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[1] In order to evaluate the influence of diagenetic and post-sampling processes on the stable oxygen and
carbon isotope compositions of biogenic carbonates, we conducted a multiproxy study of organic-rich sedi-
ments from the eastern Pacific oxygen minimum zone. Core MD02-2520, which was retrieved from the
Gulf of Tehuantepec (Mexico), has seasonal laminations and covers the last 40 kyr. Together with the pres-
ence of gypsum crystals and inorganic calcite aggregates, the occurrence of large excursions in the stable
oxygen and carbon isotope records of both planktonic and benthic foraminifera (as large as +3‰ in d18O
and �5‰ in d13C) point to significant secondary transformations. Storage-related gypsum precipitation
was ruled out since it implies sulfide reoxidation by oxygen that triggers biogenic calcite dissolution, which
proved to be of minor importance here. Instead, precipitation of authigenic calcite during early diagenesis
appears to be the most likely process responsible for the observed isotopic excursions. The d13C composi-
tion for inorganic calcite aggregates (�5 to �7‰) suggests a major contribution from anaerobic oxidation
of organic matter. The d34S composition for gypsum crystals (�10 to +15‰) suggests a major contribution
from anaerobic reoxidation of authigenic sulfides, potentially involving reactions with metal oxides and sul-
fur disproportionation. A minor part of the gypsum might possibly have formed as a result of local pore
water salinity increases induced by gas hydrate formation.
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1. Introduction

[2] Paleoclimatic reconstructions often rely on the
information provided by the biogenic carbonate
fraction of marine sediments. Indeed, the compo-
sition of stable oxygen isotopes in fossil forami-
nifera, which was initially related to seawater
temperature [Emiliani, 1955], is widely used to
monitor past variations in water column chemical
and physical properties [Duplessy et al., 1991].
Combining stable oxygen and carbon isotopic
analyses (d18O and d13C) for foraminifer species
living at different water depths allows reconstruc-
tion of temporal changes in temperature, salinity
and ventilation within various water masses [Spero
et al., 2003]. However, the primary (oceano-
graphic) record can be overprinted by secondary
processes such as: i) the precipitation of inorganic
calcite on the tests [Reuning et al., 2005], and ii) the
dissolution of specific calcite layers from the tests
[Berger and Killingley, 1977]. Such processes may
occur either in situ during early diagenesis or ex situ
during sediment storage.

[3] Prolonged exposure of marine sediments to
oxygen during storage generally leads to oxidation
of the reduced sulfur species to dissolved sulfate
(SO4

2�) or elemental sulfur and can also induce the
precipitation of solid sulfate minerals such as gyp-
sum (CaSO4 2H2O) [Schnitker et al., 1980; Self-
Trail and Seefelt, 2005; Dunkley-Jones and
Brown, 2007]. Together with oxidation of organic
matter, these sulfide oxidation reactions tend to
lower the pore water pH and trigger the dissolution
of biogenic carbonates [Schnitker et al., 1980;
Sperling et al., 2002; Self-Trail and Seefelt, 2005].

[4] During diagenesis, both precipitation of inor-
ganic calcite and dissolution of biogenic carbonates
can occur [e.g., Reimers et al., 1996; Jahnke et al.,
1997]. Calcite dissolution is generally induced by

aerobic mineralization of organic matter [Jahnke
et al., 1997; Pfeifer et al., 2002]. Precipitation of
authigenic calcite as coatings on foraminifera or as
aggregates may be associated with organic remi-
neralization reactions involving iron oxides and/or
sulfate reduction reactions, releasing carbonate ions
into the pore water [Reimers et al., 1996]. Over-
saturation of pore waters with respect to calcite
tends to occur close to the so-called sulfate-methane
transition (SMT), where sulfate reduction driven by
methane leads to an increase in alkalinity [e.g.,
Peckmann et al., 2001; Treude et al., 2005; Nöthen
and Kasten, 2011]. Precipitation of authigenic
barium sulfate (barite) has also been demonstrated
to occur around the SMT [e.g., Torres et al., 1996;
Dickens, 2001; Riedinger et al., 2006], which can
often be distinguished from biogenic barite formed
in the water column by stable sulfur isotope sig-
natures [Torres et al., 1996; Paytan et al., 2002].
Gypsum crystals have also been identified in freshly
recovered sediments, which indicates that gypsum
can form in situ [Siesser and Rogers, 1976; Briskin
and Schreiber, 1978; Hoareau et al., 2011]. Cal-
culations of gypsum saturation in several sediment
cores drilled in the frame of the Ocean Drilling
Program and the Integrated Ocean Drilling Program
(ODP/IODP) revealed that gypsum formation in
marine sediments is related either to the presence of
evaporitic brines or volcanogenic material [Hoareau
et al., 2011]. However, gypsum crystals have also
been observed in sediments barren of evaporitic
or volcanogenic material [Siesser and Rogers, 1976;
Briskin and Schreiber, 1978; Muza and Sherwood,
1983]. In the study of Siesser and Rogers [1976],
gypsum crystals were thought to have grown in
organic-rich suboxic sediments, where low pore
water pH induced by high rates of iron sulfide
precipitation led to dissolution of the foraminifera.
The calcium ions released by this process may then
have reacted with residual pore water sulfate ions
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to form gypsum, although such a process has not
been unequivocally demonstrated. Indeed, Reimers
et al. [1996] showed that the pore water pH of
organic-rich sediments is generally higher than 7,
due to the dominance of sulfate reduction over
iron sulfide precipitation. Therefore, the biogeo-
chemical mechanism leading to formation of
authigenic gypsum in marine sediments (barren of
evaporitic or volcanogenic material) are still largely
unresolved, and the impact of such processes on
the stable isotope composition of foraminifera is
unknown.

[5] Here, we investigate a sediment core from the
Gulf of Tehuantepec (Pacific margin off southern
Mexico) that contains high levels of organic carbon
and has mm-scale laminations. These sediments are
typical of surface sediments from the eastern Pacific
oxygen minimum zone (OMZ) [van Geen et al.,
2003], which is the oxygen-depleted water mass
bathing the Californian and Mexican margins
(Figure 1) [Paulmier and Ruiz-Pino, 2009]. In the
sediments from the Gulf of Tehuantepec, mm-scale
gypsum crystals and inorganic calcite aggregates
were identified, and large excursions were observed
in the carbon and oxygen isotope signature of various

Figure 1. Oceanography and climatic regimes in the Gulf of Tehuantepec. (a) Profiles of dissolved oxygen, salinity
and temperature at 15.5�N 95.5�W (winter: filled blue diamonds; summer: open red circles; annual average: black line)
[Conkright et al., 2002]. (b) Spatial extension of the Oxygen Minimum Zone of the eastern Pacific: Dissolved O2 con-
tent at 700 m water-depth [Conkright et al., 2002; Schlitzer, 2008]. Intermediate water masses: North Pacific Interme-
diate Water (NPIW) and Equatorial Intermediate Water (EqIW). (c) Sea surface temperatures and wind fields during
boreal summer and winter [Conkright et al., 2002; Kalnay et al., 1996]. Surface currents: California Current (CC) and
Costa Rica Current (CRC), Intertropical Convergence Zone (ITCZ).
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foraminifera species. In order to determine the origin
of the gypsum and calcite aggregates, we measured
their sulfur, carbon and oxygen isotope composition,
with the aim of determining the cause of the observed
isotopic excursions and their potential link to gypsum
and inorganic calcite formation.

