sediments.
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SAMPLING AND ANALYTICAL METHODS

Interstitial water samples were squeezed from whole-were fou
at almost all whole-round samples immediately after retrieval of t
core using the standard ODP titanium/stainless-steel squeezer (M
heim and Sayles, 1974). The retrieved pore waters were subseque
analyzed on board ship for salinity, pH, alkalinity, sulfate, chlorid
lithium, potassium, sodium, calcium, magnesium, strontium, mang
nese, ammonium, phosphate, and silica using the methods descr
in Gieskes et al. (1991). Sulfur and oxygen isotope measurement
dissolved sulfate were determined on pore waters previously used
shipboard alkalinity determinations. Therefore, dissolved sulfide,
present, was removed from the aqueous solution. The sulfate was 
cipitated quantitatively as BaSO4 by the addition of barium chloride,
washed with deionized water, and dried at 110°C. Sulfur isotope 
tios (34S/32S) of BaSO4 were analyzed by combustion-isotope-ratio
monitoring mass spectrometry (C-irmMS) as described by Böttch
et al. (1998). About 0.4 mg BaSO4 was combusted in an elemental an
alyzer (Carlo Erba EA 1108) connected to a Finnigan MAT 252 ma
spectrometer via a Finnigan MAT Conflo II split interface. The libe
ated SO2 gas was transported in a continuous stream of He (5
grade). Filtered samples for carbon isotopes of dissolved inorga
carbonate species and oxygen isotopes of water measurements 
sealed in glass ampules immediately after recovery and stored in
dark. For carbon isotope determination of dissolved inorganic c
bonate species, 1–2 mL of water was drawn with a syringe imme
ately after breaking the seal of the ampule. Then it was injected i
a previously evacuated vacutainer containing 0.1 mL of 100% ph
phoric acid. The evolved CO2 was cryogenically purified on a vacu-
um line and measured using a Fisons-Optima mass spectrometer
ibrated with the NBS-19 standard. The accuracy and precision of 
method were determined by multiple measurements of a solution
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of Leg 160 (Sites 963–973) and Leg 161 (Sites 974–
979).
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sodium bicarbonate of known isotopic composition. Reproducibility
of the method is ±0.3‰. Oxygen isotope measurements on w
were conducted using an automated equilibration device with a
producibility of ± 0.06‰. Oxygen isotope measurements on BaS4

were performed at the Marie Curie-Skolodowska University of Lu
lin, Poland, according to the method described by Mizutani (197
Stable sulfur, oxygen, and carbon isotope ratios are presented u
the δ-notation with respect to the Vienna-Canyon Diablo troilite sta
dard (V-CDT), Vienna-Standard Mean Ocean Water (V-SMOW
and the Vienna-Peedee-Belemnite standard (V-PDB), respectivel
δ34S value of +20.59‰ was obtained for the NBS-127 (BaSO4) stan-
dard (Böttcher et al., 1997). The measured δ18O value of +9.53‰ for
NBS-127 agrees with the proposed value of +9.34 ± 0.32‰ (Gon
antini et al., 1995).

RESULTS AND DISCUSSION

Sulfate Reduction

From the downcore variation of dissolved sulfate concentratio
in the interstitial waters (Fig. 2), it is evident that most of the sites 
characterized by more or less intense bacterial sulfate reduct
Even at those sites where the pore-water sulfate concentrations
comparable to those of modern Mediterranean seawater (~31 m
surface seawater at Site 973; Böttcher et al., 1998), microbial acti
using sulfate as the electron acceptor is observed from the sulfur
topic trends of residual sulfate (see section on sulfur isotopes).

