Available online at www.sciencedirect.com
Geochimicaet

ScienceDirect Cosmochimica
Acta

ELSEVIER Geochimica et Cosmochimica Acta 72 (2008) 3703-3717

www.elsevier.com/locate/gca

Redox sensitivity of P cycling during marine black shale
formation: Dynamics of sulfidic and anoxic,
non-sulfidic bottom waters

C. Mirz®*, S.W. Poulton®, B. Beckmann ¢, K. Kiister®, T. Wagner°, S. Kasten ¢

# Department of Geosciences, University of Bremen, Klagenfurter Str., 28359 Bremen, Germany
® School of Civil Engineering and Geosciences, Newcastle University, Newcastle upon Tyne, NEI 7RU, UK
¢ Institute for Geology and Mineralogy, University of Cologne, Ziilpicher Str. 49a, 50674 Cologne, Germany
4 Alfred Wegener Institute for Polar and Marine Research, Am Handelshafen 12, 27570 Bremerhaven, Germany

Received 24 October 2007; accepted in revised form 24 April 2008; available online 6 May 2008

Abstract

A high-resolution geochemical record of a 120 cm black shale interval deposited during the Coniacian—Santonian Oceanic
Anoxic Event 3 (ODP Leg 207, Site 1261, Demerara Rise) has been constructed to provide detailed insight into rapid changes
in deep ocean and sediment paleo-redox conditions. High contents of organic matter, sulfur and redox-sensitive trace metals
(Cd, Mo, V, Zn), as well as continuous lamination, point to deposition under consistently oxygen-free and largely sulfidic
bottom water conditions. However, rapid and cyclic changes in deep ocean redox are documented by short-term (~15-
20 ka) intervals with decreased total organic carbon (TOC), S and redox-sensitive trace metal contents, and in particular pro-
nounced phosphorus peaks (up to 2.5 wt% P) associated with elevated Fe oxide contents. Sequential iron and phosphate
extractions confirm that P is dominantly bound to iron oxides and incorporated into authigenic apatite. Preservation of this
Fe—P coupling in an otherwise sulfidic depositional environment (as indicated by Fe speciation and high amounts of sulfurized
organic matter) may be unexpected, and provides evidence for temporarily non-sulfidic bottom waters. However, there is no
evidence for deposition under oxic conditions. Instead, sulfidic conditions were punctuated by periods of anoxic, non-sulfidic
bottom waters. During these periods, phosphate was effectively scavenged during precipitation of iron (oxyhydr)oxides in the
upper water column, and was subsequently deposited and largely preserved at the sea floor. After ~15-25 ka, sulfidic bottom
water conditions were re-established, leading to the initial precipitation of CdS, ZnS and pyrite. Subsequently, increasing con-
centrations of H,S in the water column led to extensive formation of sulfurized organic matter, which effectively scavenged
particle-reactive Mo complexes (thiomolybdates). At Site 1261, sulfidic bottom waters lasted for ~90-100 ka, followed by
another period of anoxic, non-sulfidic conditions lasting for ~15-20 ka. The observed cyclicity at the lower end of the redox
scale may have been triggered by repeated incursions of more oxygenated surface- to mid-waters from the South Atlantic
resulting in a lowering of the oxic—anoxic chemocline in the water column. Alternatively, sea water sulfate might have been
stripped by long-lasting high rates of sulfate reduction, removing the ultimate source for HS™ production.
© 2008 Elsevier Ltd. All rights reserved.

1. INTRODUCTION Calvert and Pedersen, 1993; Wignall, 1994; Sageman et

al., 2003; Riquier et al., 2006; see summary in Negri et

Of the numerous black shale deposits throughout Earth al., 2006), some of the most prominent examples were
history (e.g. Brumsack, 1980, 1986; Stein et al., 1986; deposited during the Mid- to Late Cretaceous as a result
of expanded oxygen minimum zones in the oceans. Due
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widespread black shale deposition have been termed Oce-
anic Anoxic Events (OAEs) (e.g. Schlanger and Jenkyns,
1976; Jenkyns, 1980).

Sediment cores through the Coniacian—Santonian OAE3
were retrieved during ODP Leg 207 (Demerara Rise off
Suriname/French Guyana, equatorial Atlantic; Erbacher
et al., 2004) at Site 1261 (Fig. 1), from the mid Coniacian
nannofossil biozone CCl14. During that time interval,
ODP Site 1261 was situated on an open-marine continental
margin, with probable unrestricted connection to the Proto-
North Atlantic (Erbacher et al., 2004; Hetzel et al., 2006).
The Proto-North Atlantic itself, however, had no fully
established deep-water connection to the South Atlantic
(Fig. 1). Thus, it can be regarded as a (semi-)restricted ba-
sin, albeit a large one compared to modern restricted anoxic
basins (e.g. Black Sea, Cariaco Basin). Since the Albian,
Demerara Rise has experienced continuous deepening,
and probably also some tilting, due to progressive opening
of the Equatorial Atlantic Gateway, which has hampered
estimations of paleo-water depths (Erbacher et al., 2004;
Friedrich and Erbacher, 2006). Previous work on age-
equivalent deposits from the eastern equatorial Atlantic
(Deep Ivory Basin, ODP Site 959) has revealed pronounced

precession-forced cyclicity in geochemical records, implying
repetitive and far-reaching changes in surface and deep
ocean redox, closely related to central African climate
and associated runoff (Hofmann et al., 2003; Wagner
et al., 2004; Beckmann et al., 2005a,b). Similar orbital fre-
quencies are far less dominant in Coniacian—Santonian sed-
iments at ODP Site 1261 (Flogel et al., in press). This has
been attributed to a different sensitivity of tropical South
America to precessional insolation changes relative to cen-
tral Africa, leading to different runoff patterns on either side
of the tropical Equatorial Atlantic and consequently differ-
ent cycle patterns in the marine sedimentary record (Flogel
et al., in press).