2. Regional and Oceanographic Settings

[6] The Gulf of Tehuantepec is located in the
southern part of the Pacific coast off Mexico. Based
on the physical and chemical characteristics of the
water column, two water masses can be distin-
guished (Figure 1a): the sub-surface waters (0 to
150 m water-depth) and the intermediate waters
(150 to 800 m water-depth). In the summer, the
surface waters are warm (�28�C) and have a low
salinity (�33.5 PSU) because of large precipitation
and river runoff related to the activity of the inter-
tropical convergence zone (ITCZ) and the north-
ward inflow of the Costa Rica Current (Figure 1c)
[Molina-Cruz and Martinez-Lopez, 1994]. In win-
ter, the surface waters are cooler (25�C) and more
saline (>34 PSU), the thermocline is shallow (50 m)
and the water column is poorly stratified. These
characteristics are due to: i) coastal upwelling
induced by strong southward winds blowing on the
Tehuantepec Isthmus, ii) very little precipitation,
due to the southward migration of the ITCZ and iii)
the southward inflow of the California Current
[Färber-Lorda et al., 2004].

[7] Intermediate waters in the Gulf of Tehuantepec
have low contents of dissolved oxygen (<0.5 ml/l),
low temperatures (<14�C) and high salinity
(>34.5 PSU) (Figure 1a). This permanent oxygen
depletion extends from 10 to 50�N along the
American margin (Figure 1b) [Paulmier and Ruiz-
Pino, 2009]. Although still unclear, the causes of
the oxygen depletion within the OMZ are believed
to be related to organic matter degradation in the
water column due to high levels of primary pro-
ductivity in surface waters and to lateral advection
of oxygen-depleted water [Paulmier and Ruiz-Pino,
2009]. The Gulf of Tehuantepec lies at the bound-
ary between the North Pacific Intermediate Water
(NPIW) and the Equatorial Intermediate Water
(EqIW) (Figure 1), which is a mixture of Ant-
arctic Intermediate Water (AAIW) and upwelled
Pacific Deep Water (PDW) [Lacan and Jeandel,
2001]. Previous studies in the Gulf of Tehuantepec
[Hendy and Pedersen, 2006] and along the Baja
California peninsula [Basak et al., 2010;Cartapanis
et al., 2011] showed that chemical properties of

intermediate waters in the OMZ reflected a balanc-
ing influence from northern (NPIW) and southern
(EqIW) sources during the past 40 kyr.

3. Material and Methods

3.1. Core Description

[8] Sediment core MD02-2520 was retrieved at
712 m water-depth on the slope of the continental
margin off Tehuantepec (15.4�N, 95.2�W) (Figure 1).
The core was collected using a Calypso piston corer
on board the R/V Marion Dufresne in June 2002
during the International Marine Past Global Change
Study (IMAGES) Campaign MD126 Marges Ouest
Nord Américaines (MONA) [Beaufort et al., 2002].
The 37 m-long sediment core shows an alternation
of dark-colored and light-colored silty-clays depos-
ited as sub-mm laminations. The dark-colored lay-
ers are mainly composed of terrigenous and organic
material (of olive-gray color) and the light-colored
layers contain marine biogenic detritus (foraminif-
era, diatoms). Detailed counting of the laminations
and age determinations (see section 3.3) reveal that a
couplet of light- and dark-colored laminae corre-
spond to an annual deposit [Blanchet, 2006]. Sev-
eral cm-thick dark- or light-colored intervals show
traces of bioturbation and therefore no laminations.
Some silty-sand intervals are documented between
3 and 12 m core depth. Partial sediment expansions
during core recovery suggest the in situ presence
of gas hydrates in the sedimentary column at 16–
16.5 m, 29 m, 32.2 m, and 34.7 m core depth.

3.2. Analytical Methods

3.2.1. Stable Isotopes of Oxygen and Carbon

[9] Four species of fossil foraminifera were picked
from core MD02-2520:

[10] 1. Globigerinoides ruber and Neogloboqua-
drina dutertrei are two symbiotic planktonic fora-
minifera, with G. ruber living in the subsurface
(upper 50 m water-depth) in summer, and N.
dutertrei living around the thermocline (�50 m
water-depth) in winter [Thunell et al., 1983; Spero
et al., 2003].

[11] 2. Uvigerina peregrina and Brizalina sp. are
two shallow infaunal benthic foraminifera living
between 2 and 7 cm sediment depth [McCorkle
et al., 1997].

[12] Centimeter-thick slices of sediment, collected
every five or ten cm, were sieved under water
and split into two size fractions: 63–250 mm and
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>250 mm. From the larger size fraction, four to
thirty adult specimens were hand-picked under
the binocular to obtain samples weighing between
50 and 90 mg. Between 8 and 37 m, mm-scale
tabular gypsum crystals were identified in some of
the samples.

[13] The oxygen and carbon isotope compositions of
the foraminifera were analyzed at CEREGE (see the
auxiliary material).1 The samples were reacted in
orthophosphoric acid (H3PO4) at 70�C in a carbonate
device (Karbo-Kiel III) and the evolved CO2 was
analyzed by a Thermo-Finnigan Delta-advantage
mass spectrometer. Stable isotope ratios are reported
in ‰ relative to the V-PBD standard, where

d18O ¼
18O=16O

� �
sample

18O=16O
� �

standard

� 1

2
64

3
75∗ 1000

d13C ¼
13C=12C

� �
sample

13C=12C
� �

standard

� 1

2
64

3
75∗ 1000:

Analytical precisions of 0.05‰ for d18O and 0.03‰
for d13C were computed from repeat analyses of a
limestone NBS-19 standard. We performed 300
analyses and 25 replicates on outliers, which were
averaged when values did not differ by more than
0.2‰, and otherwise rejected. The resolution of our
record varies with depth in the core due to a com-
plete lack of foraminifera at certain intervals.

