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Abstract Large amounts of 13C-depleted carbon were released to the oceans and atmosphere during a
period of abrupt global warming at the Paleocene-Eocene thermal maximum (PETM) (�55 Ma). Investiga-
tions of qualitative sedimentologic and paleontologic redox proxies such as bioturbation and benthic
assemblages from pelagic and hemipelagic sections suggest transient reductions in bottom water oxygen
during this interval, possibly on a global scale. Here, we present bulk sediment manganese (Mn) and ura-
nium (U) enrichment factors (EF) in Atlantic and Pacific deep-sea cores to constrain relative paleoredox
changes across the PETM. Mn EF range from 1 to 9 in Atlantic sites, 1 to 35 in Southern Ocean sites, and are
at crustal averages (EF 5 1) in Pacific sites. U EF range from 1 to 5 in Atlantic sites, 1 to 90 in Southern Ocean
sites, and are at crustal averages in Pacific sites. Our results indicate suboxic conditions prior to, during, and
in the recovery from the PETM at intermediate depth sites in the Atlantic and Southern Ocean while the
Pacific sites remained relatively oxygenated. The difference in oxygenation between the Atlantic and Pacific
sites leads us to suggest the source for isotopically light carbon release during the PETM was in the Atlantic.

1. Introduction

The Paleocene-Eocene thermal maximum (PETM) is characterized by extreme warming coupled with a
major perturbation to the global carbon cycle. The ocean’s surface temperature increased by 5–7�C, in less
than 20 kyr [Sluijs et al., 2006; Zachos et al., 2003]. This event was the first and largest of a series of hyper-
thermal events in the early Eocene, identified by sharp negative d13C excursions [Lourens et al., 2005; Stap
et al., 2009; Zachos et al., 2010]. Several mechanisms have been posited to explain the globally synchronous
�3& negative carbon isotope excursion (CIE) and implied carbon release: the rapid dissociation of methane
release from gas hydrates [Dickens, 2000, 2011], volcanic release of CH4 and CO2 in the North Atlantic [Sven-
sen et al., 2004], and various terrestrial sources of carbon [DeConto et al., 2012; Higgins and Schrag, 2006;
Kurtz et al., 2003; Pancost et al., 2007].

The posited release of a large mass of reduced carbon, such as methane, directly into the ocean
coupled with rapid or even slow warming of the upper ocean could alter processes critical to maintain-
ing the dissolved oxygen content of the deep sea. This includes changes in the rate and style of meridi-
onal overturning circulation (MOC), which would be highly sensitive to high-latitude warming [Lunt
et al., 2010]. Indeed, multiple indicators or proxies of bottom water redox conditions and model studies
suggest shifts toward lower redox state of bottom waters in multiple locations throughout the oceans
[Dickson et al., 2012; Nicolo et al., 2010; Winguth et al., 2012]. For example, benthic foraminifer assemb-
lages show reduction in the abundance of species that were intolerant of suboxic conditions [Thomas,
2007]. Documenting the temporal and spatial patterns of redox change during the PETM is thus critical
to testing models for the origin of the event, as well as for assessing the sensitivity of ocean overturning
to rapid warming in general.

Previous studies have either used dissolution patterns of seafloor calcium carbonate (CaCO3) records along
with sediment models to evaluate the pattern and location of carbon release through the ocean basins
[Panchuk et al., 2008; Zeebe and Zachos, 2007] or benthic foraminifera carbon isotope records [Nunes and
Norris, 2006]. We previously documented changes in the distribution of redox-sensitive trace metals in a
depth transect of Paleocene-Eocene Boundary (PEB) sections from Walvis Ridge, in the south Atlantic,
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finding evidence of a transient shift toward suboxic conditions [Chun et al., 2010]. Our current study broad-
ens the spatial patterns of change in the same redox-sensitive trace metals, specifically Mn and U. One
objective is to use these patterns to assess the methane dissociation hypothesis. If CH4 is oxidized in the
oceans as posited, this should produce a pattern of oxygen deficiency in the deep oceans that is partly
determined by the flow of carbon and ocean circulation [Dickens, 2000, 2003]. We use our proxies for bot-
tom water redox as one test of the methane hydrate hypothesis. While alternate sources of carbon release
to the ocean and atmosphere produce similar d13C and ocean temperature records, warming alone is insuf-
ficient for major changes in dissolved oxygen [Dickens, 2000].

In the modern ocean, dissolved inorganic carbon (DIC) and bottom water oxygen are influenced in opposite
ways along the path of deepwater circulation. The youngest deep waters are oxygen rich and DIC poor.
Along the pathway of deep-ocean circulation, oxygen concentrations decrease as organic matter oxidation
occurs, increasing DIC concentrations. The increase in DIC results in deep waters that are more corrosive to
CaCO3. Depletion of bottom water oxygen should be most pronounced in the reservoir where methane oxi-
dation occurred [Dickens, 2000]. Methane oxidation in the water column will also cause DIC values to
increase, causing deep waters to appear temporarily older.