Studies on black shales of different stratigraphic age sug-
gest that changes in climatic, oceanic and sedimentary re-
dox conditions can strongly affect the supply and cycling
of phosphorus, a limiting nutrient for ocean productivity.
Previous investigations of P systematics in total organic
carbon (TOC)-rich marine sediments (e.g. Follmi, 1996; In-
gall and Jahnke, 1997; Delaney, 1998; Anderson et al.,
2001; Filippelli, 2001; Nederbragt et al., 2004; Slomp et
al., 2004; Mort et al., 2007; review by Algeo and Ingall,
2007) have resulted in the following observations: (1) upon
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Fig. 1. (a) Paleogeographic map with global plate configuration reconstructed for ~80 Ma B.P. (after Hay et al., 1999; Wagner et al., 2004).
Continental plate boundaries are marked by black lines, areas above sea level are grey, oceans are white. Black dots mark locations of
reported organic carbon-rich marine sites of Coniacian to early Campanian age (see Wagner et al., 2004 for locations and references); (b)
close-up of the central Atlantic realm; the rectangle marks the position of Demerara Rise; (c) present-day bathymetry of Demerara Rise, with
ODP Leg 207 drill locations 1257-1261 (map created with www.aquarius.geomar.de).
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progressive burial, the more labile forms of phosphorus (P
bound to organic matter and iron oxides) may be partially
or completely transformed into authigenic apatite (“‘sink
switching”), which serves as the major phosphate carrier
following early diagenetic transformations; (2) under oxy-
gen-deficient conditions, P released during reductive disso-
lution of iron (oxyhydr)oxides and/or selective organic
matter mineralization may diffuse into the overlying water
column. Under such conditions, preferential regeneration
of P from organic matter (relative to organic C) may further
enhance oceanic productivity, and result in high sedimen-
tary C:P ratios (>106:1; Ingall and Jahnke, 1997; Algeo
and Ingall, 2007).

In order to further evaluate these processes, and their
significance in terms of responses and feedbacks associated
with short-term changes in ocean redox, high-resolution,
multi-proxy geochemical records are required through key
stratigraphic intervals. The Coniacian—Santonian OAE3
sediments recovered at ODP Site 1261 afford an ideal
opportunity for such a detailed approach, as the section
consists of a continuously laminated (and thus physically
undisturbed) black shale interval (Erbacher et al., 2004).
The cyclic CaCOj; record for nannofossil biozone CCl14
(Fig. 2) shows spectral peaks at the eccentricity bands, how-
ever, little response is observed at the precessional band
(Flogel et al., in press).

Here, we combine high-resolution geochemical records
of carbonate, TOC, S and Fe speciation and the redox-sen-
sitive/sulfide-forming trace metals Cd, Mo, V and Zn in or-
der to evaluate the precise nature of short-term fluctuations
in deep ocean redox across the chosen section. Our high-
resolution work on Fe-S-C and trace metal systematics
builds upon the more general redox evaluation of the whole
black shale section from ODP Sites 1257-1261, as reported
by Bottcher et al. (2006). We attempt to refine their find-
ings, which indicated generally sulfidic bottom waters
throughout Cretaceous black shale deposition at Site 1261
(Bottcher et al., 2006). In addition, we particularly focus
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on the record of bulk sedimentary P and its speciation, in
order to provide insight into the nature of P cycling during
black shale formation.

2. MATERIALS AND METHODS

A core interval of ~120 cm thickness (570.2-571.4 me-
ters composite depth, mcd; nannofossil biozone CC14),
recovered during ODP Leg 207 at Site 1261, was sampled
in continuous 1cm resolution. Details on core recovery
and previous investigations are reported in the Initial Re-
ports and Scientific Results (Erbacher et al., 2004; Mosher
et al., 2007). Age determination was based on a revised nan-
nofossil stratigraphy (Flogel et al., in press) for the time-
scale published in the ODP Leg 207 Initial Reports
(Erbacher et al., 2004). Based on biostratigraphy, sedimen-
tation rates show little variability across the studied section
with values of 4.5 mm/ka in biozone CC14, however, minor
and rapid changes in sedimentation rate might not be rec-
ognized in the age model.

The core interval consists of finely laminated black clay-
stone, rare fecal pellets and some possible fish debris (Erb-
acher et al.,, 2004). Detailed high-resolution composite
photographs of the core (Fig. 2) provide support for preser-
vation of primary laminations across the section. Splits of
the samples were frozen, freeze-dried and ground. Carbon
concentrations were analyzed with a Leco CS 200. Carbon-
ate C was determined as the difference between total C and
organic C (determined on samples pre-treated with 12.5%
HCI). Several standards with C contents of 0.5-12% were
applied to maintain accuracy within a range of 3%.

Aliquots of ~50 mg of each sample were subjected to a
microwave total digestion procedure, completely dissolving
the sediment in a mixture of suprapure HF, HCI, and
HNO; at a temperature of ~210 °C within pressure-tight
teflon cups. Contents of major and minor elements (Al
Fe, P, S, Cd, Mo, V, Zn) were measured by Inductively
Coupled Plasma Optical Emission Spectrometry (ICP-
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Fig. 2. Sedimentary contents of carbonate, Al, TOC and S (wt%); Al (carbonate-free basis), TOC/Al and S/Al plotted versus core depth
(meters composite depth, mcd) of the investigated core interval from ODP Site 1261, with continuous sample resolution of 1 cm. Shaded
intervals mark postulated intervals of anoxic non-sulfidic conditions. Arrow at X-axis of S/Al plot marks respective value for average shale

(after Turekian and Wedepohl, 1961).
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OES, Perkin-Elmer Optima 3300RL), equipped with a
cross-flow nebulizer for major, and with an ultra-sonic neb-
ulizer for minor element measurements (Schulz, 2004).
Standard reference materials (USGS standard MAG-1,
internal lab standards MAX and CAMAX) were run paral-
lel to the samples. Element concentrations were within cer-
tified ranges, and relative standard deviations were <3% for
all elements except for Cd, which was within 5%. We dis-
play our total element data normalized to aluminum, a pro-
cedure applied to correct for dilution by variable biogenic
and/or authigenic contributions, in particular carbonate.
Relative enrichment factors (EFs; see reviews by Brumsack,
2006; Tribovillard et al., 2006) were also used to quantify
trace metal contents relative to average shale values re-
ported by Turekian and Wedepohl (1961).

A sequential phosphate extraction procedure (a slightly
modified version of SEDEX; Ruttenberg, 1992; Schenau
et al., 2000; Schenau and De Lange, 2000) was applied to
selected P-rich samples (core interval 570.56-570.64 mcd),
to differentiate between the various operationally-defined
phosphorus-bearing phases described in Table 1. Phospho-
rus was measured photometrically (partly automatically
with Skalar Autoanalyser SA 6250, partly manually with
Perkin-Elmer UV/VIS Spectrophotometer 550SE), with
the exception of the second extraction step, where P was
measured via ICP-OES (Perkin—Elmer Optima 3300RL).
The total recovery of the sequential extraction, calculated
as the sum of P extracted from all five steps relative to bulk
P, was >85% for all samples.