3.2.2. Stable Isotopes of Sulfur

[14] Sulfur isotope compositions were analyzed on
the gypsum crystals at Iso-Analytical Ltd., UK (see
auxiliary material). The crystals were cleaned and
carefully ground. Then 0.4 � 0.04 mg of gypsum
powder was mixed with vanadium pentoxide to
reach a final weight of about 4 mg. The samples
were combusted in the presence of oxygen (at
1080�C) to produce SO2, N2, CO2, and water. After
removal of the water (using a NafionTM membrane),
SO2 was isolated from N2 and CO2 using a gas
chromatograph column, and then analyzed by an
elemental analyzer-isotope ratio mass spectrometer
(EA-IRMS). Stable isotope ratios are reported in ‰
relative to the V-CDT standard, where

d34S ¼
34S=32S

� �
sample

34S=32S
� �

standard

� 1

2
64

3
75∗ 1000:

[15] Analytical precision better than 0.09‰ and
reproducibility of 0.05‰ were obtained by replicate
measurements of in-house (d34SV�CDT = +20.74‰)
and international (IAEA-SO-5, d34SV�CDT =
+0.50‰) barium sulfate standards.

3.2.3. Scanning Electron Microscopy

[16] Several specimens of foraminifera and a num-
ber of gypsum crystals were imaged using a vari-
able pressure Scanning Electron Microscope
(Hitachi 3000N) with a tungsten electron source at
CEREGE. The magnification ranged from 5� to
300� with a resolution of 3 nm at 25 kV.

Table 1. Age Control in Core MD02-2520a

Species
Depth
(cm)

14C Age
(yr BP)

Reserv.-Corr.
14C Age (yr BP)

95.4% (2s) Cal.
Age Range (cal. BP)

Calendar
Age (cal. BP)

G. ruber 173 2030 � 70 1574 1255–1615 1435 � 180
G. ruber/G. bulloides 343 3370 � 50 2914 2827–3227 3030 � 200
G. ruber 393 4020 � 50 3564 3622–4023 3820 � 200
G. ruber 553 5080 � 60 4624 4994–5448 5220 � 230
G. ruber 833 7870 � 90 7414 7962–8367 8165 � 200
G. ruber 1271 13800 � 130 13344 15203–16197 15970 � 490
G. bulloides 1271 13970 � 130 13514 15409–16441
N. dutertrei 1271 13830 � 90 13374 15300–16180
G. bulloides 1471 15530 � 150 15074 17732–18694 18200 � 450
N. dutertrei 1471 15470 � 100 15014 17782–18601
G. bulloides 1865 19330 � 140 18724 22048–22587 22300 � 270
N. dutertrei 2226 21800 � 160 21344 25248∗ 25250∗
G. ruber/G. bulloides 2295 22350 � 130 21894 25858∗ 25990∗
N. dutertrei 2295 22590 � 120 22134 26124∗

a14C ages measured on G. ruber, G. bulloides and N. dutertrei at various core depths. All ages were corrected from a reservoir age of 456 yrs
[Berger et al., 1966]. The ages younger than 25 14C ka were calibrated using the curve established by Hughen et al. [2004] and the older ones
(indicated by an asterisk) using the equation established by Bard et al. [2004].

1Auxiliary materials are available in the HTML. doi:10.1029/
2011GC003800.
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3.2.4. X-Ray Diffraction

[17] Mineralogical determinations were realized
in the X-Ray Group at the CEREGE, using a
Phillips powder X-Ray diffractometer Philips
theta-2 theha (PW1050/81goniometer and PW3710
microprocessor-based diffractometer control unit)
equipped with a cobalt anticathode. Data were
acquired between 3� and 80� every 0.05�.

3.3. Age Determination

[18] The sediment age was determined using
accelerator mass spectrometry (AMS) 14C dating of
planktonic foraminifera (G. ruber, Globigerina
bulloides and N. dutertrei) at the Tandetron accel-
erator mass spectrometer in Gif-sur-Yvette (France)
(Table 1 and Figure 2). All ages were corrected for
a constant surface reservoir age of 456 years,
obtained on a shell of Turritella leverostoma vgl. in
Baya de Guatulco (16�N, 96�W) [Berger et al.,
1966]. Ages younger than 25 ka were adjusted on
the calibration curve Marine04 [Hughen et al.,
2004], using the Calib 5.0 software [Stuiver et al.,
2005]. Older ages were corrected using the equa-
tion from Bard et al. [2004], tied to GISP2.
Potential mismatches between the ages given by the
surface-dwelling G. ruber and G. bulloides and the

thermocline-dwelling N. dutertrei were assessed by
measuring replicate 14C ages for mono-specific
samples at various depths (at 12.71, 14.71 and
22.95 m). The mono-specific replicates show no
significant age differences, and thus they were
averaged to produce a mean age for each sediment
depth (Table 1).

[19] Palaeomagnetic measurements performed
throughout the core complete the chronological
data set [Blanchet, 2006]. Large amplitude devia-
tions of the inclination and declination at �27 m
and �34 m suggest the occurrence of paleomag-
netic excursions that were attributed to the Mono
Lake and the Laschamp excursions, respectively
dated at 32 ka [Benson et al., 2003] and at 40.4 �
2 ka [Guillou et al., 2004].

[20] Our age determination is in good agreement
with that of Pichevin et al. [2010], who performed
AMS 14C dating on bulk organic matter for core
MD02-2520. These ages were calibrated following
a similar procedure to the one used for the ages of
foraminifera and were also used for the age model.
The depth-to-age transformation was achieved using
linear interpolations between dated layers. Sedi-
mentation rates vary between 30 and 520 cm.ka�1

around a mean of 100 cm.ka�1, with highest

Figure 2. Age model for core MD02-2520. Upper plot: dated points. Green dots: calibrated AMS-14C ages of plank-
tonic foraminifera (error bars comprised in the dot); yellow diamonds: calibrated AMS-14C ages of bulk organic matter
[Pichevin et al., 2010]; Red crosses: paleomagnetic excursions (Mono Lake, 32 ka and Laschamp, 40.4 ka). Lower
plot: sedimentation rates calculated between each dated point. Black rectangles in the lowest panel show the laminated
intervals.
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sedimentation rates in the upper meter and between
20 and 35 m (Figure 2).

4. Results

4.1. Quantity of Biogenic Carbonate
and Gypsum

[21] The number of foraminifera picked for isotopic
analysis provides a semi-quantitative evaluation of
the amount of biogenic carbonate in the sediments
(Figure 3). A decreasing trend in foraminifer con-
tent toward the bottom of the core is observed, and
gypsum crystals were identified between 8 and
37 m (Figures 3c, 3d, 3f, and 6). Particularly low
amounts of foraminifera (with samples sometimes
completely barren of foraminifera) were observed
between 15 and 18 m, between 20 and 22 m and at
the bottom of the core. Many samples throughout
the core were characterized by the presence of
planktonic foraminifera and the absence of benthic
foraminifera (e.g., at �19 m). In order to increase
the resolution of the stable isotope records, a sec-
ond batch of samples was processed 10 months
after the first batch, with the first batch being pro-
cessed between 9 and 19 months after core recov-
ery (Figures 3a and 3b). The characteristics of
samples from the second batch were very similar to
the first batch. In particular, no increase in gypsum
was observed between batches, and the number and
assemblage of foraminifera remained constant. It
should be noted however that samples were not
processed immediately following core recovery,
and thus we cannot assess the presence of primary
gypsum. The total organic carbon (TOC) content
(Figure 3e) ranged from 2 to 7 % with most values
being around 5 %, and no obvious down-core trend
was observed. TOC content also shows no consis-
tent relationship with the amount of foraminifera or
the presence of gypsum (Figure 3).