The reduction of dissolved sulfate is coupled to the availability
metabolizable organic matter in the sediments. Whereas sulfate
duction is essentially complete in the upper meters of Sites 976 
977 (Table 1; Fig. 2), significant amounts of sulfate are present in
interstitial waters of all other sites. No influence of organic-rich la
ers (sapropels) in the sediment column on the pore-water sulfate 
files is observed. Sulfate reduction rates for the upper parts of the 
iment sections of all sites except for 978 were calculated accordin
Canfield (1991) and are positively correlated to the bulk sedimen
tion rates (Fig. 3), which is consistent with higher preservation of m
tabolizable organic matter with increasing sedimentation rate (Be
er, 1980). The results for the western Mediterranean (Leg 161; 
study) compare well with those for the eastern Mediterranean (L
160; Böttcher et al., 1998). It should be noted that the sulfate red
tion rates were determined by modeling the sulfate profiles (Canfie
1991), which may depart from direct measurements derived fr
35SO4

2– incubations.
The sulfate profiles at Sites 976 and 977, and probably Site 979,

show a convex-up curvature (Fig. 2) which, together with the down-
ward increase in alkalinity and dissolved ammonium (Comas, Zahn,
Klaus, et al., 1996), indicate that sulfate reduction seems to be related
to the microbial in situ degradation of organic matter and that upward
diffusion of methane played no significant role in the upper part of
414
ter
re-

-
).

sing
-

),
. A

fi-

ns
re
on.
 are
M;
ity
so-

f
 re-
nd
he
-
ro-
ed-
 to

ta-
e-
rn-
his
eg
uc-
ld,
m

the sedimentary column (Borowski et al., 1996). For Sites 974, 975,
and 978, an increase in sulfate concentrations is found deeper down-
core (Fig. 2). This is caused by a superimposition of bacterial sulfate
reduction by a sulfate input from the dissolution of upper Miocene
evaporites or the influence of saline brines located at depth. The up-
ward sulfate flux from evaporitic brines is inferred from salinity and
major-element variations of the interstitial waters from Sites 974 and
978 (Comas, Zahn, Klaus, et al., 1996). These brines may be paleo-
fluid that had been trapped below the Pliocene–Pleistocene s
ments or brines derived from salt dissolution (Comas, Zahn, Kla
et al., 1996). Evaporite dissolution may have occurred in underly
strata or in distant Messinian salt deposits followed by large-sc
fluid migration along permeable sediments to the investigated 
(Comas, Zahn, Klaus, et al., 1996). At Sites 975 and 978, gyps
was found in the deeper sediment cores and the pore-water pro
provide evidence for the dissolution of calcium sulfates (Com
Zahn, Klaus, et al., 1996; Bernasconi, Chap. 33, this volume).

Sulfur Isotopes

The microbial reduction of dissolved sulfate leads to a kinetic is
tope effect and an enrichment of the lighter sulfur isotope, 32S, in the
formed hydrogen sulfide and a corresponding increase in the isot
composition of the residual sulfate (e.g., Chambers and Truding
1979). Rayleigh fractionation evaluation of the residual sulfate d
of Sites 975, 976, and 977, assuming closed system conditions 
respect to dissolved sulfate (Hartmann and Nielsen, 1969; Swee
and Kaplan, 1980), yields linear correlations (Fig. 4) and fractio
ation factors between 1.019 and 1.066. The values for Sites 976
977 are within the range observed experimentally for microbial s
fate reduction at low reaction rates (Chambers and Trudinger, 19
Canfield and Teske, 1996; Rees, 1973). A contribution of sulfate d
fusion from the sediment-water interface (i.e., SO4

2– that is 34S de-
pleted relative to the residual pore-water sulfate) to the interstitial wa-
ter sulfate pool would increase the calculated fractionation factors
(Jørgensen, 1979). The calculated fractionation factor for the up
sediment column at Site 975 exceeds the experimentally obse
range, which may be caused by a very low sulfate reduction rate

A superimposition of bacterial sulfate reduction is found in th
samples from Site 975 below ~47 meters below seafloor (mbsf) b
sulfate input from upper Miocene evaporites located at depth wit
δ34S value ~+23‰ (Table 2). The dissolution of sulfate minerals fro
evaporites does not lead to sulfur isotope fractionation (Böttcher 
Usdowski, 1993). Therefore, late Miocene sulfates contribute to 
sulfur isotopic composition of the interstitial sulfate with a δ34S value
of ~+23‰, in general agreement with the observed variation of δ34S
values at Site 975 (Fig. 2). Considering an enrichment of 34S by
~+1.6‰ in the solid during crystallization of gypsum (Thode an
Monster, 1965), the parent solution of Site 975 gypsum should h
had an isotopic composition ~+21‰, which is similar to that of mo
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Figure 2. Pore-water sulfate concentration and δ34S data vs. depth profiles from Sites 974 to 979. 
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Core, section, 
interval (cm)

