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29. SULFATE REDUCTION AND RELATED STABLE ISOTOPE (*S, ¥0) VARIATIONS
ININTERSTITIAL WATERSFROM THE EASTERN MEDITERRANEAN?

Michael E. Bottchef? Hans-Jirgen Brumsaéland Gert J. de Lange

ABSTRACT

Interstitial waters from eleven sites of the Eastern Mediterranean Basin (Sites 963—973) were analyzed for stable isotopes of
dissolved sulfated®s, '%0) and major and minor ions.

Sulfate reduction rates are positively related to bulk sedimentation rates, which indicates a higher burial of metabolizable
organic matter with increasing sedimentation rates. Bacterial sulfate reduction in the deeper samples from most of the sites is
superimposed by a sulfate input from Messinian evaporites or late-stage evaporite brines that are located at depthpdissolution
gypsum within the cored section was found at Sites 967 and 968. Authigenic gypsum precipitation was identified at Site 973
below 100 mbsf.

Intense sulfate reduction is also indicated for the pore waters from the mud volcanoes of Sites 970 and 971. In addition to
high concentrations of hydrocarbons (mainly & idoexisting HS and S@~were also present, indicating that methane perco-
|ates through the sediment from greater depths. The observed variabilities in sulfate concentrations between different holes of
Sites 970 and 971 are caused mainly by locally varying-upward fluxes of methane. Extremely high akalinity valuesin the pore
waters of Sites 970 and 971 are the result of microbial CH, oxidation.

The concentration and sulfur isotopic composition of pore-water sulfate (5**S values up to +112 %o vs. the Vienna-Canyon
Diablo troilite standard) are dominated by microbial organic matter degradation with associated sulfate reduction. Therefore,
most interstitial fluids are enriched #S with respect to modern Mediterranean seawafs (= +20.7%.; Site 973 surface
seawater)3'80(SQ>) values at Site 963 and 964 are also enriched in 80 with respect to Mediterranean seawater (8'80[S0,%~
] = +9.4%0). %S andd'®0 values of dissolved residual sulfate are positively related to each other. An initial kinetic isotope
effect is superimposed by oxygen isotope exchange reactions leading to an increased equilibration between residual sulfate and
pore water with increasing degree of sulfate reduction. It is suggestéf®ab*S relations of residual sulfate directly reflect
sulfate reduction rates in marine sediments.

INTRODUCTION

Europe
Sediments in the Eastern Mediterranean basin are dominated by

aternating sequences of organic-poor hemipel agic sediments and or-
ganic-rich sapropels or sapropelic layers (Buckley et a., 1974; Cal-
vert, 1983; de Lange et al., 1989), which are thought to be controlled
by cyclic changesin environmental conditions (Sigl et al., 1978; Cal-
vert, 1983; de Lange and ten Haven, 1983).

Interstitial waters from eleven sites of the Eastern Mediterranean
Basin (Sites 963-973; Fig. 1) were retrieved during Leg 160 of tf 30
Ocean Dirilling Program (ODP) and analyzed for stable isotopes
dissolved sulfate®{S#2S, 80:160), in addition to major and minor : : ; P
ions. Site 963 is in the Strait of Sicily, Site 964 is on the Pisano PI Egu;%é Outline map of the Eastern Mediterranean with sampling sites of
teau in the lonian Basin, and Sites 969-973 are from the Mediter
nean Ridge between the lonian and the Levantine Basins. Sites 970 ) . ) )
and 971 were drilled on the flanks of the now passive Milano Dome ”Porehwaterls We(rjelretrlgyed from aII.S|te§. dlrllled during Leg 360 to
and e i sive Napl ome i vocances el S o apancs

— are positioned on a transect between the Eratosthenes . ’
mount and thg Cyprus margin. The recovered sediments span a tillﬁée-stage evaporite brines at depth, on the interstitial waters of the
interval from the Eocene to the Holocene (Emeis, Robertson, Richte?Verlaying sediments.
etal., 1996). Frequent sapropel layers with organic-carbon content up
to 30% by weight (Emeis, Robertson, Richter, et al., 1996) were SAMPLING AND ANALYTICAL METHODS
found at almost all sites reflecting periods of enhanced organic matter
production and/or preservation.
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Interstitial water samples were squeezed from whole-round sam-
_ _ _ ples immediately after retrieval of the cores with the standard ODP
*Robertson, A.H.F,, Emeis, K.-C,, Richter, C., and Camerlenghi, A. (Eds.), 1998. titanium/stainless-steel squeezer (Manheim and Sayles, 1974) and a

Proc. ODP, ci. Results, 160: College Station, TX (Ocean Drilling Program). i .
2| nstitute of Chemistry and Biology of the Marine Environment (ICBM), Carl von plastic-lined squeezer (Brumsack et al., 1992). The retrieved pore