4.2. Isotopic Composition
of Biogenic Carbonates

[22] The d18O composition for foraminifera col-
lected at the core-top was compared to the predicted
carbonate d18O composition (Table 2 and Figure 4).
These values were obtained using paleotemperature
equations established on core-top and cultured
foraminifera [Shackleton, 1974; Bemis et al., 1998].
The measured and calculated isotopic compositions
agree to within 0.15‰.

[23] The d18O records for planktonic and benthic
foraminifera have a similar long-term trend

(Figures 4a and 4b). From high values recorded in
the 33–15 m interval, the d18O gradually decreases
between 15 and 10 m (by �1.5‰) to reach lower
values in the top 10 m. The d18O values for G.
ruber are lower by�2‰ relative to N. dutertrei and
this difference is near constant along the core. In the
33–15 m interval, the d18O for G. ruber and N.
dutertrei varies around values of �1 and 1‰
respectively, and gradually decreases until a depth
of 10 m, where values are ��2.5 and ��0.5 ‰
respectively (Figure 4a). The d18O records for both
planktonic species are noisy (particularly in the top
15 m) and exhibit large positive excursions: at 27 m
(reaching 1.4 and 2.2‰ for G. ruber and N.
dutertrei, respectively), at 14.3 m (reaching 2‰ for
N. dutertrei) and at 11 m (reaching 0.4 and 1.4‰
for G. ruber and N. dutertrei, respectively). The
d18O values for the benthic foraminifera species are
higher than those for the planktonic foraminifera
species. The d18O values for Brizalina sp. are
slightly lower than those for U. peregrina in the
33–15 m interval (�3.5 and �4‰, respectively)
and reach similar values in the top 10 m (�2.5‰),
after a steady decrease between 15 and 10 m
(Figure 4b).

[24] All d13C profiles exhibit considerable vari-
ability, especially in the top 15 m for the planktonic
records (Figures 4c and 4d). Values for the two
planktonic species vary around 1.5‰ (Figure 4c),
with large negative excursions at 27 m (reaching
�2.8‰), at 11 m (reaching �2.5 and �0.8‰ for
G. ruber and N. dutertrei, respectively) and at 3.5 m
(reaching �1.5‰). The d13C for Brizalina sp. and
U. peregrina varies around �1.3‰ (Figure 4d),
with negative excursions at 13 m (reaching �2‰
for Brizalina sp.), at 11.3 m (reaching �1.5‰ for
U. peregrina), at 9.7 m (reaching �3.2 and �2‰
for Brizalina sp. andU. peregrina, respectively) and
at 3.5 m (reaching �2.7 and �3.7‰ for Brizalina
sp. and U. peregrina, respectively).

4.3. Isotopic Composition of Gypsum
Crystals

[25] Sulfur isotope compositions were measured on
gypsum crystals that were collected between 8 and
34 m core depth (Figures 4e and 4f). The d34S
values range from �10 to 15‰, with values
becoming heavier (from�6 to 4‰) between 34 and
16 m, followed by an abrupt drop to �2‰ and an
increase to +14‰ at 15 m. The next point at 12 m
reaches the lowest value (�10‰) and the value at
the top of the sequence increases to �+11‰.
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4.4. Isotopic Composition of Inorganic
Calcite Aggregates

[26] Oxygen and carbon isotope compositions
were analyzed on mm-scale aggregates collected at
5.95 and 25.01 m (Figure 5 and Table 2). The
aggregates consist of calcite and magnesian-calcite,
with minor contents of quartz, feldspar, pyrite and
clays, as determined using X-ray powder diffrac-
tion spectra obtained at CEREGE (Figure 6). The
d18O values range from 2.14 to 4.26‰ and the d13C
values range from �5.88 to �6.60‰ (Table 2).

4.5. Scanning Electron Microscopy

[27] Images of foraminifera and gypsum crystals
are shown in Figure 6. Samples #1 (4.18 m), #4
(18.96 m) and #5 (24.84 m) have foraminifera that
are well preserved, as suggested by the absence of
filled or connected pores, and these samples do not
display isotopic excursions. Sample #5 contains
gypsum and carbonate aggregates together with
a G. ruber specimen that still has thin calcite

spines, indicating a particularly good preservation
state. Samples #2 (10.92 m), #3 (12.91 m) and #6
(26.54 m) have foraminifera that are affected by
both dissolution and re-crystallization processes.
This is particularly obvious in sample #2, with
filled pores in G. ruber and N. dutertrei specimens
and connected pores in a Brizalina sp. specimen.
Samples #2 and #6 have foraminifera displaying
isotopic excursions and samples #3 and #6 also
contain gypsum crystals.

5. Discussion

5.1. Nature of the Foraminiferal
Isotope Variations

[28] The observed similarity between the d18O
composition of core-top foraminifera and the cal-
culated d18O composition of calcite shows that the
selected foraminifera species provide a reliable
record of the temperature and isotopic composition
of surrounding waters (cf., section 3.1, Table 2 and
Figure 4). Down-core, the d18O profiles for

Figure 3. Number of foraminifera in samples from different batches, as compared to the total organic carbon
and gypsum content. (a) Number of planktonic foraminifera picked for isotopic analyses in the first batch of samples
processed (Batch #1), which took place between 9 and 19 months after core recovery (G. ruber: open blue circles;
N. dutertrei: filled purple squares). (b) Number of planktonic foraminifera picked in the second batch of samples
processed (Batch #2), which took place 10 months after Batch #1. (c) Number of planktonic foraminifera in all sam-
ples processed. (d) Number of benthic foraminifera (Brizalina sp.: open red crosses; U. peregrina: filled orange cir-
cles). (e) Total organic carbon content. (f) Gypsum crystals (CaSO4, 2H2O) found in the sieved samples. Numbers
on the top panel locate the scanning electron microscope samples and the black rectangles in the lower panel show
the laminated intervals.