The speciation of iron was determined following the
sequential extraction procedure of Poulton and Canfield
(2005) and the Fe sulfide extraction procedure of Canfield
et al. (1986). Together, these techniques allow the recogni-
tion of seven operationally-defined Fe fractions, listed in
Table 2. Iron in the sequential extraction solutions was
measured by Atomic Absorption Spectrometry (AAS),
and for sulfide phases was determined stoichiometrically
following precipitation of the liberated sulfide as Ag,S.
Replicate extractions indicate a reproducibility of >95%
for all stages. Note that the sulfide extraction procedure
of Canfield et al. (1986) does not include any contribution
from organic S. However, the Canfield et al. (1986) proce-
dure does extract sulfide from metal sulfides other than
Fe, but these are generally regarded as negligible relative

Table 1

C. Mirz et al./ Geochimica et Cosmochimica Acta 72 (2008) 3703-3717

to Fe sulfides (e.g. Bottcher et al., 2006). In our samples,
if we assume all Zn and Cd to be present as sulfides (most
probably an over-estimation), this would represent an aver-
age of 2% of the total S pool. Thus, although trace metal
sulfides are important, their contributions do not have a
significant impact on our quantification of Fe present as
sulfides.

The phases dissolved during the first three sequential Fe
steps react with dissolved sulfide on early diagenetic time-
scales (within months to few years), and are thus considered
to be highly reactive towards dissolved sulfide (Canfield
et al., 1992; Poulton et al., 2004a). Therefore, when any
Fe that has been converted to sulfide phases either in the
water column or during diagenesis is also considered, a
highly reactive Fe pool (FeHR; Raiswell and Canfield,
1998; Poulton and Raiswell, 2002) is defined (FeHR =
Fecarp + Feox  + Fepge + Feays + Fep,y). By contrast, Fe
released by Step I-d (boiling HCI) is only reactive towards
dissolved sulfide on timescales of 10°-10° years (Raiswell
and Canfield, 1996) and thus defines a poorly reactive Fe
pool (FePR). Finally, residual silicate Fe (FeU) is essen-
tially unreactive towards dissolved sulfide (FeU = Fe o —
(FeHR + FePR)).

3. RESULTS
3.1. Carbonate, Al, TOC and sulfur

Carbonate is quantitatively the most significant sedi-
ment component over most of the investigated interval,
with a mean content of ~59 wt% (Fig. 2). However, the re-
cord is highly variable, exhibiting ““background” values of
55-75 wt% (90 samples), which are punctuated at regular
intervals by samples with only 20-55 wt% carbonate (26
samples: grey bars in Fig. 2). Results of frequency analysis
identify these breaks in the carbonate record as most prob-
ably documenting a ~100 kyr cyclicity (Flogel et al., in
press). In the core, these lower carbonate layers can readily
be recognized by their darker sediment colour, due to weak-
er dilution of the sediment by paler carbonate particles.

Aluminum contents rage from around 1.5-4 wt%, and
exhibit a clear anti-correlation with the carbonate record
(Fig. 2). When calculated on a carbonate-free basis
(CFB), it is evident that the variability of the Al record is

Different steps of the applied sequential phosphate extraction, the respective extraction solutions and extracted fractions of phosphate

Step Reagents

P component extracted

I 25ml 2 M NH4CI (pH 7, shake for 4 h), repetition up to 20x

11 25 ml Na-dithionite solution, citrate-buffered (pH 7.5, shake for
8 h); wash with 25 ml 2 M NH4CI (shake for 2 h); wash with 25 ml
dem. water (shake for 2 h)

III  25ml 1 M Na-acetate solution (pHy, for 6 h); wash with 25 ml 2 M
NH,CI (shake for 2 h); wash with 25 ml dem. water (shake for 2 h)

IV 25ml 1 M HCI (shake for 24 h); wash with 25 ml dem. water
(shake for 2 h) after ignition at 550 °C

v 25ml 1 M HCI (shake for 24 h)

Pyar: pore water phosphate, amorphous Ca-rich apatite precursor
mineral, phosphate loosely sorbed to carbonates and clay
minerals, fish bones (=biogenic hydroxyapatite)

Piron: phosphate bound to iron (oxyhydr)oxides, including
secondarily oxidized Fe(II)-phophates as vivianite

P,um: authigenic apatite (CFA, francolite)
Pgeq: detrital apatite

P,,,: phosphate bound to organic matter
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Table 2

Different steps of the applied sequential iron extraction, the respective extraction solutions and extracted fractions of iron

Step Reagents Fe component extracted

I-a 10 ml 1 M Na-acetate solution (pH 4.5, for 24 h in water bath at 50 °C) Fecarn: iron bound to carbonate, including
siderite, ankerite

I-b 10 ml Na-dithionite solution, citrate-buffered (CDB; pH 4.8, shake for 2 h) Feox: iron bound as (oxyhydr)oxides
(e.g. goethite, hematite)

I-c 10 ml Ammonium oxalate solution (pH 3.2; shake for 2 h) Fepag: iron bound as magnetite

Id 5ml 12 N HCI (boiling for 1 min) FePR: iron bound to sheet silicates

11 5 ml conc. HNO3, ~10 ml conc. HF (boiling and evaporating at Feorar: total iron, including silicates

120-150 °C to dryness), redissolution with 5 ml 18% HCI
III-a 8 ml 18% HCI (boiling for 45 min; HS driven out by bubbling with N, Feavs: iron bound as acid-volatile

precipitated in AgNOj; trap)

I1I-b ~15 ml CrCl, solution (boiling for 60 min; HS™ driven out by

bubbling with N, precipitated in AgNOjs trap)

sulfur AVS (e.g. greigite, pyrrothite)
Fep,: iron bound as chromium(II)-
reducible sulfur CRS (pyrite)

merely an effect of variable carbonate dilution, as Al (CFB)
does not display the fluctuations seen in the uncorrected Al
record. To correct for the rather extreme variability in car-
bonate dilution, all geochemical data presented in this man-
uscript are normalized to Al.