Ossietzky University, PO. Box 2503, D-26111 Oldenburg, Federal Republic of Ger-  Waters were subsequently analyzed on board ship for salinity, alka-
many. linity, sulfate, chloride, bromide, lithium, potassium, rubidium, sodi-
%Sj%egittrrngtt c':\f‘aizcr)lcaf‘g;\istry, Ingtitute of Earth Sciences, Budapestlaan 4, NL- um, calcium, magnesium, strontium, ammonium, and silica by using
“Present address: Department of Biogeochemistry, Max-Planck-Institute for Marine the methqu deS(.:“bed in Gieskes et al. (1991)'. The Shlpbofard sulfate
Microbiology, Celsiusstr.1, D-28359 Bremen, Federal Republic of Germany. data obtained by ion chromatography were additionally confirmed by
mboettch@mpi-bremen.de X-ray fluorescence spectroscopy (Wehausen, pers. comm., 1996).
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Sulfur and oxygen isotope measurements of dissolved sulfate were tion of sulfate diffusion from the sediment-water interface to the
determined on pore waters previously used for shipboard alkalinity pore-water sulfate pool (“open system” with respect to sulfate) would
determinations. The sulfate was precipitated quantitatively as BaSO, increase the calculated fractionation factor (Jgrgensen, 1979). It has
by the addition of barium chloride, washed with deionized water, and been shown, however, that closed-system evaluation often serves as
dried at 110°C. For sulfur isotope analysis, the sulfate was convertedgood and internally consistent approximation for diagenetic sulfate
to SQ via flash combustion in an elemental analyzer (Giesemann eeduction in marine systems (Hartmann and Nielsen, 1969; Sweeney
al., 1994). Sulfur isotope ratio¥'$F?S) were analyzed by combus- and Kaplan, 1980). The sulfate profile at Site 963 shows a convex-up
tion-isotope-ratio-monitoring mass spectrometry (C-irmMS). Sincecurvature (Fig. 2), which, together with the downward increase in al-
this method has not previously been described in detail, the relevakdlinity and dissolved ammonium (Fig. 6), indicates that sulfate re-
information is given in the appendix of this paper. Oxygen isotop@uction seems to be related to the microbial in situ degradation of or-
measurements on Ba$Qvere carried out at the Marie Curie- ganic matter and that upward diffusion of methane played no signif-
Skolodowska University of Lublin according to the method de-icant role in the upper part of the sedimentary column (Borowski et
scribed by Mizutani (1971). A®O value of +9.5%. was obtained for al., 1996). For the deepest pore-water sample retrieved at Site 963, a
the IAEA intercomparison distribute NBS-127 (Ba$®hich agrees  value for the residual sulfate fraction of 0.24 is calculated from the
with the proposed value of +9.34 +0.32%. (Gonfiantini et al., 1995)measured dissolved sulfate concentration when no additional sulfate
Stable isotope ratic¥S3S and'®0:%0 are given in thé-notation  source is considered. This extremé&g-enriched sulfate sample,
with respect to the Vienna-Canyon-Diablo troilite (V-CDT) standardhowever, plots significantly above the regression line obtained for
and Vienna-Standard Mean Ocean Water (V-SMOW) standards, reamples from the upper part of the sedimentary column (Fig. 5).
spectively. Based on the measuré¥S value of the sample from Section 160-
963A-24H-2, a theoretical residual sulfate fraction of 0.15 is calcu-
lated with the regression equation from Figure 5 wherPB#&S
RESULTSAND DISCUSSION fractionation factorq = 1.047) is taken to be constant for the whole
Oxidation of Organic Matter and Methane core. Therefore, an additional source for dissolved sulfate has to be
considered. A sulfate input of 18 mM from evaporites below the Site
From the downward variation of dissolved sulfate concentration863 core is suggested by the measured dissolved sulfate concentra-
in the interstitial waters (Figs. 2, 3), it is evident that most of the siteson and the calculated residual sulfate fraction. A corresponding in-
are characterized by more or less intense bacterial sulfate reductiamease in St of about 200 pmol/L, indicates &Scontent of the sol-
Even at those sites where the pore-water sulfate concentrations &ghase of about 134 ppm, which is only slightly below the range re-
comparable to modern Mediterranean seawater (~31 mM; surfag®rted for Messinian gypsum (de Lange et al., 1990). The slight