Table 2. Comparison of Measured d18O for Core-Top Foraminifera and Inorganic Calcite to the Expected Isotopic
Composition of Calcitea

d18O Measured
(‰ VPDB) dw (‰ VSMOW)

Water
Temperature

(�C) dc (‰ VPDB)
Dd

(‰ VPDB)
Paleotemp.
Equation

Core-Top Foraminifera
G. ruber �2.89 0.23 29.33 �3.04 0.15 [1]
N. dutertrei �0.50 0.17 17.39 �0.62 0.12 [1]
Brizalina sp. 2.57 0.12 6.20 2.52 0.05 [2]
U. peregrina 2.62 0.12 6.20 2.52 0.09 [2]

Inorganic Calcite Formed in Situ
Holocene 2.14 0.12 6.20 2.34 0.20 [3]
Glacial 4.26 1.12 4.20 3.88 �0.38 [3]

aAccording to paleotemperature equations established by Bemis et al. [1998] for planktonic foraminifera [1], Shackleton [1974] for benthic
foraminifera [2] and Kim and O’Neil [1997] for inorganic calcite [3]. For core-top foraminifera, we used seawater d18O compositions (dw) from
the NASA-GISS online database (http://www.giss.nasa.gov/) as given in the work of Benway and Mix [2004] and temperatures from Conkright
et al. [2002] (summer surface temperature for G. ruber, winter temperature at 50 m water-depth for N. dutertrei and mean annual temperature at
700 m water-depth for the benthic foraminifera, see Figure 1). For the inorganic calcite formed in situ, we derived pore-water temperature and
dw from the bottom-water data for the Holocene. For the Glacial, we adjusted these values to match the measured d18O composition of glacial
benthic foraminifera (i.e., �2�C and +1‰ respectively, as stated in section 5.1). dc is the calculated isotopic composition and Dd is the
difference between the measured and calculated d18O.
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planktonic and benthic foraminifera both exhibit a
decrease of �1.5‰ between 15 and 10 m, which
corresponds to the transition between glacial and
interglacial conditions, as shown by 14C dating
(20–10 ka) (Figure 2). During this transition, the
global seawater composition decreased by �1‰
due to the injection of 18O-depleted waters during
the deglacial melting of continental ice sheets
[Labeyrie et al., 1987; Walbroeck et al., 2002]. The
remaining 0.5‰ decrease can be interpreted as a
2�C warming, in agreement with results from
neighboring cores (assuming a negligible change in
regional seawater d18O composition) [Kienast
et al., 2006; Leduc et al., 2007]. Concerning d13C
(Figure 4), the core-top difference of�2‰ between
planktonic and benthic foraminifera is typical of an
oxygen minimum zone [Berger and Vincent, 1986].
It reflects the relative enrichment of surface waters
in 13C (due to the preferential uptake of 12C during
photosynthesis) compared to the bottom and pore
waters (where 12C is released during organic matter
degradation).

[29] Superimposed on the glacial/interglacial var-
iations, large excursions are observed either in the
planktonic records only, or in both the benthic
(d13C) and planktonic (d18O and d13C) records. In
all cases, excursions are characterized by strong
d18O increases (+0.5 to +3‰) and d13C decreases
(�1.5 to �5‰) that are unlikely to be a conse-
quence of changes in paleoceanographic conditions
(Figure 4). Indeed, the co-occurrence of low d13C,
which would indicate a reduction in primary pro-
ductivity (i.e. present summer conditions) and high
d18O, which would point to more saline/colder
waters (i.e. winter-upwelling conditions), is hard to
reconcile with the present-day oceanic regime in
the Gulf of Tehuantepec.

[30] Benthic d13C excursions could reflect strong
enrichments of pore waters in 12C where the
infaunal foraminifera lived and from which they
calcified. Such 12C-rich pore waters could result
from enhanced oxidation of organic matter (pro-
ducing CO2 of dissolved inorganic carbon
(d13CDIC) of ��20‰ [Berger and Vincent, 1986])
or oxidation of methane (producing lighter d13CDIC,
e.g., up to ��50‰ in the work of Torres et al.
[2003]). Both processes strongly affect the pore
water composition, and therefore the benthic

Figure 4. Isotopic records. (a) d18O records from planktonic foraminifera (legend as in Figure 3). (b) d18O records
from benthic foraminifera. The red triangles at the left of the profiles indicate the d18O composition predicted using
modern seawater values and foraminifera-based paleotemperature equations (see Table 2 and text for details).
(c) d13C records from planktonic foraminifera; (d) d13C records from benthic foraminifera; (e) Gypsum crystals and
(f) d34S record from gypsum crystals.

Figure 5. Comparison of d18O and d13C values for fora-
minifera to that of inorganic calcite aggregates for (a) the
Holocene and (b) the Glacial intervals. d18O and d13C
values for planktonic and benthic foraminifera (legend as
in Figure 3), and for calcite aggregates (red triangles).
The expected d18O for core-top foraminifera is indicated
on top of Figure 5a (blue triangles) and that for inorganic
calcite formed in situ is indicated at the bottom of
Figures 5a and 5b (green triangles). Mixing lines between
the uncontaminated biogenic calcite (open black stars)
and authigenic calcite end-members and percentage of
contamination estimated from the mass balance calcula-
tions are indicated. See text and Table 2 for further details.
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foraminifera isotopic composition. It was suggested
that destabilization of gas hydrates (which are sta-
ble in the present pressure and temperature fields at
the core site), and subsequent release and oxidation
of large amounts of methane could also affect the
seawater composition, and therefore the isotope
composition of both benthic and planktonic fora-
minifera [e.g., de Garidel-Thoron et al., 2004].

However, in core MD02-2520, some isotopic
excursions are observed only in planktonic fora-
minifera (i.e., not in benthic foraminifera) (lighter
green underlines in Figure 4), which cannot be
explained by sea- or pore water 12C-enrichments
due to enhanced organic matter oxidation or meth-
ane oxidation. We infer instead that the isotopic
excursions observed in the foraminiferal record

Figure 6. Main panel: Scanning electron microscope (SEM) pictures of specimens and details of tests of G. ruber,
N. dutertrei, U. peregrina, Brizalina sp.. Samples taken at 4.18 m (#1), 10.92 m (#2), 12.91 m (#3), 18.96 m (#4),
24.84 m (#5) and 26.54 m (#6). Re-crystallization processes indicated by filled pores in #2, #3 and #6 and dissolution
processes identified by connected pores in #2, #3 and #4. Excellent preservation state in #5 indicated by the thin calcite
spines ofG. ruber. Small panel: SEM pictures and X-ray diffraction spectra of a gypsum crystal (from sample #3) and an
inorganic calcite aggregate (from sample #5). Minerals identified: quartz (Q), feldspar (F), calcite (C) and magnesian-
calcite (Mg-C).
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presented here are most likely related to diagenetic
or post-sampling processes.

5.2. Processes Altering the Primary
Isotopic Signals

5.2.1. Dissolution of Ontogenetic Calcite

[31] As shown in previous studies, the layers of
ontogenetic calcite are preferentially dissolved
when planktonic foraminifera are placed in a cor-
rosive environment [Berger and Killingley, 1977].
The tests then carry the signature of the gameto-
genic calcite that is formed in deeper waters (18O-
enriched and 13C-depleted) compared to the water
masses in which the ontogenetic calcite forms,
which leads to higher d18O and lower d13C values
[Duplessy et al., 1981]. Thus, this process could
explain the isotopic excursions identified in plank-
tonic records, as well as the traces of dissolution
observed for several foraminifera (e.g., Brizalina
sp. specimen in samples #2 and in #3, Figure 6),
and the lack of foraminifera between 37 and 15 m.