Total organic carbon and total S contents (Fig. 2) also
exhibit variable values of ~4-12 wt% and ~1-2.5 wt%,
respectively, and are closely correlated (R® = 0.80). How-
ever, when normalised to Al, intervals with higher TOC
and total S contents have the lowest Al-ratios (grey bars).
Thus, the elevated TOC and total S contents are a result
of less dilution by carbonate. A marked cyclicity is also evi-
dent in the Al-normalised data, whereby TOC/Al and S/Al
fluctuate periodically in a sawtooth-like pattern with a peri-
odicity of 30-35 cm, resulting in four distinct cycles over the
sampled interval. The correlation coefficient between Al-
normalised TOC and S remains high (R* = 0.83). Metal sul-
fides, according to the sequential iron extraction applied,
account for only ~25% of total sedimentary S (with a range
of 15-41%), suggesting that a large fraction of the S pool is
not associated with metal sulfides and is instead most likely
associated with organic matter. Assuming all non-sulfidic S
is present within sulfurized organic matter, the S/C ratio of
this organic matter averages ~0.18 (from ~0.13 to 0.22)
and is lowest within the carbonate-poor horizons.

3.2. Redox-sensitive trace metals Cd, Mo, V and Zn

The element/Al records of Cd, Mo, V and Zn are char-
acterized by strong variability, and systematic enrichment
above respective element/Al ratios of average shale (Fig.
3, average shale ratios indicated by black arrows on the
x-axis). Element/Al ratios (ppm/%) are within a range of
~1-25 (mean of 7.2) for Cd, ~15-60 (mean of 38.5) for
Mo, ~180-730 (mean of 453) for V and ~100-950 (mean
of 333) for Zn. This gives mean EFs of 212 (up to 763)
for Cd, 130 (up to 207) for Mo, 32 (up to 47) for V, and
32 (up to 87) for Zn. Such EF values are comparable to
those reported for the Cenomanian/Turonian OAE2 black
shales from the same ODP Site (Brumsack, 2006).

The element/Al records show patterns partly similar to
TOC/Al and S/Al (i.e. lowest overall values within low-car-
bonate intervals, indicated by grey bars), and exhibit the
same periodicity as for TOC and S. However, while

Mo/Al correlates well with TOC/Al and S/Al over the
whole interval (R* = 0.79 and 0.74, respectively), the equiv-
alent correlation coefficients of Cd, V and Zn are consis-
tently <0.1. This discrepancy in element/Al patterns is
due to the contrasting asymmetrical distributions of Cd,
V and Zn compared to Mo, TOC and total S within each
cycle (Figs. 2 and 3).

3.3. Phosphorus and iron

Profiles of total P and P/Al (Fig. 4) exhibit low and
remarkably constant background concentrations, but with
sharp P peaks corresponding to the decreased Al-norma-
lised TOC, total S and trace metal data (Figs. 2 and 3, grey
bars). The P contents of these peaks are ~1.0-2.5 wt.%. In
the core, P-enriched layers contain whitish, round to ellipti-
cal concretions of up to several millimeters in diameter. We
infer these to be phosphatic concretions, as they are visible
only within the P-rich intervals. The TOC/P , ratio—ex-
pected to be between 106:1 and 117:1 in marine organic
matter according to the Redfield ratio (Redfield, 1958),
but potentially covering a wide range of values in marine
sediments (see compilation by Algeo and Ingall, 2007)—
reaches values of up to 300 in the P-poor horizons, but
approximates zero across the P peaks (Fig. 4). In terms of
P enrichment relative to average shale, the P-rich samples
are strongly enriched (EF up to 72), while the remaining
samples are rather P-depleted (EF < 1).

Results of the sequential P extraction procedure ap-
plied to one of the phosphorus peaks (Fig. 5) reveal that
in general, Py, (Step V) is negligible (0.3-1.8% of total
P). Extraction Step I yields 2-5 wt% of bulk P, attribut-
able to either adsorbed P, biogenic hydroxyapatite (i.e.
fish bones), or to an amorphous, calcium-rich precursor
of authigenic apatite (Schenau and De Lange, 2000; Sche-
nau et al., 2000). However, as the latter is regarded as
relatively unstable, we doubt its preservation in sediments
~86 Ma old and buried to several hundred meters depth.
At these depths even opal, an amorphous yet comparably
stable phase, is quantitatively recrystallized to clinoptilo-
lite (Kastner, 1980; Gingele and Schulz, 1993). The Pge
fraction (Step IV) makes up a variable, but rather small
P fraction (0.2-9.3% of total P). The overall dominant
fractions of the P pool, but with a high level of variability,
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Fig. 3. Sedimentary contents of Cd/Al (10%), Mo/Al (10%), V/AI (10% and Zn/Al (10*) plotted versus core depth (meters composite depth,
mcd) of the investigated core interval from ODP Site 1261, with continuous sample resolution of 1 cm. Shaded intervals mark postulated
intervals of anoxic non-sulfidic conditions. Arrows at X-axis mark respective values for average shale (after Turekian and Wedepohl, 1961).

Core depth (mcd)

P (mglkg) TOC/P

total

Fig. 4. Sedimentary contents of total P (g/kg); P/Al ratio, and TOC/P ., ratio. Shaded intervals mark postulated intervals of anoxic non-
sulfidic conditions. The arrow at the X-axis in P/Al marks respective value for average shale. In the TOC/Pyy, plot, the dashed line marks the
C:P ratio for average marine organic matter (106:1, Redfield ratio; Redfield, 1958).

are the Py, (23-66 wt% of total P) and P,y (16-81 wt% 0.93 (Fig. 6). The lowest FeHR/Fe,; ratios for each of the
of total P) fractions, respectively. 4 cycles investigated generally occur in association with the

Highly reactive Fe on average accounts for ~59% of to- periods of elevated P deposition. FePR/Fe, and FeU/
tal Fe, but with FeHR/Fe ,, ratios that vary from 0.42 to Feyorar ratios also show some variation (0.17-0.44 and
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The respective P-carrying phases extracted can be depicted from Table 1. The dashed line shows the bulk phosphate content of the sediment,

obtained by acid full digestion.
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Fig. 6. Sedimentary ratios of FeHR/Fe a1, FePR/Fe ota, FeU/Feoa), representing the contribution of iron fractions that are highly reactive,
poorly reactive and unreactive towards hydrogen sulfide to bulk iron. Fe-S/FeHR ratio, representing the contribution of sulfide-bound iron
to the highly reactive iron pool. Fe,, (wt%), sedimentary content of oxide-bound iron. Ratio of S5 suifide/ Stotal, the contribution of sulfur not
bound to metal sulfides to the bulk sulfur pool. Shaded intervals mark postulated intervals of anoxic non-sulfidic conditions.