seawater at Site 973), microbial activities using sulfate as the electratrontium deficit is probably related to some authigenic carbonate
acceptor are traced by the sulfur isotopic composition of residual subrecipitation. The downcore variation of interstitial water parameters
fate. (Fig. 6) indicates that the oxidation of methane is responsible for the
Reduction of dissolved sulfate proceeds because of the availabgulfate reduction below 130 mbsf. Therefore, microbial activities
ity of metabolizable organic matter or hydrocarbons (mainly)@H take place even in deeply buried sediments that are more than 1 Ma.
the sediments. Whereas sulfate reduction is essentially complete Tine sulfur isotope value for the combined low sulfate samples be-
the upper portions of cores from Holes 963A, 971B, 970C and 970Bveen 52 and 154 mbsf is, although quite hea#S(= +88%o),
(Table 1), significant amounts of sulfate are still present in the intersmaller than expected from the relation given in Figure 5. This is
stitial waters of cores from all other sites. No influence of organicprobably due to the very low sulfate concentrations (Table 1), be-
rich layers (sapropels) in the sediment column was observed on tbause somewhat smaller isotope fractionation factors are observed
pore-water sulfate profiles. under sulfate-limiting conditions (Chambers and Trudinger, 1979). A
Sulfate reduction rates (SRR) for the upper portions of the sedminor contribution from sulfate contamination during sampling,
ment sections from Sites 963, 964, 966, and 968 were calculated dmwever, cannot be completely ruled out.
cording to Canfield (1991) and are positively correlated to the bulk Intense sulfate reduction is also indicated for the pore waters from
sedimentation rates (BSR; Fig. 4), which indicates higher preservéihe mud volcano Sites 970 and 971 (Fig. 3). Aside from high concen-
tion of metabolizable organic matter with an increasing sedimentarations of hydrocarbons (mainly GH coexisting HS and SG-
tion rate (Berner, 1980). The results for the Eastern Mediterraneamere present (Emeis, Robertson, Richter, et a., 1996). H,S from 3.4
agree well with those for the Western Mediterranean (Leg 161; Bétimbsf at Hole 971D, for example, showed a 8**S value of +27%. vs.
cher et al., in press) and a linear regression of all data yields (r +47%. for the dissolved sulfate at 1.3 mbsf (Table 1). Since methano-
0.924;n=9) genesis should be separated in space from the sulfate reduction zone,
it is suggested that methane percolates through the sediment from
greater depth. The observed variabilities in sulfate concentrations be-
tween different holes of Sites 970 and 971 (Table 1; Fig. 3) are main-
ly caused by locally varying upward fluxes of methane or quantities
The microbial reduction of dissolved sulfate leads to a kinetic isoef decomposing clathrates. Extremely high alkalinity values of up to
tope effect, an enrichment of the lighter sulfur isotéj&in the  more than 80 mM in the pore waters of Sites 970 and 971 (Emeis,
formed hydrogen sulfide, and a corresponding rise of the isotope vaRobertson, Richter, et al., 1996) result from microbia), Gkidation
ues of the residual sulfate (e.g. Chambers and Trudinger, 1979; Reassociated with sulfate reduction. The inverse relationship between
1973). sulfate concentrations and stable isotope data in the deeper section of
By assuming closed-system conditions with respect to dissolveldole 970A clearly shows an upward flux of a sulfate-containing brine
sulfate (Hartmann and Nielsen, 1969; Sweeney and Kaplan, 198Gyom underlaying sediments (Fig. 3).
an evaluation of the residual sulfate data of Site 963 between 0 and Figure 7 summarizes all measured sulfur isotope data as a func-
21.45 mbsf according to the Raleigh fractionation model yields dion of the residual sulfate concentration, and compares the results
very good linear correlation (Fig. 5) and a fractionation factor ofwith some predicted general trends that are, alone or in combination,
1.047. This value is at the upper boundary observed experimentaltgsponsible for the observed variations in the interstitial waters from
for microbial sulfate reduction at low reaction rates (Chambers an8ite 160. It should be noted that, based on the present interstitial wa-
Trudinger, 1979; Canfield and Teske, 1996; Rees, 1973). A contribder results, no indication for a significant contribution of reoxidation