[32] However, this process cannot account for the
isotopic excursions observed in theG. ruber and in the
benthic records. First,Caron et al. [1990] showed that
G. ruber does not add significant gametogenic calcite
and dissolution processes, if occurring, would not
affect the isotopic ratios. Second, this process cannot
account for the benthic isotopic excursions, since the
ontogenetic and the gametogenic calcite layers of
benthic foraminifera do not carry significantly differ-
ent isotopic signatures. Indeed, migrations of benthic
foraminifera in the sediments are mostly controlled by
environmental conditions, rather than by the life cycle
[McCorkle et al., 1997]. Therefore, even if calcite
dissolution occurred, it is unlikely to be responsible
for the observed isotopic excursions. Additionally,
since the benthic tests are generally more resistant
toward dissolution [Kucera et al., 1997], this is an
unlikely explanation for the lack of benthic forami-
nifera at horizons where planktonic foraminifera are
present (e.g., in glacial sediments, Figure 3). We
therefore conclude that although calcite dissolution
was observed on certain foraminifera (Figure 6), it
remains a minor process in core MD02-2520 and its
effects on the isotopic record are negligible.

5.2.2. Precipitation of Authigenic Calcite

[33] The SEM images reveal the presence of inor-
ganic (authigenic) calcite in pores of the foraminifera
(e.g., N. dutertrei specimen in sample #2, Figure 6)
and as mm-scale aggregates (sample #5, Figure 6).

The precipitation of authigenic calcite can drastically
modify isotopic signals [Reuning et al., 2005]. This
process generally affects the planktonic more than
the benthic foraminifera, since: i) the isotopic com-
position and temperature of surface seawater differs
greatly from that of pore water and, ii) planktonic
foraminifera are more porous than benthic forami-
nifera, and therefore provide a larger area for pre-
cipitation [Pearson et al., 2001]. In particular, the
d18O of authigenic calcite is very different from the
d18O of uncontaminated planktonic foraminifera, due
to large differences in temperature between the sur-
face waters and the pore waters.

[34] As can be seen from Figure 5, the isotope
composition of a number of planktonic and benthic
foraminifera deviates toward the isotopic composi-
tion of inorganic calcite and hints toward precipi-
tation of inorganic calcite on the tests. The d13C of
both planktonic and benthic foraminifera is affected
by this process and the d18O of planktonic fora-
minifer is more affected than that of benthic fora-
minifera. The measured d18O for calcite aggregates
is in accordance with the predicted composition of
inorganic calcite formed in similar conditions in the
sediments, following the equation established by
Kim and O’Neil [1997] (Table 2 and Figure 5).
Using the isotope composition of calcite aggregates
and uncontaminated foraminifera, it is possible to
estimate the amount of authigenic calcite added on
the tests. We use the equation

Am ¼ dMeas � dBiog
dAuthi � dBiog

∗ 100;

where Am is the mass balanced amount of authi-
genic calcite added to the test (in %), dMeas is the
measured isotopic composition of the foraminifera,
dBiog is the isotopic composition of the uncontami-
nated foraminifera and dAuthi is the isotopic com-
position of the authigenic calcite (all in ‰). The
end-members for uncontaminated foraminifera
were determined by: i) using the core-top d18O for
the Holocene and the core-top d13C values for
both intervals, and ii) adding 1.5‰ to the core-top
d18O values for the Glacial (see section 5.1).
Linear mixing is expected between the biogenic
calcite and authigenic calcite end-members, as the
ratio of carbon to oxygen is theoretically identical
in both end-members (i.e., C/O �1/3) (Figure 5)
[Faure, 1986].

[35] Mass balance estimates indicate that a 10–50 %
contamination by inorganic calcite precipitation
would explain the d13C and d18O excursions. Our
calculations therefore indicate that the isotopic
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excursions likely result from precipitation of
authigenic calcite. However, the amounts calcu-
lated to produce the larger excursions (e.g., the ones
at �6, �8 and �27 m) were not observed on the
foraminifer tests (Figure 6). This might be related to
local changes in the isotopic signature of the inor-
ganic calcite, which have been shown to reach d13C
values of �15‰ in organic-rich sediments [Irwin
et al., 1977].

5.3. Diagenetic or Post-Sampling Processes?

[36] Although apparently contradictory, the co-
occurrence of dissolution and precipitation pro-
cesses was identified in some samples (e.g., #2,
Figure 6). Additionally, gypsum crystals were
identified in several samples, as well as inorganic
calcite (Figure 2). Such processes may happen
either during storage of sediments after core
recovery, or during early diagenesis. All biogeo-
chemical reactions mentioned in the following
sections are numbered and listed in Table 3.

5.3.1. Transformations Occurring During
Sediment Storage

[37] Laminated sediments from the eastern Pacific
OMZ are known to contain large amounts of
reduced sulfur species such as hydrogen sulfide and

solid-phase iron sulfides (e.g., mackinawite FeS,
pyrite FeS2) [Reimers et al., 1996]. When placed in
an oxic environment (i.e., if oxygen diffuses into
the sediments after core recovery), these reduced
sulfur species may be oxidized stepwise to produce
SO4

2�, elemental S and H+ (equation (8) in
Table 3). The organic matter that was preserved in
the sediments can also be oxidized to produce CO2

(equation (1)), which is incorporated in the dis-
solved carbonate pool. These oxidation processes
can lead to a local decrease in pore water pH that
favors the dissolution of biogenic carbonates, as
already observed by Schnitker et al. [1980] and
Self-Trail and Seefelt [2005] for sediments freshly
recovered and dried in the presence of oxygen.
Both studies also reported the formation of gypsum,
resulting from the presence of dissolved calcium
and sulfate in the pore space. In core MD02-2520,
the d34S values of gypsum range from �10 to
+15‰, which is lighter than seawater sulfate
(�20‰ [Rees et al., 1978]). Isotopically light sul-
fate could originate from the oxidation of reduced
sulfide species, which are enriched in 32S due to the
preferential uptake of the light isotope during sul-
fate reduction [Jørgensen, 1990]. Unfortunately,
the isotopic composition of dissolved sulfate and
sulfide, and solid phase sulfide is not available for
core MD02-2520. However, studies of similar

Table 3. Biochemicals Reactions as Cited in the Text

Reaction Number

Organic Matter Mineralization
CH2O + O2 → CO2 + H2O (1)
5CH2O + 4NO3

� → HCO3
� + 2N2 + CO2 + 3H2O (2)

CH2O + 7CO2 + 4Fe(OH)3 → 4Fe2 + + 8HCO3
� + 3H2O (3)

2CH2O + SO4
2� → H2S + 2HCO3

� (4)

Anaerobic Oxidation of Methane
CH4 + SO4

2� → HS� + HCO3
� + H2O (5)

Sulfide Precipitation
Fe2+ + H2S → FeS + 2H+ (6)
FeS + H2S → FeS2 + H2 (7)