0.06-0.58, respectively; Fig. 6) over the sampled interval
(likely due to variations in syngenetic FeHR inputs to the
sediment), with average values of 0.21 and 0.39, respec-
tively. Within the FeHR pool, sulfide-associated Fe (Fe—
S; i.e. Feays + Fepy) is the most significant fraction, with
Fe-S/FeHR average ratios of 0.71 (0.57-0.91; Fig. 6).
The Fe-S/FeHR data show some scatter, but pronounced
peaks occur immediately prior to each interval of P enrich-
ment, with intermediate to low Fe-S/FeHR ratios found
within the actual zones of P enrichment (Fig. 6). Fec
comprises 2.4-19.3% of the FeHR pool, while Fe,and Fe-
mag account for 7.7 to 23.1% and 0-5.0% of FeHR, respec-
tively. The Fe,,/FeHR ratio generally increases within the

P-enriched horizons, which arises due to relative enrich-
ments in Fe oxide contents over these intervals (Fig. 6).

4. DISCUSSION
4.1. Iron—sulfur systematics

Iron speciation in marine sediments has proven to be a
valuable tool for investigating redox conditions in a variety
of modern (e.g. Canfield et al., 1996; Raiswell and Canfield,
1998; Poulton and Raiswell, 2002; Anderson and Raiswell,
2004) and ancient (e.g. Raiswell et al., 2001; Shen et al.,
2002, 2003; Poulton et al., 2004b; Canfield et al., 2007)
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oceanic settings experiencing different water column redox
conditions (see review by Lyons and Severmann, 2006). A
particular strength of Fe speciation is the ability to distin-
guish between oxic, anoxic sulfidic, and anoxic non-sulfidic
water column conditions (Poulton et al., 2004b; Canfield et
al., 2007), thus allowing a detailed evaluation of the nature
of ocean redox. In brief, FeHR/Fe,ratios above 0.38
indicate anoxic bottom water conditions, where enrich-
ments in FeHR relative to total Fe occur due to the water
column formation of either pyrite in sulfidic basins, or
non-sulfidized minerals in anoxic non-sulfidic basins (Rai-
swell et al., 2001; Anderson and Raiswell, 2004). The ratio
Fe-S/FeHR can then be used to distinguish between depo-
sition in sulfidic and anoxic non-sulfidic basins, whereby
Fe-S/FeHR ratios in sulfidic basins commonly approach
0.8-0.9 (Anderson and Raiswell, 2004; Poulton et al.,
2004b; Canfield et al., 2007). These techniques are refined
from those used to define the original ‘Degree of Pyritiza-
tion’ paleoredox indicator (Raiswell et al., 1988), and pro-
vide more detail and sensitivity in relation to the precise
nature of ocean redox.

Across the entire study section, FeHR/Fe,, ratios are
consistently >0.38 (Fig. 6), indicating bottom water anoxia
thoughout. This is in agreement with molecular analyses be-
tween 570.60 and 570.68 mcd within the same core (Beck-
mann et al., in press). They show lycopane/Cs; n-alkane
ratios >1, comparable to data reported from surface sedi-
ments deposited within the Arabian Sea oxygen minimum
zone with lycopane/Cszin-alkane ratios > 0.5 (Sinninghe
Damsté et al., 2003), suggesting anoxic conditions. Such re-
dox conditions persisted over much longer time scales than
investigated in this study, as indicated by constantly en-
riched redox-sensitive trace element contents throughout
nannofossil biozones CC14 and CC15 (Flogel et al., in
press). Interpreting Fe-S/FeHR profiles to distinguish sulfi-
dic from anoxic non-sulfidic conditions is not always
straightforward, as relatively low ratios may occur even un-
der sulfidic bottom water conditions if, for example, some
Fe oxide minerals escape sulfidization during settling
through the water column. However, enrichments above
0.8 (when combined with elevated FeHR/Fey, ratios)
clearly indicate sulfidic conditions, while values around
0.7 are more equivocal, and may indicate anoxic non-sulfi-
dic conditions.

In the studied section, the Fe speciation data suggest
periods of pronounced sulfidic conditions in bottom waters,
in particular (but not solely) immediately prior to the for-
mation of the P-enriched layers, where Fe-S/FeHR ratios
tend to be relatively high (Fig. 6). Fe-S/FeHR ratios drop
markedly in the P-enriched horizons, and these intervals
correspond to somewhat elevated Fe oxide contents (Fig.
6), no longer supporting sulfidic conditions in these zones.
Rather, elevated FeHR/Fe,, combined with relatively
low Fe-S/FeHR ratios suggest that bottom waters were an-
oxic and non-sulfidic across these intervals, and the elevated
Fe oxide (and P) contents likely arose due to the water col-
umn precipitation of Fe oxides, which may have been a re-
sult of expanded oxic conditions in surface waters. The
observed coupling between Fe speciation and P cycling is
only active within relatively short-termed periods. For most

of the studied section, the coupling of Fe to S, mainly in the
form of pyrite (Fig. 6), is dominant. However, the total sul-
fide contribution to bulk sedimentary S is only in the range
of 15-35%, implying that an average of ~75% of total S is
bound to phases other than Fe-sulfides (Fig. 6). Potential
candidates are sulfurized organic matter and various sulfate
minerals (e.g. barite, gypsum). Sulfates are regarded as
metastable in the black shales of Demerara Rise, as detailed
pore water measurements (Erbacher et al., 2004) revealed
continuous pore water sulfate depletion throughout the
black shale interval, due to ongoing anaerobic oxidation
of methane at its top (Arndt et al., 2006). Additionally,
maximum estimates of barite sulfur (by assuming all bulk
Ba is present as Ba sulfate) results in a negligible average
barite contribution of ~1% of total sedimentary S. Thus,
diagenetically sulfurized organic material is likely the major
S pool, as observed for other marine black shales (e.g. Sin-
ninghe Damsté and De Leeuw, 1990; Sinninghe Damsté et
al., 1998), and in particular (in lower resolution) for the
whole Cretaceous black shale sequence at Demerara Rise
(Bottcher et al., 2006). This is supported by a close coupling
between non-iron-bound sulfur and TOC (R2 =0.73; or, if
normalized to Al, R?> = 0.79). Consistently, the S/C ratios
are mostly within the range of 0.20-0.29 (average of
0.24). These very high S/C values (Raiswell and Berner,
1986) indicate that the sedimentary system was probably
iron-limited with regard to sulfide uptake (with the proba-
ble exception of the P-enriched horizons, which have some-
what elevated unsulfidized Fe oxide contents; Fig. 6). The
marine organic matter deposited during OAE3 was highly
reactive (Arndt et al., 2006; Meyers et al., 2006) and thus
prone to effective diagenetic sulfurization, which in combi-
nation with iron limitation gives a likely explanation for the
high S/C values.