Depth
(mbsf)

SO4

(mM)
δ34S
(‰)

TA
(mM)

δ13C
(‰)

161-974B-
1H-3, 145-150 4.45 30.8 21.8 3.2 –4.86
2H-3, 145-150 10.95 32.2 23.2 3.2 –4.03
3H-3, 145-150 20.45 28.9 24.9 2.8 –6.26
4H-3, 145-150 29.95 26.4 26.8 2.6 –6.70
5H-3, 145-150 39.45 — 27.8 2.8 —
6H-3, 145-150 48.95 25.1 28.5 2.8 –5.35
7H-3, 145-150 58.16 24.7 28.3 3.0 —
8H-3, 135-140 67.85 25.0 — 3.0 –3.65
9H-3, 145-150 77.35 25.5 27.8 2.9 —
10H-3, 145-150 86.65 25.7 27.6 2.9 –3.67
11H-3, 145-150 96.45 24.1 27.1 3.0 —
14H-3, 145-150 124.95 23.1 26.2 2.4 —
17H-3, 145-150 153.45 23.2 25.3 2.0 –3.10
20X-3, 145-150 179.35 26.2 25.0 1.9 —

161-975B-
1H-1, 145-150 1.45 30.7 22.2 3.3 –5.08
2H-1, 145-150 5.55 28.6 24.7 4.2 —
2H-4, 145-150 10.05 27.9 — 4.3 —
3H-3, 145-150 18.05 26.3 — 4.4 —
4H-3, 145-150 27.55 25.1 32.1 4.3 –6.39
5H-3, 145-150 37.05 25.4 33.5 4.5 —
6H-3, 145-150 46.55 24.6 35.7 4.3 —
7H-3, 145-150 56.05 25.7 37.2 4.3 –6.57
8H-3, 135-140 65.45 21.9 37.8 4.7 —
9H-3, 145-150 75.05 24.6 37.9 3.9 –5.34
10H-3, 145-150 84.55 24.5 37.9 3.8 —
11H-3, 145-150 94.05 25.7 — 3.7 –4.98
14H-3, 145-150 122.55 29.8 36.9 3.6 —
17X-2, 145-150 149.55 28.6 35.9 3.2 —
21X-3, 145-150 190.85 35.1 32.7 2.6 –5.03
24X-3, 145-150 220.35 38.7 31.0 2.3 —
27X-3, 145-150 249.25 43.2 29.7 2.0 —
30X-3, 145-150 278.05 48.9 28.3 1.5 —
33X-3, 145-150 306.85 51.3 27.7 1.4 –3.22

161-975C-
1H-1, 145-150 1.45 30.2 21.3 3.6 —
5H-3, 145-150 35.35 25.0 38.0 4.3 —
9H-3, 145-150 73.35 24.9 37.9 3.8 —
13H-3, 145-150 111.35 27.6 38.1 3.6 —
16H-3, 145-150 139.85 27.6 36.0 3.4 —
21X-3, 145-150 187.85 34.3 32.4 2.6 —
25X-3, 145-150 226.15 38.8 30.8 2.1 —

161-976D-
1H-1, 128-133 1.28 29.3 23.6 5.4 –10.71
2H-1, 145-150 2.95 24.2 — 8.3 —
2H-2, 145-150 4.45 21.2 31.3 11.9 –15.61
2H-4, 145-150 7.45 14.7 — 16.8 —
2H-6, 145-150 10.45 7.9 — 23.2 –17.79
3H-1, 145-150 12.45 5.2 55.0 24.3 —

Note: — = not determined.