SRR [mM/(cni-ky)] =—-0.085 + 25.858 - BSR [cm/yr].
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Figure 2. Pore-water sulfate concentration and &S data vs. depth profiles of Sites 963-969, 972, and 973.
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Figure 3. Pore-water sulfate concentration and 534S data vs. depth profiles of the mud volcano Sites 970 and 971.

processes involving reduced sulfur species (dissolved sulfide and/or
solid sulfides) is found. Based on the geochemical results for the re-
cent sapropel s where downward migration of dissolved bisulfideinto
the underlying organic-poor sediments was observed (Passier et al.,
1996, 1997), significant contributions from complex reoxidation and
disproportionation reactions within the sulfur cycle (Canfield and

(Zak et al., 1980). In the initial stage of sulfate reduction, kinetic iso-
tope effects are expected to be responsible for the common increase
in 880 andd*S values, because tF&-150 bonds are weaker than
the#S-160 and®*S-80 bonds (Zak et al., 1980). For the ratio of the
kinetic enrichment factors g/ typical values between about 0.2
and 0.4 are reported (Fritz et al., 1989). From the data in Tables 1 and

Teske, 1996; Jgrgensen, 1990) probably require very early diagen@t-however, highly variablgso/e44s values between 0.5 and 1.5 (Site

ic, iron-limited conditions under open-system situations with respec®63) and between 0.3 and 1.3 (Site 964) are calculated. Similar re-
to oxidants and/or dissolved sulfate. As a function of time, dissolvedults are observed in other anoxic sediments (Zak et al., 1980). From
sulfate gradients become dominated by late diagenetic unidirectiongigure 5 it is evident that the variation 8fO(SQ?) values as a

sulfate reduction processes.

function of In F does not fall on alinear trend as expected for unidi-

The oxygen isotopic composition of residual sulfate was mearectional kinetic isotope fractionation. This differenceis caused by a
sured for selected interstitial waters from Sites 963 and 964 (Table Zuperimposition of the kinetic isotope effect by oxygen isotope ex-

The dissolved sulfate was generally enriche&@ with respect to
modern Mediterranean seawater sulfad*Q[SO2] = +9.4%;
Longinelli and Craig, 1967), and tB80O(SQ?%) valuesincrease with
depth (Fig. 8). The influence of brines derived from Messinian

change reactions with the agueous solution. This leads to an in-
creased equilibration between residual sulfate and pore water with an
increasing degree of microbia sulfate reduction. A sulfate-enzyme
complex that is formed as an intermediate reaction product during

evaporites (6*%0[SO,*] = +16%o; Stenni and Longinelli, 1990) can be dissimilatory sulfate reduction by bacteria is supposed to facilitate
ruled out for the upper interval of Hole 963A but may have slightlythe observed isotope exchange with water until equilibration (Fritz et

influenced the deepest Site 964 sample. Althoughp¥@(SO?>)
valuesincrease with increasing 6**S values, the oxygen i sotopic com-
position of the residual sulfate tends to approach a steady state (Fig.
9). For modern Eastern Mediterranean seawater, Stenni and
Longinelli (1990) reported an average 8'%0(H,0O) value of about

al., 1989). Figure 9 shows that the oxygen isotopes equilibrate more
rapidly than the °4S values increase at Site 964 when compared to
Site 963. Thisis caused by alower SRR at Site 964 (Fig. 4) which
enables a more intense oxygen isotope exchange upon reaction even
at low degrees of sulfate reduction. Thisis additionally confirmed by

+1.5%0. At 15°C, a typical water temperature in the sediment cores @fcomparison with the results from a sediment with a high BSR and
Leg 160 (Emeis, Robertson, Richter, et al., 1996), the isotopic con®RR from the San Pedro Martir basin in the Gulf of California (Fig.
position of dissolved sulfate in equilibrium with interstitial waters of 9). The distinct relationships between 880 and 3%S values seem to
Mediterranean seawater composition should be +32.6%. when corbe related to their different sulfate reduction rates. It istherefore sug-
pared to the extrapolated results from hydrothermal inorganic exgested that different sulfate reduction rates in marine sediments are
change experiments (Mizutani and Rafter, 1969). The observed stdirectly reflected on the 3'80-3%S plots.
ble isotope data are generally below the proposed equilibrium value
(Figs. 8, 9). Effect of Evaporites, Brines, and the Formation

The inorganic oxygen isotope exchange reaction between dis- of Authigenic Gypsum and Baryte
solved sulfate and water at low temperatures and neutral pH is ex-
tremely slow (Chiba and Sakai, 1985; Lloyd, 1968; Mizutani and For most sites, an increasein sulfate concentration isfound deeper
Rafter, 1969) and has been found to be negligible in oxic deep selawncore (Figs. 2 and 3). Thisisdueto asuperimposition of bacterial
sediments up to 50 Ma old (Zak et al., 1980). On the other hand, sigulfate reduction by sulfate input from Messinian evaporites or late-
nificant oxygen isotope variations in dissolved sulfate have been olstage evaporite brines that are located at depth. The upward sulfate
served in microbial sulfate reduction studies (e.g. Mizutani andlux from saline brines located at depth isinferred from salinity and
Rafter, 1973; Fritz et al., 1989) and pore waters of anoxic sedimentsajor element variations of the interstitial waters from Sites 969,
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Table 1. Sable sulfur isotopesin pore waters from Leg 160.