Chemical Sulfide Oxidation
4FeS2 + 9O2 + 6H2O → 4FeOOH + 4SO4

2� + 8H+ (8)
H2S + 2FeOOH + 5H+ → 2Fe2+ + 4H2O + S0 (9)
4H2S + 4MnO2 → 4S0 + 4Mn2+ + 8OH� (10)
FeS + 1.5MnO2 + 3H+ → S0 + Fe(OH)3 + 1.5Mn2+ (11)

Elemental Sulfur Disproportionation
4S0 + 4H2O → SO4

2� + 3H2S + 2H+ (12)

Sulfide Oxidation and Disproportionation
H2S + 4MnO2 + 2H2O → 4Mn2+ + SO4

2� + 6OH� (13)
FeS2 + 7.5MnO2 + 11H+ → Fe(OH)3 + 2SO4

2� + 7.5Mn2+ + 4H2O (14)
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sedimentological settings (like the laminated sedi-
ments of the Santa Barbara Basin, which have sim-
ilar accumulation rates and TOC contents)
demonstrate that dissolved and solid phase sulfide
species tend to have negative d34S values (��20‰
for H2S and FeS2 [Brüchert and Pratt, 1996]).
Therefore, the gypsum crystals that were analyzed
for the present study may potentially reflect post-
sampling sulfide oxidation, with additional con-
tributions from isotopically heavier (residual) sea-
water sulfate and isotopically lighter organic sulfur
(with d34S values ranging from �5 to �30‰
[Werne et al., 2008]).

[38] However, post-sampling oxidation of sulfide
and organic matter generally results in the dissolu-
tion of biogenic carbonate [Schnitker et al., 1980;
Self-Trail and Seefelt, 2005], which is a minor
process in core MD02-2520 (section 5.2.1). This
suggests that the calcite aggregates most probably
formed during early diagenesis. Self-Trail and
Seefelt [2005] demonstrated that the amount of
carbonaceous fossils dissolved increases with
drying time. In other words, the longer sediments
are put in contact with oxygen, the more biogenic
carbonate will be dissolved. This is not observed
in our case: the foraminiferal assemblage and

quantity did not vary between the two batches
processed, nor did the amount of gypsum despite a
few months elapsing between the batches (Figure 2
and section 3.1). Therefore, although we cannot
rule out post-sampling oxidation, this effect seems
to be of minor importance in core MD02-2520.

5.3.2. Transformations Occurring
During Early Diagenesis

[39] In marine sediments, two main processes
largely control the carbonate system of pore waters,
and therefore influence the dissolution of biogenic
carbonates and precipitation of inorganic calcite:
i) the mineralization of organic matter and ii) the
anaerobic oxidation of methane (AOM) [Jørgensen
and Kasten, 2006]. The dissolution of biogenic
carbonates is generally induced by the mineraliza-
tion of organic matter in the presence of oxygen
(equation (1)), which leads to a release of CO2 into
the pore waters [Jahnke et al., 1997; Pfeifer et al.,
2002; Volbers and Henrich, 2002]. In laminated
sediments from the eastern Pacific OMZ, the oxic
zone is restricted to the upper few cm (sometimes
even to the upper few mm) of sediments deposited
[Reimers et al., 1996] (Figure 7). Additionally, the
precipitation of iron monosulfides produces protons
that might lower the pore water pH (equation (6))
and lead to dissolution of biogenic carbonates.
However, in sediments containing a large amount
of iron oxides (which is the case for core MD02-
2520 [cf. Blanchet, 2006]), iron liberation reactions
dominate in the suboxic zone and determine the
pore water pH (equation (3)), which can reach
particularly high values (like in the Santa Barbara
Basin, where pH are higher than 8) [Reimers et al.,
1996]. Therefore, we consider that carbonate
dissolution was restricted to the oxic zone and is
a minor diagenetic process at the site of core
MD02-2520.

[40] Precipitation of inorganic calcite is tightly
linked to pore water alkalinity, which generally
increases in organic-rich marine sediments as a
result of anaerobic organic matter mineralization
and AOM (equations (2)–(5)). When oxygen is
completely depleted in the pore waters, other oxi-
dants such as nitrate (equation (2)), iron and man-
ganese oxides (equation (3)) or sulfate (equation (4))
are used to mineralize the organic matter, which
releases carbonate ions into the pore water and
increases alkalinity [Reimers et al., 1996]. Such
reactions might induce authigenic calcite precipi-
tation in the suboxic and sulfidic zones (Figure 7).

Figure 7. Schematic sediment column for core site
MD02-2520, with (right column) geochemical zonation,
(center) pore water chemical profiles (central column),
with diffusion directions (arrows) and changes in isoto-
pic composition, and (left column) transformations
occurring within the solid phase.
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In the suboxic zone, the pore water d13CDIC is
largely determined by the d13C signature of the
organic matter (��20‰) [Stott et al., 2002].
Around the SMT, the process of AOM results in an
increase in pore water alkalinity and a decrease in
d13CDIC, due to contribution of methane-derived
carbonate ions with d13CDIC sometimes reaching
�50‰ [Torres et al., 1996]. Precipitation of
inorganic calcite around the SMT has been well-
documented [e.g., Bohrmann et al., 1998; Greinert
et al., 2002; Nöthen and Kasten, 2011], but such
calcite generally has lighter d13C signatures than
the aggregates from core MD02-2520 (e.g.,��15‰
in organic-rich sediments from the Chilean upwell-
ing region [Treude et al., 2005]). Authigenic calcite
formed in methane seeps is also known to overprint
the fossil foraminiferal record (due to precipitation
of authigenic calcite on the tests) but it also carries
d13C values much lower than those obtained for
core MD02-2520 (�22 to �51‰ [Torres et al.,
2003; Cook et al., 2011]). Unfortunately, pore water
d13CDIC profiles are not available for our study
site, thus it is impossible to precisely determine the
formation depth of the observed inorganic calcite.
We hypothesize that it formed in the suboxic zone
and at the top of the sulfidic zone, mostly as a result
of anaerobic oxidation of organic matter with a
minor contribution from carbonates produced during
AOM (Figure 7).

[41] The formation of gypsum crystals in marine
sediments has been reported and described in only a
few studies [Siesser and Rogers, 1976; Briskin and
Schreiber, 1978; Muza and Sherwood, 1983;
Hoareau et al., 2011]. In order to characterize the
sedimentary context where gypsum might precipi-
tate, Hoareau et al. [2011] calculated the gypsum
saturation index for numerous ODP/IODP cores
using the available pore water data. They reported
that gypsum saturation was observed in the pres-
ence of evaporitic horizons or volcanogenic mate-
rial (able to provide sufficient calcium and sulfate
ions to the pore water). The sediments of core
MD02-2520 are barren of evaporitic or volcano-
genic material, and pore water data are unfortu-
nately not available. It is therefore impossible to
precisely pin-point the mechanism leading to gyp-
sum formation. However, in the following we will
review the potential processes that could lead to
local supersaturation of pore waters with respect to
gypsum. Such processes can involve either: i) oxi-
dation of the reduced sulfide species that could
provide sufficient sulfate ions to form gypsum, or
ii) an increase of pore water salinity that would be
sufficient to reach gypsum supersaturation.