3H-2, 145-150 13.95 3.0 — 25.8 –18.30
3H-3, 145-150 15.45 1.9 — 26.6 —
3H-4, 145-150 16.95 0.9 — 26.5 —
3H-5, 145-150 18.45 0.6 — 24.8 –18.29
3H-6, 145-150 19.95 — — 23.5 —
3H-7, 145-150 20.45 — — 22.5 –17.90
4H-1, 145-150 21.95 0.5 — 19.2 —
4H-2, 145-150 23.45 0.4 — 17.2 –18.49
4H-3, 145-150 24.95 — — 15.5 —
4H-4,145-150 26.45 0 — 15.0 –19.09
4H-5, 145-150 27.95 0.1 — 14.4 —
4H-6, 145-150 29.45 0.3 — 13.8 –18.73

161-976C-
4H-4, 145-150 30.95 — — 14.1 —
5H-6, 145-150 43.45 — — 12.6 –22.55
6H-4, 145-150 49.95 — — 12.4 –21.99
7H-4, 145-150 59.45 — — 13.4 —
8H-4, 145-150 68.95 — — 13.2 –13.99

161-977A-
1H-1, 145-150 1.45 28.9 26.9 5.6 –10.31
1H-2, 145-150 2.95 28.6 27.6 7.1 —
2H-2, 145-150 6.88 20.1 34.5 12.5 –15.79
2H-4, 145-150 9.88 16.8 39.4 14.4 —
3H-3, 145-150 17.95 10.7 49.7 15.1 –15.29
4H-3, 145-150 27.45 6.5 71.0 13.5 —
5H-3, 145-150 36.95 2.7 78.1 13.2 –17.63
6H-3, 145-150 46.45 0.3 — — –19.92
9H-3, 145-150 74.95 0 — 10.4 –10.32
12H-3, 145-150 103.45 0 — 10.9 –4.83
15H-3, 145-150 131.95 0 — 8.7 —
18X-3, 145-150 160.45 0.3 — 7.1 —
21X-3, 145-150 189.35 0 — 5.6 —
24X-3, 140-150 218.0 0 — 4.7 –3.33
27X-3, 140-150 247.0 0.2 — 4.1 —
30X-3, 140-150 275.8 0 — 3.7 –3.60
33X-3, 140-150 304.5 0 — 4.5 —
36X-3, 140-150 333.3 0 — 2.8 –5.64
39X-3, 140-150 362.6 0 — 2.5 —
42X-3, 140-150 391.1 0 — 1.9 –6.69
45X-3, 140-150 420.0 0 — 1.6 —
48X-3, 140-150 448.9 0 — 1.3 –7.74
51X-2, 140-150 476.2 0.4 — 1.4 —
54X-3, 140-150 506.5 6.5 — — –17.91

161-978A-
41R-2, 135-150 575.65 11.9 27.1 1.04 —

161-979A-
2H-3, 145-150 5.95 27.1 23.9 6.4 –11.13
3H-3, 145-150 15.45 15.2 88.9 15.4 —

Core, section, 
interval (cm)

Depth
(mbsf)

SO4

(mM)
δ34S
(‰)

TA
(mM)

δ13C
(‰)

Table 1. Stable sulfur and carbon isotopes in pore waters from Leg 161.
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Figure 3. Variation of sulfate reduction rates (SRR) of selected sites from the
western (Leg 161; this study) and eastern Mediterranean (Leg 160; Bött
et al., 1998) as a function of the sedimentation rate.
16
ern Mediterranean seawater (Böttcher et al., 1998; De Lange e
1990), and the inferred variation of seawater isotopic composi
within the last 10 Ma (Burdett et al., 1989). The sulfur isotopic co
position of dissolved sulfate at 576 mbsf at Site 978 (+27.1‰; Ta
1) demonstrates that Messinian calcium sulfates and/or saline b
were probably the source of the dissolved sulfate, and that minor
crobial sulfate reduction occurred. Trapped late-stage evapo
brines or brines derived from the dissolution of Messinian sa
should contribute sulfate with a δ34S value ~+23‰. 