Core, section, Depth SO, &S Core, section, Depth SO, &S Core, section, Depth SO, s
interval (cm) (mbsf)  (mM) (%) interval (cm) (mbsf)  (mM) (%o) interval (cm) (mbsf)  (mM) (%)
160-963A- 5H-4, 145-150 4345 250  +38.9 4H-3, 135-150 2685 369  +23.6
2H-5, 145-150 11.95 156  +53.5 6H-4, 145-150 52.95 24.2 — 6X-1, 56-71 3876 335 —
3H-5, 145-150 2145 82  +83.0 7H-4, 145-150 62.45 23.8 — 10X-1,135-150 7835 379  +255
6H-5, 145-150 51.45 0.9 8H-4, 145-150 68.95 23.2 — 11X-4,135-150 9255 365  +25.8
9H-5, 145-150 78.45  0.25 9H-4, 145-150 81.45 222  +465 12X-5,135-150  103.65 40.9  +25.7
12H-5, 140-150  106.0 0.3  +87.7* 10X-4, 140-150  90.95 23.0 — 160-9718
15H-4, 140-150  130.5 0.6 11X-4,140-150  100.45 24.6 — A 104-109 104 342  +214
18H-2, 140-150  154.4 0.35 12X-4,140-150  110.0  26.9  +46.7 : : . :
21H-3, 140-150  174.8 2.8 — 13X-4.140-150 119.6  26.9 — 2H-4,140-150 81 197  +322
' : 3H-4, 140-150 17.6 758  +435
24H-2,140-150  194.9 7.3 #1115 14X-4,140-150  129.2  28.9 — .
16X-4,140-150 1488 328  — ap-5, 135150 2705 074 —
160-963D- 17%.4  140-150 1881 326  +401 7X-1, 115-135 50.45 163  —
1H-1, 145-150 145 284  +24.7 184 140150 1677 314 - 8X-1, 61-81 5951 561 « —
1H-3, 145-150 445 251  +30.9 19X.2 140150 1744 367  +375 9X-CC, 0-10 69.75 414  —
1H-5, 145-150 745 221  +382 23%1 150-155 1975 383 e 12X-2, 0-20 98.88 483 —

' : : 13X-1,130-150  108.4 3.2 —
160-964A- 24X-1,140-150 2018 391  — 14X-1130-150 1180 547 +533
2H5,145-150 1425 201  +23.6 25X-1,140-150 2115 427 — 15T senia. 12936 aer >
3H-6,145-150 2525 290  +23.2 26X-3, 140-150 2241 397  — Iox 7 Doaiaa  1asoa 2o —