[42] Sulfide oxidation in anoxic marine sediments
is an important component of the biogeochemical
sulfur cycle, and can significantly contribute to the
dissolved pore water sulfate pool [Jørgensen and
Kasten, 2006; Riedinger et al., 2010]. Fossing
and Jorgensen [1990] have for instance observed
a complete re-oxidation of radio-labeled mono-
sulfides (FeS) and elemental sulfur (S0) to sulfate in
anoxic sediments. The complete re-oxidation of
sulfur species (of various oxidation states) to sulfate
generally involves a suite of chemical and micro-
bially mediated chain reactions. The H2S produced
during either organoclastic sulfate reduction or
AOM might either: i) react with solid-phase Fe(III)
oxides, dissolved (Fe2+) iron or iron monosulfides
to form iron sulfide minerals of various oxidation
states (FeS or FeS2, equations (6) and (7)), or ii) be
re-oxidized by oxidants such as iron and manga-
nese oxides, which gives rise to sulfide species of
intermediate oxidation state such as elemental sul-
fur (S0) (equations (9)–(11)) [Thamdrup et al.,
1994]. Schippers and Jørgensen [2001] have
shown that manganese dioxide is a powerful
chemical oxidant, that is able to oxidize mono-
sulfides to elemental sulfur (equations (10) and
(11)). Oxidation of sulfur species coupled to the
reduction of iron (oxyhydro)oxides has also been
demonstrated to occur in sediments of the Nankai
Trough [Riedinger et al., 2010]. When accompa-
nied by microbial processes such as elemental sul-
fur disproportionation, monosulfides as well as
pyrite can be reoxidized to sulfate (equations (13)
and (14)) [Aller and Rude, 1988; Schippers and
Jørgensen, 2001]. Sulfur disproportionation is a
type of inorganic fermentation that occurs in anoxic
sediments rich in intermediate sulfur species such
as elemental sulfur or thiosulfate (S2O3

2�). In
this way, a quarter of the elemental sulfur is oxi-
dized to sulfate while the remaining three quarters
return to the sulfide pool (equation (12)) [Jørgensen
and Kasten, 2006]. In core MD02-2520, the glacial
sediments are enriched in iron (oxyhydr)oxides
[Blanchet, 2006], which were recently shown to
favor oxidative sulfur processes [Riedinger et al.,
2010; Holmkvist et al., 2011a, 2011b]. Such pro-
cesses could therefore lead to the accumulation of
sulfate in micro-environments in the pore water and
could explain the co-existence of pyrite and gyp-
sum in the glacial sediments of core MD02-2520.

[43] Finally, we speculate that local increases in
pore water salinity, sufficient enough to reach
gypsum saturation state, might also occur as a result
of gas hydrate formation. During gas hydrate for-
mation, ions are excluded from the hydrate
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structure and lead to the formation of residual
brines either in the sediments surrounding the gas
hydrates or in the pore space of the hydrates [Ussler
and Paull, 1995]. Site MD02-2520 lies within the
gas hydrate stability field and the presence of in situ
gas hydrates was evidenced by sediment expan-
sions during core recovery (i.e., section 3.1). It is
therefore possible that oversaturation and thus pre-
cipitation of gypsum (and possibly also authigenic
calcite) has been induced in situ during formation
of gas hydrates below the SMT where iron sulfides
are known to precipitate [e.g., Kasten et al., 1998;
Jørgensen et al., 2004].

6. Summary and Conclusions

[44] Our data for core MD02-2520 show that the
carbon and oxygen isotope records for planktonic
and benthic foraminifera provide a reliable archive
of present and past oceanographic conditions
(mostly at glacial/interglacial scale). However, the
record is characterized by large excursions (reach-
ing +3‰ in d18O and �5‰ in d13C) that point,
together with the presence of inorganic calcite
aggregates and gypsum crystals, to substantial dia-
genetic overprint. Scanning electron microscopy
reveals the co-occurrence of dissolution of the pri-
mary (biogenic) calcite and precipitation of sec-
ondary (authigenic) calcite on the tests. We propose
that precipitation processes are dominant over dis-
solution processes at site MD02-2520, as shown by
the presence of dissolution-sensitive foraminifera in
layers barren of dissolution-resistant foraminifera
and by mass balance calculations for authigenic
calcite coatings on the tests. The dominance of
precipitation over dissolution, as well as the
absence of time-related modification of the fora-
miniferal assemblage and gypsum contents during
storage, are best explained by diagenetic processes
rather than by transformations occurring after
retrieval and during sediment storage.

[45] Due to the lack of pore water geochemical data
for core MD02-2520, the precise diagenetic pro-
cesses responsible for calcite and gypsum precipi-
tation are not readily resolvable. However, the
carbon isotope composition for inorganic calcite
aggregates (d13C � �6‰) indicates that the car-
bonate ions originate for the most part from anaer-
obic oxidation of organic matter, potentially
coupled with the anaerobic oxidation of methane.
The sulfur isotope composition of gypsum crystals
(d34S from �10 to +15‰) is lighter than the d34S of
seawater sulfate, suggesting a significant contribu-
tion from sulfate originating from the oxidation of

organic matter and authigenic sulfide compounds.
We speculate that both organic matter and sulfides
were oxidized by metal (manganese and iron) oxi-
des to form carbonate ions and intermediate sulfur
species. These sulfur species might have been
subsequently oxidized through microbially medi-
ated sulfur disproportionation to produce enough
sulfate to reach gypsum supersaturation. A further
contribution may result from local increase in pore
water salinity due to formation of gas hydrates,
which could potentially lead to super-saturation of
pore waters with respect to gypsum and induce the
formation of gypsum with heavier d34S signatures.

[46] Our study demonstrates the impact of inor-
ganic calcite precipitation on the isotopic compo-
sition of foraminifera. This effect has already been
identified [e.g., Killingley, 1983] but was generally
related to formation of inorganic calcite in relation
to anaerobic methane oxidation at methane/cold
seeps [Torres et al., 2003; Cook et al., 2011] and in
methane-rich sediments of high-productivity areas
[Treude et al., 2005]. Here, we show that inorganic
calcite formation resulting from anaerobic oxida-
tion of organic matter can also alter the proxy
record. These processes are favored by high sedi-
mentary organic contents and low pore water oxygen
contents. The elemental and isotopic composition of
foraminifera in such sediments should therefore be
interpreted with care. Although more work is needed
to assess the relationships between calcite and gyp-
sum formation, the presence of gypsum crystals in
the sediments (which is generally neglected or
attributed to post-sampling oxidation) may imply
significant diagenetic overprinting of the primary
oceanic record.
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