Figure 5 summarizes all measured sulfur isotope data as a f
tion of the residual sulfate concentration and compares the re
with some predicted general trends, which are, alone or in comb
tion, responsible for the observed variations in the interstitial wa
from Leg 161. From a comparison of the analyzed pore waters 
these trends, it is evident that the dominant processes influencin
relationships between concentration and sulfur isotopic composi
of residual dissolved sulfate are microbial sulfate reduction and 
fate derived from Messinian calcium sulfates.

Oxygen Isotopes

The oxygen isotopic composition of residual sulfate was m
sured for selected interstitial waters from Sites 974, 975, 977, and
(Table 3). The dissolved sulfate was generally enriched in 18O with
respect to modern Mediterranean seawater sulfate (δ18O[SO4

2–] ≈
cher
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+9.4‰; Cortecci, 1974a, 1974b), and the values of δ18O(SO4
2–) in-

crease with depth (Fig. 6). Although, the δ18O(SO4
2–) values increase

with increasing δ34S values, the oxygen isotopic composition of the
residual sulfate tends to approach an asymptotic value (Fig. 7). For
the pore waters of the upper few tens of meters of the profiles, the
δ18O(H2O) values range between +1.1‰ and +1.5‰ (Table 2). B
cause of early diagenetic reactions, the values decrease slightly 
depth. Water temperatures of 16°, 12°, 15°, and 11°C were meas
at Sites 974, 975, 977, and 979 at ~22 mbsf (Comas, Zahn, Klau
al., 1996) and increased further downcore. At ~50 mbsf, for instan
temperatures of 17° (Site 977) and 14°C (Site 979) were found,
spectively (Comas, Zahn, Klaus, et al., 1996). Using 15°C as a typ
water temperature in the sediment sections analyzed for δ18O(SO4

2–),
the isotopic composition of dissolved sulfate in equilibrium with in-
terstitial waters of +1.3‰ composition should be +32.4‰ when co
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Figure 4. Values of δ34S and δ18O of residual sulfate at Sites 975 (down to 47
mbsf), 976, 977, and 979 as a function of the natural logarithm of the residual
sulfate fraction of original sulfate remaining (F). Numbers are sulfur isotope
fractionation factors calculated from the regression lines (see text).
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pared to the extrapolated results from hydrothermal inorganic
change experiments (Mizutani and Rafter, 1969). Consideration
range of temperatures between 10° and 20°C leads to theore
boundary values for the equilibrium isotope composition of dissol
sulfate of +31.2‰ and +33.7‰ (Mizutani and Rafter, 1969). The 
served stable isotope data are generally below the proposed eq
rium value (Figs. 6, 7).

Table 2. Stable oxygen isotopes in pore waters and pore water sulfates
from Leg 161.

Note: Intervals correspond to Table 1. — = not determined. 

Core, section
Depth 
(mbsf)

δ18O(H2O) 
(‰)

δ18O(SO4
2–) 

(‰)

161-974B-
1H-3 4.45 +1.14 +12.9
2H-3 10.95 +1.04 +15.9
3H-3 20.45 +1.02 +19.3
4H-3 +0.79 —

161-975B-
1H-1 1.45 +1.38 +11.7
2H-1 5.55 — +17.6
2H-4 10.05 +1.50 —
21X-3 190.85 +0.17 +24.4
33X-3 306.85 –0.60 +22.0

161-977A-
1H-1 1.45 +1.48 +17.2
1H-2 2.95 — +17.8
2H-2 6.88 +1.36 +20.5
2H-4 9.88 — +24.1
3H-3 17.95 +1.42 +26.2
4H-3 27.45 — +26.5
5H-3 36.95 +1.35 +26.6
6H-3 46.45 +1.38 —