6H-5, 145-150 52.25 28.9 +24.4 27X-2, 130-150 232.1 38.8 +33.4 17X 3* 0-20 148 '53 1 '96
9H-4, 140-150 792 263  +246 %g?—g, iig—igg ggg.g gg% s 10%-2 130150 1677 273 —
11H-4, 140-150  98.2 289  +25.0 -3, 140- . . +32. : : ;
30X-4, 140-150 2641 357 - 20X-3, 0-26 177.4 219 —
160-964F- 31X-3,140-150 2722  39.1 — 160-971D-
1H-1, 145-150 1.45 31.3 +21.3 32X-4, 140-150 283.3 32.6 _ 1H-1, 135-150 1.35 129 +46.2
1H-2, 145-150 2.95 30.6 +21.2 33X-4, 140-150 2092.95 33.4 _ 1H-2. 135-150 285 16.5 +37.6
1H-3, 145-150 4.45 30.7 +21.7 34X-1, 112-127 297.72 26.6 _ 1H-4 135-150 585 15.3 +44.7
160-965A- 160-969A- 2H-2, 135-150 1085 13.3  +45.0
2H-4, 145-150 6.75 307  +20.9 1H-4, 145-150 505 293  +23.3 2H-4, 135-150 1385 14.1  +456
3H-4, 145-150 16.25 302  +217 2H-4, 145-150 13.65 295  +23.1 3H-4,135-150 23.35 138 -
3H-4' 140-150 231 300  +237 4H-4, 135-150 3285 11.7  +48.2
160-966A- ' : : : 5H-1, 135-150 37.85 149  +42.8
4H-4, 140-150 32.6 311  +245 :
2H-5,145-150 1325 302 4222 ' 5H-6, 135-150 4535 13.0  +31.8
3H-5, 145-150 2275 294  +224 5H-4,140-150 421 323 +254
6H-5, 145-150 51.25 28.9 +22.1 6H-4, 140-150 51.34 31.8 +25.9 160-971E-
7H-4, 140-150 61.1 33.6 +26.0 1H-1, 140-150 1.4 19.1 _
160-966D- 8H-4, 140-150 70.6 36.3 +26.2 1H-2, 140-150 29 235 _
4H-5, 145-150 29.95 29.4 +22.6 9H-4, 140-150 80.1 37.6 +26.1 1H-4, 140-150 59 28.7 +39.3
5H-5, 145-150 39.45 294 — 10H-4,140-150  89.6  40.1 +26.8 1H-6, 140-150 89 296 +39.7
7H-5, 145-150 58.45  29.6 +22.5 11H-4, 140-150 99.1 398 +26.3 2H-2, 140-150 124 281 +35.6
8H-5, 145-150 67.95 30.0 +22.1 12H-2, 73-80 103.68 41.0 — 2H-5, 130-140 16.8 16.1 +38.3
9H-2, 145-150 7295 295  +21.6 13H-2, 70-75 107.7 492 — 3H-1, 135-150 2035 260  +35.0
10H-4, 145-150 85.45 30.3 +21.5 160-970A 3H-7, 69-84 27.81 31.6 +35.4
12H-3,140-150 929 301  +21.3 O 0150 59 315 4211 160-979A
13H-cc, 140-150 9578 30.3 2H-1, 135-150 895 31.2 +21.7 1H-4, 145-150 595 32.3 +22.4
160-966E- 16X-1, 135-150 135.35 17.3 +33.1 2H-4, 145-150 15.45 325 _
1H-1, 145-150 1.45 30.9 +21.9 17X-1,135-150 14495 17.3 +33.4 3H-4, 110-120 24.6 38.6 —
1H-3, 145-150 445 305 +21.8 18X-2,135-150 155.85 19.5 — 4H-4, 140-150 34.4 39.0 +25.9
1H-5,145-150 745 303 - 19X-2,123-138 16553 217 — 5H-4, 140-150 439 287  +25.7
160-967A- 20X-1,135-150 173.85 26.7  +30.2 6H-4, 140-150 534 313  +26.3
1H-4, 145-150 595 300  +255 21X-2,95-115 18455 287 — 7H-4, 140-150 629 260  +25.7
2H-4 145-150 1528 294 4282 22X-2,130-150 1945  30.6  +27.4 8X-4. 140-150 72.4 237  +253
3H-4, 145-150 2475 301  +29.4 160-970B- 9X-1, 135-150 7745 260 4257
4H-4, 145-150 3425 312  +31.2 1H-4, 140-150 59 311  +237 10X-3,135-150 ~ 90.05 17.2  +25.9
5H-4, 145-150 4375 329  +315 3H-4, 140-150 249 310  +26.1 160-973A-
6H-4, 145-150 53.25 325 +32.0 4H-5, 140-150 35.9 32.8 +27.6 1H-4, 140-150 5.9 36.7 +23.0
7H-4,145-150 6275 351 4315 5H-4, 140-150 43.63 345 — 2H-4, 140-150 139 382  +238
8H-4, 145-150 72.25 36.5 +30.6 160-970C- 3H-1, 140-150 18.9 34.6 _
9H-4, 145-150 8175 384  +297 1H-2. 145-150 205  0.66 4H-4, 140-150 329 351  +255
10H-4, 145-150 91.25 404 +28.2 bl . . : - 5H-2. 140-150 39.4 39.9 +25.6
11H-4,145-150  100.75 41.2 2H-2,132-142 752 0.54 — '

-4, 145- . . +27.6 ' : ' 6H-4, 140-150 51.9 344  +27.6
12H-4,140-150 110.20 440  +26.6 3H-2, 0-10 9.7 058  — '

-4, 140- : . . ' : : 7H-4, 140-150 61.4 321 —
13H-5,140-150  121.20  48.0 — 160-970D- 8X-2, 140-150 67.9 318  +286
14X-4,140-150  129.20  48.0 +25.4 1H-1, 127-150 127 08 — 9X-1, 0-10 745 296 +28.5
15X-3,140-150  133.50 43.2 — 2H-5, 130-150 12.1 0.2 — 12X-CC, 0-1 1033  20.6 —

160-967E- 3H-6, 130-150 23.1 0.3 — 13X-2,135-150 11575 19.8  +20.3
5R.2 86-99 15036 42.3 _ 4H-5, 130-150 3071 0.1 — 14X-4,130-150 128.3  26.0 —
’ 5H-6, 130-150 41.8 0.5 — 15X-1, 0-10 1321 320  +17.9
160-968A- 16X-1,113-123  142.83 37.8  +195
1H-4, 145-150 595 287  +26.0 160-971A-
2H-4, 145-150 14.95 26.9 _ 1H-3, 140-150 4.4 32.6 +21.4
3H-4, 145-150 24.45 256 _ 2H-5, 140-150 14.4 34.5 +22.1  Notes: * = composite value for Sections 160-963A-6H-
4H-4, 145-150 3395 25.1 — 3H-3, 140-150 209 341 - 5 through 18H-2. — = not determined.