4.2. Trace metal systematics

Certain trace metals have proven to be particularly diag-
nostic for anoxic/sulfidic conditions during deposition of
organic matter-rich sediments (e.g. Calvert and Pedersen,
1993; Jones and Manning, 1994; Morford and Emerson,
1999; reviews by Algeo and Maynard, 2004; Brumsack,
2006; Tribovillard et al., 2006). In sediments deposited un-
der such extreme conditions, redox-sensitive trace metals
may be strongly enriched (by factors of >100) in compari-
son to average marine shale. The elements Cd, Mo, V
and Zn are regarded as particularly reliable recorders of
oxygen-deficient to sulfidic depositional conditions (e.g.
Morford and Emerson, 1999; Nameroff et al., 2004; Brum-
sack, 2006; Tribovillard et al., 2006).

Cadmium and zinc exist as free cations (Cd2+ and Zn>",
or CdCI" and ZnC1+) under oxic conditions, and are
mainly bound as sulfides (CdS and ZnS) in sediments
deposited under sulfidic conditions. It is noteworthy, how-
ever, that these elements are not strongly incorporated into
pyrite, but form discrete sulfide minerals (Huerta-Diaz and
Morse, 1992). In addition, Morse and Luther (1999) found
that the formation of CdS and ZnS is faster than, and thus
occurs prior to, pyrite formation. Our results agree with
these observations, as the correlations of Cd and Zn with
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pyrite-Fe are poor. The fact that CdS and ZnS form prior
to pyrite in the presence of free sulfide provides an explana-
tion for the distinct Cd and Zn peaks directly above their
minima (Fig. 3). We suggest that periods of anoxic non-sul-
fidic bottom water conditions during deposition of the P-
rich intervals resulted in a relatively low drawdown of Cd
and Zn as sulfides. Subsequently, peaks in Fe-S/FeHR
shortly after each P-rich horizon (Fig. 6) suggest that bot-
tom waters again turned sulfidic. This shift in ocean redox
resulted in the rapid and extensive removal of Cd and Zn
from the water column (in the form of sulfides), leading
to the observed sharp peaks (Fig. 3). A gradual upcore de-
crease in Cd and Zn is observed above each corresponding
maximum (Fig. 3). However, this does not necessarily sug-
gest a return to non-sulfidic conditions, as total S, TOC and
Mo contents are consistently rising through these zones and
are punctuated by periods of elevated Fe-S/FeHR ratios, at
least implying sulfidic intervals, if not persistent sulfidic
conditions, between the P-enriched horizons (Fig. 6). We
suggest that the seawater pool of Cd and Zn was gradually
consumed under sulfidic conditions (and it is also likely that
FeHR was periodically limited, at least in terms of the most
reactive Fe oxides, possibly leading to the variable Fe-S/
FeHR ratios), resulting in the subsequent rise of dissolved
sulfide in the lower water column and stimulating early sul-
furization of labile organic matter and the subsequent scav-
enging of Mo complexes.

Molybdenum displays much stronger enrichment under
sulfidic than anoxic conditions (e.g. Algeo and Maynard,
2004; Algeo and Lyons, 2006). It has been suggested (Helz
et al., 1996; Zheng et al., 2000; Adelson et al., 2001; Tribo-
villard et al., 2004) that, beyond a certain H,S concentra-
tion threshold (activity of free hydrogen sulfide ays =
10736 — 107*3 after Helz et al., 1996; ~11 pmol/l H,S after
Zheng et al., 2000), molybdenum is transformed to particle-
reactive thiomolybdate (“thiomolybdate switch™), allowing
subsequent removal from solution via metal sulfides and or-
ganic matter. Thus, under sulfidic conditions, sorption of
Mo to sinking matter and transport to the sediment surface
is expected to be much more effective than under anoxic
conditions, resulting in higher enrichments. Tribovillard et
al. (2004) found that Mo was exceptionally enriched in var-
ious anoxic sediments due to incorporation into sulfurized
organic matter, but there was little correlation with pyrite
abundance. A strong co-variation between the records of
TOC and Mo was also found by Wilde et al. (2004) in
the Cariaco Basin. Based on the data set presented here,
Mo capture with sulfurized organic matter seems to be
more important than Mo incorporation into pyrite. This
finding is noteworthy as in other studies on anoxic sedi-
ments, pyrite has been reported as the dominant Mo carrier
(e.g. Huerta-Diaz and Morse, 1992; Helz et al., 1996; Bo-
stick et al., 2003). The affinity of Mo for organic matter
in OAE3 sediments at Demerara Rise results from a con-
stantly limited input of sulfide-reactive iron, leading to peri-
odically high export of sulfurized organic matter to the sea
floor. In our study, the data suggest that the deep ocean
gradually became limited with respect to the most readily
sulfide-forming metals (Cd, Zn) and the most highly reac-
tive iron (oxyhydr)oxides (e.g. minerals such as ferrihydrite

relative to hematite; see Canfield et al., 1992; Poulton et al.,
2004a). This process reduced rates of sulfide consumption
by metal sulfide formation sufficiently to promote organic
matter sulfurization and associated thiomolybdate forma-
tion and scavenging. The observed gradual upcore increases
in Mo/Al between each P-rich peak (Fig. 3), and the robust
relationships between Mo/Al and TOC/Al (Figs. 2 and 3;
R?=10.79), and Mo/Al and non-sulfide S/Al (not shown
here; R? = 0.71), support this mechanism of dynamic trace
metal removal.

Although vanadium is not included in the systematic
studies of Huerta-Diaz and Morse (1992) and Morse and
Luther (1999), based on the similarity of its profile to those
of Cd and Zn in our sample set (Fig. 3), it seems likely that
a similar mechanism of V enrichment occurs. The fact that
the V peak is not as sharp, and declines more slowly than
Cd and Zn, could be explained by (1) the incorporation
of some V into another sedimentary fraction (e.g. by forma-
tion of organometallic ligands, or incorporation into geo-
porphyrins; Breit and Wanty, 1991; Morford and
Emerson, 1999), or (2) the higher concentration of V in
sea water (comparable to modern sea water values, where
V=215pg/l, Zn=0.32 pg/l, Cd=0.076 pg/l; Whitfield
and Turner, 1987), and thus slower consumption by any re-
moval mechanism, relative to Cd and Zn.