161-979A-
2H-3 5.95 +1.31 +14.8
4H-3 +1.32 —
6H-3 +1.23 —
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Figure 5. Values of δ34S vs. concentration of residual sulfate of all measured
pore waters from Site 161 and a schematic diagram showing how different
processes may influence the composition of dissolved sulfate. Arrows are
theoretical trends starting with Mediterranean seawater (star = surface sea-
water at Site 973) for (1) authigenic precipitation of gypsum, (2) microbial
sulfate reduction, (3) dissolution of Messinian gypsum, and (4) reoxidation
of dissolved sulfide. Note that the direction of the gypsum dissolution arrow
may change when other initial values for the solution are considered. Arrow
sizes indicate the estimated overall importance for the Leg 161 pore waters.
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The inorganic oxygen isotope exchange reaction between dis-
solved sulfate and water at low temperatures and neutral pH is ex-
tremely slow (e.g., Chiba and Sakai, 1985; Mizutani and Rafter,
1969), and has been found to be negligible in oxic deep-sea sediments
up to 50 m.y. old (Zak et al., 1980). However, significant oxygen iso-
tope variations in dissolved sulfate have been observed in microbial
sulfate reduction studies (e.g., Mizutani and Rafter, 1973; Fritz et al.,
1989) and pore waters of anoxic sediments (Zak et al., 1980; Böt
et al., 1998; M. E. Böttcher, unpubl. data). In the initial stage of 
fate reduction, kinetic isotope effects are expected to be respon
for a common increase in 18O and 34S values because the 32S-16O
bonds are weaker than the 34S-16O and 32S-18O bonds (Zak et al.,
1980). From Figure 4, it is evident that the variation of δ18O(SO4

2–)
values as a function of ln F does not fall on a linear trend, as expected
for an unidirectional kinetic isotope fractionation. As outlined by
Böttcher et al. (1998), this difference is caused mainly by oxygen

Table 3. Stable sulfur isotopes of solids from Hole 975B.

Core, section, 
interval (cm)

Depth
(mbsf)

δ34S
(‰) Comments

161-975B-
33X-3, 30-31 305.70 22.8 Gypsum
33X-CC, 6-7 306.92 20.4 Gypsiferous chalk
33X-CC, 14-15 307.00 22.0 Gypsum
33X-CC, 28-29 307.14 22.7 Gypsum
34X-1, 73-74 310.73 22.4 Gypsum
34X-1, 117-118 311.18 22.4 Gypsum
34X-2, 16-17 311.66 22.3 Gypsum
34X-2, 70-71 312.20 22.1 Gypsum
34X-3, 44-45 313.41 22.7 Gypsum
34X-3, 71-72 313.68 22.7 Gypsum, white
34X-3, 71-72 313.68 23.0 Gypsum, gray
34X-CC, 20-21 313.93 21.7 Gypsiferous chalk, light gray
34X-CC, 20-21 313.93 19.5 Gypsiferous chalk, dark gray
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Figure 6. Downhole variations of δ18O of the residual sulfate from Holes
974B, 975B, and 977A.
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tope exchange reactions with the aqueous solution via a sul
enzyme complex, which is formed as an intermediate reaction p
uct (Fritz et al., 1989), leading to an increased equilibration betw
residual sulfate and pore water with increasing degree of micro
sulfate reduction. Figure 7 shows that the oxygen isotope dat
pore-water sulfate increase more rapidly than the δ34S values increase
at Sites 974 and 975 compared to Site 977. This is caused by l
sulfate reduction rates at Sites 974 and 975 (Fig. 3), which enab
more intense oxygen isotope exchange upon reaction even at low
grees of sulfate reduced. The distinct relationships between δ18O and
δ34S values seem to be related to their different sulfate reduc
rates, thus confirming the previous suggestion of Böttcher et
(1998) that different sulfate reduction rates in marine sediments
directly reflected by δ18O–δ34S plots.

The decrease in δ18O(SO4
2–) at greater depth at Site 975 (Fig. 6)

results from the dissolution of upper Miocene evaporites with an ap-
proximate oxygen isotope value of +16‰ (Stenni and Longine
1990). The slight depletion of the interstitial water in 18O at greater
depth, which is caused by some diagenetic water-rock interact
(Bernasconi, Chap. 33, this volume), should only have been a m
influence on the composition of dissolved sulfate. The oxygen 
tope data of dissolved sulfate for Site 977 level off below the theo
ical equilibrium value of +32.4‰. This observation is similar to t
experimental results of Fritz et al. (1989), in which a smaller isoto
fractionation was observed at steady state probably results from
uncertainty in the values. 