971, 972, and 973, and Hole 970B (Emeis, Robertson, Richter, et al.,
1996). On the other hand, low salinity waters at the mud volcano Site
970 are presumably caused by the decomposition of methane clath-
rates upon sampling. At Site 963, the sulfate input from evaporitesis
not associated with anincreasein salinity. It is, however, clearly seen
intheincrease of dissolved sulfate below about 160 mbsf and theiso-
topically extremely heavy residual sulfate at 195 mbsf (Table 1).
The deeper samplesfrom Sites 963, 966—-969 and 973 indicate in-
put of sulfate from Messinian evaporites located at depth with a 8*S

value around +23%o (Stenni and Longinelli, 1990; de Lange et al.,
1990; Béttcher et al., in press). Because the dissolution of sulfate
minerals from evaporites does not lead to sulfur isotope fractionation
(Bottcher and Usdowski, 1993), Messinian sulfates must contribute
to the sulfur isotopic composition of the interstitial sulfate \W#$
values of about +23%o, which is in general agreement with the ob-
served variation 0%*S values (Fig. 2).
At Sites 967 (below ~110 mbsf) and 968 (below ~180 mbsf) gyp-

sum was found in the sediment cores; the pore-water profiles give
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Figure 4. Variation of sulfate reduction rates of selected sites from the East-
ern (Leg 160; this study) and the Western Mediterranean (Leg 161; Bottct
et al., in press) as a function of the sedimentation rate (SR).

clear evidence for the local dissolution of calcium sulfates until satu-
ration with gypsum was attained (Fig. 2; Emeis, Robertson, Richter,
et al., 1996).

Authigenic gypsum precipitation in small veins was found at Site
973 below about 110 mbsf (Emeis, Robertson, Richter, et al., 1996),
which is in agreement with a minimum in the sulfate concentration
profile (Fig. 2). The sulfur isotopic composition of authigenic gyp-
sum recovered from the site (6**S= +21.5%o; Table 3) is distinct from
that of Messinian evaporites, which havé&4 value around +23%o
(Stenni and Longinelli, 1990; de Lange et al., 1990; Béttcher et al.,
press). Considering an enrichmend¥t by about +1.6%o in the sol-
id during crystallization of gypsum (Thode and Monster, 1965), th
mother solution of the Site 973 gypsum should have had an isoto|
composition around +20%o, similar to the interstitial waters retrieve
from the sediments below 120 mbsf (Table 1; Fig. 2). The slight d
pletion of these pore waters$ with respect to modern Mediterra-
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110

534S (%o) = -46.91 InF + 21.34
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nean seawater may be caused by a “reservoir effect” during gyps Figure 5. 3Sand 580 values of residual sulfate of Site 963 as a function of

precipitation (Fig. 7).

High barium concentrations (Baup to 74 uM) are observed at
Site 963 where sulfate is low (Béttcher et al., 1996), reflecting diss _
lution of biogenic barite following sulfate reduction. From the varia-
tion of pore-water concentrations of sulfate ané@*Bte develop-
ment of two “barite fronts” (Brumsack, 1986; Brumsack et al., 1992;
Torres et al., 1996) at Site 963 is expected att@Gnbsf and 130
140 mbsf (Fig. 2). The diagenetic barite should be extremely enriche

in ¥S with respect to modern Mediterranean surface water, based on

the isotopic composition of dissolved sulfate (around +80%. vs. V-
CDT).

CONCLUSIONS

the natural logarithm of the residual sulfate fraction F.

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

Bacterial oxidation of methane and related sulfate reduction at
the mud volcano sites (Sites 970 and 971) and at least the deep-
er part of Site 963;

Dissolution of gypsum (Sites 967 and 968);

Dissolved sulfate derived from Messinian evaporites or late-
stage evaporite brines located at depth; and

Precipitation of authigenic gypsum at Site 973.

2.
d

3.
4.

5.

Sulfur and oxygen isotope measurements on the dissolved sulfate

The variation of concentration and stable isotopic compositionsf interstitial waters from the Eastern Mediterranean are shown to be
(6*S, 8%0) of interstitial water sulfate from the Eastern Mediterra-a powerful tool in the evaluation of sinks, sources, and microbiolog-

nean is dominated by the following processes: i
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Figure 6. Downhole variations of ammonium, strontium, methane, and alka-
linity concentrations from Site 963 (data from Emeis, Robertson, Richter, et
al., 1996).
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Figure 7. 8*S vs. concentration of residual sulfate of all measured pore
waters from Site 160 and a schematic diagram showing how different pro-
cesses may influence the composition of dissolved sulfate. Arrows = theoret-
ical trends starting with Mediterranean seawater (star; surface water at Site
973) with numbers designated as follows: 1 = authigenic precipitation of
gypsum; 2 = microbial sulfate reduction; 3 = dissolution of Messinian gyp-
sum; and 4 = reoxidation of dissolved sulfide. Note that the direction of the
gypsum dissolution arrow may change when other initial values for the solu-
tion are considered. Arrow sizes = the estimated overall importance for the
Leg 160 pore waters.