The consistent variations in all proxy parameters clearly
suggest rapid changes in bottom water redox conditions.
Even in the intervals with lowest trace metal, TOC and sul-
fur contents, however, the Al-normalised enrichment fac-
tors of Cd, Mo, V and Zn are still (strongly) elevated
over average shale. This, in combination with FeHR/Fe a1
ratios (Fig. 6) and a continuous lamination, supports con-
tinued anoxia. Neither are there ““classical” indications for
oxygen “burndown” events (as reported from Mediterra-
nean sapropels; Thomson et al., 1995; Van Santvoort et
al., 1996), suggesting re-oxygenation events. We would ex-
pect that the effects of such “burndowns” should be visible
in the organic matter- and/or sulfide-associated trace metals
Cd, Mo, V, Zn, which are removed from the diagenetically
oxidized zone due to organic matter remineralization and
sulfide re-oxidation, and re-precipitate in a typical second-
ary redox succession deeper in the sediment (e.g. Wilson
et al., 1985; Thomson et al., 1993). As this is not the case,
the geochemical records give no indication of bottom water
oxygenation at any time over the sampled interval. It re-
mains possible, however, that the redox system fluctuated
on time scales much lower than resolved by this study.
Thus, redox transformations were maybe even more dy-
namic than indicated by our data, and in fact the variations
observed in the Fe-S/FeHR ratios (Fig. 6) for each anoxic
interval might imply very rapid transformations between
euxinic and non-euxinic conditions. Furthermore, there
may have been periods where bottom water conditions were
even suboxic to oxic, but they were too short-lived to be re-
flected in the geochemical record (Algeo and Ingall, 2007).

4.3. Fe and P cycling

Under oxygen-free conditions, the oceanic and sedi-
mentary coupling of Fe and P is believed to be of minor
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importance, as iron (oxyhydr)oxides are rapidly reduced
and dissolved, releasing adsorbed phosphate to solution.
Furthermore, the regeneration of organic-bound P is
also believed to be more efficient in anoxic relative to
oxic sediments (e.g. Ingall et al., 1993; Ingall and Jah-
nke, 1997; Anderson et al., 2001; Filippelli, 2001; Slomp
et al.,, 2004; Slomp and Van Cappellen, 2007). This ex-
plains the P depletion relative to average shale through-
out most of the investigated interval (Fig. 4), as
phosphate was effectively recycled from organic matter
and Fe oxides, and delivered back to the water column.
Through upwelling of deep water into the photic zone,
this dissolved phosphate may then have been used to
maintain high surface productivity and elevated TOC ex-
port to the sediment, thus stabilizing sulfidic conditions
at the sediment surface. However, the studied section
documents periods when this positive anoxia-productivity
feedback loop was interrupted and P was retained, or
even enriched, in the sediment.

The sequential P extractions (Table 1) give detailed
information about the dominant P-carrying phases within
the P peak investigated, providing further insight into the
sources and sinks of sedimentary phosphate. Overall, we
found the extracted fractions from Steps II and III, which
is iron-bound P and authigenic apatite, to be dominant over
the investigated P peak. The other extraction steps together
yielded <15% of total P and are thus only of minor
importance.

The high contents of authigenic apatite (P,,,; extrac-
tion Step III) in the P-rich samples are not surprising, as
the transfer of P from more labile P-carrying phases (or-
ganic matter, Fe (oxyhydr)oxides, hydroxyapatite) into
this mineral, makes authigenic apatite the dominant and
ultimate oceanic P sink with increasing sediment age
and burial depth (e.g. Delaney, 1998; Anderson et al.,
2001; Slomp and Van Cappellen, 2007). Following this
“sink switching” mechanism, the preservation of a large
fraction of P still bound to Fe (oxyhydr)oxides is unex-
pected in OAE3 black shales ~86 Ma old and buried
more than 500 m below the sea floor. We suggest that
during times of sulfidic bottom waters, scavenging and
removal of phosphate by adsorption to iron oxides was
inhibited by their rapid syn- or diagenetic transformation
to Fe sulfides, and a large pool of dissolved phosphate
was able to build up in the deep ocean. As discussed
above, however, the redox conditions in the basin repet-
itively changed from sulfidic to anoxic non-sulfidic. Un-
der these conditions, syngenetic Fe (oxyhydr)oxide
precipitation at the chemocline resulted in P removal in
the water column, and subsequent deposition at the sea
floor. The freshly formed Fe minerals are characterized
by a high surface area (e.g. Slomp et al., 1996) and high
reactivity (e.g. Feely et al., 1990; Poulton and Canfield,
2006) and are thus regarded as particularly effective in
scavenging phosphate (by adsorption and/or co-precipita-
tion) from the water column. During diagenesis, some P
was released and subsequently formed apatite during lim-
ited sulfidation of Fe (oxyhydr)oxides, while some Fe
(oxyhydr)oxides escaped sulfidation and retained ad-
sorbed/co-precipitated phosphate.

4.4. Paleoenvironmental implications

Events of massive P deposition, as periodically evident
in the studied core interval, could have been triggered by
any process that decreases sulfide concentrations in the
water column. In the case of the Cretaceous Demerara Rise,
we regard repetitive periods of enhanced circulation and
admixture of water masses, in an otherwise stratified and
semi-restricted Proto-North Atlantic with limited vertical
water exchange, as the most probable explanation for the
observed geochemical records. A similar conclusion was
drawn by Friedrich and Erbacher (2006), based on benthic
foraminiferal assemblages at ODP Sites 1257 and 1259.
They argue that during nannofossil biozone CC15, a fluctu-
ation of the oxygen minimum zone at the more shallow
parts of Demerara Rise occurred, due to establishment of
a shallow-water connection to the South Atlantic via the
Equatorial Atlantic Gateway (Wagner and Pletsch, 1999).
During CC17, the first deep-water connection was estab-
lished via this gateway, leading to sea floor ventilation at
Site 1259 (Friedrich and Erbacher, 2006) and successively
terminating the semi-restricted nature of the Proto-North
Atlantic. We assume that similar, though relatively shallow,
intrusions of well-oxygenated water from the South Atlan-
tic were responsible for a periodical admixing and oxygen-
ation of the shallow to intermediate water masses (but not
bottom waters) at Site 1261 as early as CC14. Such intru-
sions of oxygenated water masses would have two com-
bined effects on the ocean-sediment system: better
admixing of nutrients regenerated from the sediment into
the zone of primary productivity, and downward shifting
of the oxic—-anoxic chemocline to greater water depths. As
a result, the observed P-Fe coupling could have become
active.