Carbon Isotopes

The carbon isotopic compositions of dissolved inorganic carb
ate species at Sites 974, 975, 976, 977, and 979 vary between –
and –22.6‰ relative to V-PDB (Table 1). The downcore profiles
all sites show similar trends. Specifically, in the uppermost part of
sediments, at depths at or above 50 mbsf, observed minima in
δ13C records probably result from the microbial degradation of org
ic matter by sulfate-reducing bacteria and the concomitant libera
of CO2. The extent of 13C depletion in dissolved inorganic carbona
species at the minima is directly related to the amount of sulfate
duced (Figs. 2, 8). The subsequent increase in δ13C of dissolved inor-
ganic carbonate species with increasing depth at Sites 976, 977
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Figure 7. Values of δ34S vs. δ18O of residual sulfate from Holes 974B, 975B,
and 977A.
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Figure 8. Profiles of pore-water alkalinity (TA) concentration and δ13C of dissolved inorganic carbonate species vs. depth for Sites 974–979. Superim
headspace methane concentrations for Sites 976–979 are from Comas, Zahn, Klaus, et al. (1996).
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979 is caused by bacterial methanogenesis, which succeeds sulfate
reduction in anaerobic organic carbon-rich sediments and is clearly
reflected by the variation of measured headspace methane concentra-
tions (Fig. 8). Because the activity of methane-producing bacteria
leads to the formation of methane enriched in 12C (Games et al., 1978;
Carothers and Kharaka, 1980; Botz et al., 1997), the interstitial water
can become enriched in 13C, and the pore waters evolve to higher δ13C
values as bacterial methane formation continues.

The decrease of δ13C in the deepest intervals of Sites 977 and 979
(Fig. 8) is probably related to a repeated onset of microbial activity
oxidizing organic matter or methane. At least for Site 977, the in-
creased availability of dissolved sulfate indicates that sulfate may act
again as the electron acceptor. Probably, the lowermost pore-water
sample analyzed at Site 979 became completely depleted in sulfate
because of microbial sulfate reduction, and sulfate is expected to in-
crease in the underlying sediments.

It should be noted, however, that the variations of dissolved calci-
um and magnesium (Comas, Zahn, Klaus, et al., 1996; Bernasconi,
Chap. 33, this volume) and alkalinity with depth (Fig. 8) also provide
evidence for an influence on the isotopic composition of dissolved in-
organic carbonate species by carbonate dissolution and precipitation
reactions. The downcore increase of δ13C values at Sites 974 and 975
can only be related to carbonate diagenesis, because the high dis-
solved sulfate concentrations hindered methanogenesis (e.g.,
Carothers and Kharaka, 1980).

CONCLUSIONS

The variation of concentration and stable isotopic compositions
(δ34S, δ18O) of dissolved sulfate and δ13C of inorganic carbonate spe-
cies in interstitial waters from the western Mediterranean are domi-
nated by the following processes:

1. Microbiological degradation of organic matter and related sul-
fate reduction in the upper sediment column;

2. Dissolution of gypsum (Site 975);
3. Dissolved sulfate derived from saline evaporite brines (Sites

974 and 978);
4. Generation of methane by in situ fermentation of organic mat-

ter (Sites 976–979);
5. Dissolution and precipitation of carbonate minerals; and
6. Oxidation of methane (Sites 977 and 979?).

Sulfur and oxygen isotope measurements on the dissolved su
of interstitial waters from the western Mediterranean are shown to
a powerful tool in the evaluation of sinks, sources, and microbiolo
ical transformation reactions during sediment diagenesis. A previ
suggestion is confirmed that different sulfate reduction rates in m
rine sediments are directly reflected in δ18O–δ34S plots.
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