In this study, we test the theory that thermal dissociation of marine gas hydrates contributed to rapid cli-
mate change at the PETM. We also aim to determine the geographic location of this gas hydrate reservoir.
Our results are from a wide distribution of sites: two in the North Atlantic, two from the Southern Ocean,
and two from the Pacific Ocean (Figure 1 and Table 1). Redox-sensitive trace metal enrichment factors are
measured to infer the paleoredox conditions at time of sediment burial. We compare our results to other
proxies of bottom water carbon chemistry and oxygenation across the PETM.

2. Background

2.1. Proxies
Trace element enrichment factors of manganese (Mn) and uranium (U) are used to characterize the paleoredox
environment of the host sediments at or near the time of burial [Calvert and Pedersen, 1993]. Because of the
complementary redox sensitivity of Mn and U in their solid and dissolved states, we use bulk trace element
ratios to determine the position of the oxic/suboxic boundary [Mangini et al., 2001]. However, early diagenesis of
subsurface sediments has the potential to remobilize primary redox signals [Froelich et al., 1979; Tribovillard et al.,
2006]. We use modern day redox state to assess the likelihood of postdepositional diagenesis.

In general, Mn enrichments relative to crustal abundances represent Mn oxides (MnO2) indicating well-
oxygenated conditions [Calvert and Pedersen, 1993]. However, Mn enrichments may also represent
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Figure 1. Plate tectonic reconstruction for 55 Ma showing the location of the study sites. This map was generated by the Ocean Drilling
Stratigraphic Network (http://www.odsn.de/).
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authigenic Mn carbonates (MnCO3) that precipitate within suboxic pore waters [Boyle, 1983; Gingele and
Kasten, 1994; Pedersen and Price, 1982]. We use a reductive cleaning procedure to operationally differentiate
between MnO2 (oxic environment) and MnCO3 (suboxic environment) [Boyle, 1983]. In conjunction with Mn
EF, U enrichments above crustal averages represent uraninite (UO2), reflecting suboxic conditions [Calvert
and Pedersen, 1993; Morford and Emerson, 1999]. Although these proxies have not been directly calibrated
to oxygen concentrations, they can still provide useful information about the qualitative redox conditions
with time and among sites (see Chun et al. [2010] for more details).

2.2. Site Selection
This study expands on our previous work in the South Atlantic to include sites from the North Atlantic,
Southern Ocean, and Pacific Ocean. We selected six Deep Sea Drilling Program (DSDP) and Ocean Drilling
Program (ODP) sites where the PETM has been identified (Figure 1 and Table 1). The sites range in paleo-
water depth from �1350 m on Kerguelen Plateau to �3300 m in the Equatorial Pacific, thus providing con-
straints on intermediate to deepwater characteristics. Burial depths of late Paleocene age samples from
these sites range from �150 meters below seafloor (mbsf) to �280 mbsf, sufficiently deep that convective
flow through the sediments with oceanic crust has ceased [McDuff, 1981].

2.3. Age Model
Orbitally tuned age models exist for the PETM sections at ODP Sites 690 and 1263 [R€ohl et al., 2000, 2007].
These age models are based on the identification of precession and eccentricity cycles in sediment lithol-
ogy, Fe, and Ca; and they assign ages relative to the PETM to inflection points in the bulk calcite d13C. We
adopted the published tie points by Kaiho et al. [2006] for Site 1209 and by Paytan et al. [2007] for Site
1221, reassigning the ages to R€ohl et al. [2007]. We visually correlated all other sites to the orbitally tuned
age model using the major inflection points in bulk calcite d13C (Figure 2 and Table 2). The convention of
subdividing the PETM into 50 kyr ‘‘preevent,’’ 80 kyr ‘‘core-CIE,’’ and 80–170 kyr ‘‘recovery’’ intervals is based
on the carbon isotope records and adapted from Chun et al. [2010].

To constrain time outside of the PETM interval, we used magnetostratigraphic and biostratigraphic datums
where available with ages calculated by Westerhold et al. [2007] which are consistent with the time frame of
the PETM as defined in R€ohl et al. [2007]. For the oldest age pick, we used the boundary between magneto-
chron 24 reversal and magnetochron 25 normal (C24r/C25n) representing 1110 kyr prior to the onset of the
PEB [Westerhold et al., 2007]. For an upper boundary past the recovery of the PETM, we used the base of
planktonic foraminifera Zone P6 as defined by the last occurrence of Morozovella velascoensis as 1743.60
kyr relative to the onset of the PETM [Zachos et al., 2004]. In all our sites, we assumed linear sedimentation
rates between tie points for age assignments.