Table 2. Sable oxygen isotopesin pore-water sulfatesfrom Leg 160.

SULFATE REDUCTION AND STABLE ISOTOPE VARIATIONS

5'%0
Core, section  (%o)
160-963A-
2H-5 +27.1
160-963D-
1H-1 +15.5
1H-3 +21.4
1H-5 +22.9
160-964A-
2H-5 +21.3
3H-6 +20.1
6H-5 +22.0
11H-4 +22.3
160-964F-
1H-1 +11.0
1H-3 +14.9
O T T I T
963
% 50 -
o)
S
N—r
< r .
5
0o
100} 964 -
Mediterranean
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Figure 8. Downhole variations of &'80 of the residual sulfate at Sites 963 and
964.

Table 3. Sable sulfur isotopes of authigenic gypsum from Site 973.

Core, section &S
interval (cm) (%o0)
160-973A-
13X-2,140-150 +21.7
160-973D-
8X-1 +21.1

additionally suggested that different sulfate reduction rates in marine
sediments are directly reflected by 3'0-3%S plots.
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APPENDI X ple gas were compared to the corresponding ion currents of external in-house
BaSQ standards that were combusted ever205samples. Comparison was

345/%2S ratios of BaSO, were measured by means of combustion isotope- done via a commercial S@as (Messer Griesheim, 4.6 grad®s near V-
ratio-monitoring mass spectrometry (C-irmMS) using a Carlo Erba EA 110€DT composition), which was introduced into the mass spectrometer (for 20
elemental analyzer connected to a Finnigan MAT 252 mass spectrometer \8abefore the respective sample gas pulse from the elemental analyzer arrived.
a Finnigan MAT Conflo Il split interface. About 0.5 mg BaSi@ere wrapped A pressure of about 1®mbar was maintained in the mass spectrometer sys-
together with about 0.2 mg,@; (Carlo Erba or Hekatech) in Sn capsules tem by differential pumping. Theion currents were recorded as a function of
(Hekatech; 4 x 6 mm). The caps were introduced into the reaction tube of thiene, and the areas underneath the peaks for masses 64 and 66 were intergrat-
elemental analyzer via an autosampler (Carlo Erba), which was permanent using integration time steps of 0.25 s. Data eval uation was carried out with
flushed with helium (5.0 grade). They were combusted in a pulse of oxygetie Finnigan MAT Isodat 5.2 software. Replicate analyses agreed within
(grade 4.6, Messer Griesheim) at 1100°C. Flash combustion resulted from th€.2%o. IAEA-S-1 §*S =-0.30%0; AgS), and IAEA-S-2&*S = +21.54%o;
exothermic oxidation of Sn to SnO, yielding a short increase of temperatunkg,S) were used for calibration of the mass spectrom&#8. values of
to about 1800°C. The liberated sample gas, (8@ traces of S@ was trans-  +20.59+0.08%o (n = 10), +17.290.26%o (n = 9);-32.29+0.13%. (n = 2) and
ported in a continuous stream of highly pure helium (5.0 grade; 80 ml/mir16.34+0.10%. (n = 2) were obtained for IAEA intercomparison distributes
flow rate). SQ was reduced to Sver highly pure reduced Cu (Hekatech) NBS-127 (BaS@), NBS-123 (ZnS), IAEA-S-3 (Ag5) and IAEA-S-4 (ele-
in the reduction zone of the reaction tube at 1100°C. Water was removed fromental S), respectivel$*S = 11.0+0.1%o (n = 10) was measured for a syn-
the gas stream by a water trap filled with magnesium perchlorate, anebSO  thetic CdS standard supplied by A. Giesemann (FAL Braunschweig). The iso-
separated from other gas impurities by a chromatographic column (0.8 mopic compositions of the standards were determined directly as described
length; PTFE tubing) at 80°C. A split of the total gas stream was introducedbove without further chemical pretreatments. The measured values compare
into the gas mass spectrometer via a fused silica capillary using a Finnigaery well to the presently accepted data (Fig. 10; Groning (IAEA Vienna),
MAT Conflo Il interface, and the ion currents of masses 66 and 64 in the sanpers. comm., 1995; Giesemann, pers. comm., 1995).
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Figure 9. 5*S vs. 8'80 values of residual sulfate of Sites 963 and 964 com-
pared to pore waters from the San Pedro Martir basin, Gulf of California

(Zak et al., 1980; bulk sedimentation rate (BSR) from Crusius et al., 1996).

Figure 10. 8*S values of IAEA intercomparison distributes and a synthetic
CdS standard measured by the C-irmMS method of this study compared to
the presently accepted values.
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