The reason for the termination of sulfidic conditions re-
mains unclear. Factors affecting the rate of sulfide produc-
tion via microbial sulfate reduction include the amount of
organic matter delivered to, and remineralized at, the sea
floor; the availability and replenishment of oxygen at the
sea floor; and the availability of sulfate. Decreasing organic
matter export is often associated with lower primary pro-
ductivity in the photic zone, probably caused by decreased
nutrient availability. We indeed find a decrease in TOC/Al
within the anoxic, non-sulfidic parts of the studied core
interval. This may document a more efficient organic matter
degradation, but also decreased organic matter fluxes to the
sea floor.

The amount of oxygen in the shallow and intermediate
water column, governed by the penetration depth of oxy-
genated water, sets an upper boundary to deeper-water sul-
fidic conditions, as sulfide is oxidized and cannot rise into
0,-containing waters. In modern anoxic basins as the Black
Sea, sulfide is even oxidized below oxic surface waters, e.g.
by nitrate within the so-called suboxic zone, a layer of more
than 20 m thickness between upper (oxic) and lower (sulfi-
dic) water masses (e.g. Murray et al., 1989; Konovalov et
al., 2005). In addition, within an oxic water column, organ-
ic matter is more effectively remineralized than under sulfi-
dic conditions, leading to lower amounts of reactive organic
material reaching the sea floor, less material suitable for
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sulfate reduction, and subsequently a lower production of
hydrogen sulfide.

Another explanation for the disappearance of sulfidic
deeper water masses could be a significant drawdown of
sea water sulfate, regarded as nearly unlimited in the mod-
ern ocean. However, given very high rates of TOC delivery
to the sea floor, sulfidic bottom water conditons over time
intervals of thousands of years, a still rather restricted
Equatorial Atlantic Gateway in the Late Cretaceous (Wag-
ner and Pletsch, 1999; Friedrich and Erbacher, 2006), and
lower sulfate concentrations in the Cretaceous oceans rela-
tive to today (Hardie, 1996; Horita et al., 2002; Paytan et
al.,, 2004; Wortmann and Chernyavsky, 2007), the con-
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sumption of sea water sulfate by microbial reduction may
have exceeded its supply via continental erosion. We note
that each of the observed P peaks (Fig. 4) are preceeded
by significant peaks in Fe-S/FeHR (although Fe-S/FeHR
peaks are not restricted to these horizons; Fig. 6), suggest-
ing that increased drawdown of sulfide at these times may
well have had an impact on S availability and hence the ob-
served transition to anoxic, non-sulfidic conditions.

5. CONCLUSIONS

The high-resolution geochemical records from OAE3 at
ODP Site 1261 provide evidence for persistent bottom
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Fig. 7. Simplified representation of biogeochemical element cycling in a sulfidic to anoxic, non-sulfidic deep ocean. (A) Sulfidic mode: Shallow
oxic—anoxic interface (OAI); high primary production and organic matter (OM) export to the sea floor; sulfidic bottom and intermediate
waters; syngenetic pyrite formation; settling OM scavenges particle-reactive thiomolybdates; strong phosphate regeneration from the
sediment; diagenetic sulfurization of OM in the sediment by excess HS™ production; Ni and V incorporation into geoporphyrins. (B) Anoxic,
nonsulfidic mode: Deepening of the OAI, reduced primary production; reduced OM export to the sea floor; reduced HS™ production
restricting sulfidic conditions and pyrite formation to the sediment; syngenetic formation of Fe (oxyhydr)oxide particles at the OAI;
phosphate scavenging by and/or co-precipitation with these particles, creating a Fe-P coupling and enhanced P burial. (C) Weakly sulfidic
mode: Rising OAI; elevated primary production; elevated OM export to the sea floor; enhanced HS™ production in the sediment; evolving
weakly sulfidic conditions in the bottom waters; rapid precipitation of Cd and Zn sulfides and V hydroxides under low HS™ concentrations;

(local?) drawdown of Cd, V and Zn bottom water concentrations.
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water anoxia. However, abrupt and cyclic changes occurred
between sulfidic and anoxic non-sulfidic bottom water con-
ditions. Defining the anoxic, non-sulfidic state as the start-
ing point of one redox cycle, redox conditions may have
progressively changed as follows: anoxic, non-sulfidic
bottom waters rich in dissolved P and Fe were underlying
a relatively expanded oxygenated water mass. At the an-
oxic-oxic chemocline, phosphate adsorption to, and/or
co-precipitation with, freshly precipitated Fe (oxy-
hyr)oxides created a close Fe-P coupling. Upon sinking,
the P-rich iron (oxyhydr)oxide particles were deposited at
the sea floor and partly preserved. During these anoxic,
non-sulfidic conditions, rates of metal (Cd, Fe, V, Zn) sul-
fide formation and organic matter sulfurization were at a
relative minimum, but “background” contents of trace met-
als, FeHR, TOC and S remained high relative to average
shale. Assuming a linear sedimentation rate (Flogel et al.,
in press), the duration of the anoxic, non-sulfidic mode is
estimated as ~15-25 ka. With increasing TOC deposition
and subsequent higher rates of sulfate reduction, bottom
waters then became progressively sulfidic, leading to rapid
precipitation of Cd, V and Zn sulfides, documented by dis-
tinct peaks in these elements. As the relatively limited sea
water pool of these trace metals became depleted by sulfide
formation, extensive sulfurization of organic matter took
over as the main sulfide removal process. This sulfurized or-
ganic material then served as a major carrier of Mo (in form
of thiomolybdates), which was subsequently enriched and,
together with S and organic matter, progressively accumu-
lated on the sea floor. This redox scenario lasted for ~90-
100 ka, before anoxic, non-sulfidic bottom waters re-devel-
oped, completing one ~120 ka redox cycle. Fig. 7 gives a
schematic illustration of the most important biogeochemi-
cal processes that occurred in the water column and sedi-
ment during the three defined redox phases. The reasons
for the termination of sulfidic bottom water conditions at
Demerara Rise, with respect to its paleogeographic location
~86 Ma B.P., may have been a repetitive input of well-oxy-
genated water masses from the South Atlantic. This could
activate the Fe-P coupling, remove phosphate from the
upper water column and drawing down primary produc-
tion, TOC export to the sea floor and, thus, sulfide produc-
tion. Alternatively, extensive and persistent sulfate
reduction in the semi-restricted Proto-Atlantic could have
led to sulfate depletion, thereby removing the ultimate sul-
fur source for sulfide formation.
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