Table 1. Site Characteristics

Site (Leg)

Bay of
Biscaya

401 (48)

Demerara
Riseb

1258 (207)

Walvis Ridgec

Maud Rised

690 (113)

Kerguelen
Plateaue

738 (119)

Equatorial
Pacificf

1221 (199)

Shatsky
Riseg

1209 (198)1262 (208) 1263 (208) 1266 (208)

Holes used in this study NA A B A/C/D B/C B C C B
Water depth 2495 3192 4755 2717 3798 2914 2252 5174 2387
Paleodepth 2000 2500 3600 1500 2600 2100 1350 3300 2400
Latitude 47�26N 9�26N 27�11S 28�32S 28�33S 65�09S 62�43S 12�02N 32�39N
Longitude 8�49W 54�44W 1�35E 2�47E 2�21E 1�12E 82�47E 143�42W 158�30E
Depth range of samples used

in this study (mbsf)
198.54–202.98 170.55–174.99 124.40–128.58 282.53–288.73 260.00–272.49 166.90–171.73 283.54–286.30 153.40–154.80 195.10–197.21

Sulfate minimum (mM) 24.3 0.7 21.19 23.32 19.13 20.1 22.8 29.2 23.5
Depth to sulfate minimum (mbsf) 220 399.25 140.4 9.75 229 238.85 57.45 80.4 247.15
Sulfate at depth of PETM (estimate) 24 15 22 24 22 22 22.8 NA 24

aEllis et al. [1979] and Montadert et al. [1979].
bErbacher et al. [2004] and Sexton et al. [2006].
cZachos et al. [2004, 2005].
dBarker and Kennett [1988] and Kennett and Stott [1990].
eBarron et al. [1989] and Barerra and Huber [1991].
fLyle et al. [2002].
gBralower et al. [2002].
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Where bulk d13C values were not available (Site 401) we used benthic foraminifera stable carbon isotopes.
Recent work has shown that the benthic foraminifera stable isotope records display a more abrupt CIE than
bulk carbonate records [McCarren et al., 2008]. Therefore, using d13C values from benthic foraminifera spe-
cies (such as Nuttallides truempyi) that were not affected by the extinction event is the most suitable
replacement for bulk carbonate d13C records.

The benthic foraminifera carbon isotope record of Nuttallides truempyi from Site 401 [Nunes and Norris,
2006] was correlated to the benthic records from Sites 1262, 1263, and 690 [Kelly et al., 2005; Kennett and
Stott, 1991; McCarren et al., 2008] using the assigned ages from R€ohl et al. [2007] (Figure 3 and Table 2). To
assign ages to depths below the onset of the PETM at Site 401, we used the sedimentation rate calculated
by Nunes and Norris [2006] for this portion of their age model, and extrapolated ages from the onset of the
event.

2.4. Samples and Analytical Procedures
Sediment samples of �1 cm3 volume were taken from all sites for trace metal analysis. Sampling resolution
varied among the sites and ranged from �1 sample every 1.5 cm (�1 sample/1.6 kyr) at ODP 738 to �1
sample every 13 cm (�1 sample/13 kyr) at ODP 1258.
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Figure 2. Bulk sediment carbon isotope records for Sites 1258, 1263, 690, and 1209 versus depth. Letters and associated lines indicating
lines of correlation are based on inflections in the carbon isotopes after Zachos et al. [2005]. Bulk isotope data for Site 1258 are out of range
of the plot (this study), 1263 from Zachos et al. [2005], Site 690 from Bains et al. [1999], Site 1209 from Colossimo et al. [2006]. vPDB, Vienna
PeeDee Belemnite; Sites 1258 and 1209 given in meters composite depth (MCD); Site 690 given in meters below seafloor (MBSF); and Site
1263 given in revised meters composite depth (RMCD).
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Bulk sediment samples were first freeze dried, crushed, and sieved with a 150 lm polypropylene mesh.
Total sediment digestions and reductive cleaning of sample splits were processed in the same way as
detailed in Chun et al. [2010]. Total concentrations of manganese (Mn), titanium (Ti), and uranium (U) were
measured on a Finnigan Element high-resolution inductively coupled plasma-mass spectrometer (HR-ICP-
MS). Aluminum (Al) was measured on a Perkin-Elmer Optima 4300 DV inductively coupled plasma-optical
emission spectrometer (ICP-OES). All digestions and analyses took place at the University of California, Santa
Cruz, USA.

Two internal standards composed of a
homogenized mixture of ODP Leg 202
and ODP Leg 208 samples were proc-
essed and analyzed with each set of
digestions to evaluate reproducibility.
Mean concentrations 6 1 standard devi-
ation of the ODP Leg 202 consistency
standard were 133 6 23 lmol g21 for Al,
2.4 6 0.4 lmol g21 for Ti, 6.1 6 0.7 lmol
g21 for Mn, and 1.1 6 0.3 nmol g21 for U
(Table 3). Mean concentrations 6 1
standard deviation of the ODP Leg 208
consistency standard were 154 6 22
lmol g21 for Al, 4.7 6 0.8 lmol g21 for
Ti, 4.8 6 0.6 lmol g21 for Mn, and
0.30 6 0.2 nmol g21 for U (Table 3).

For sites that did not have published
records of weight percent (wt %) CaCO3

or bulk stable carbon isotopes, we meas-
ured them in this study. We measured
wt % CaCO3 on sediments from Site 401
using a UIC, Inc. Coulometrics Model
5012 CO2 coulometer at the University
of California, Santa Cruz, USA. Relative
standard deviations of the mean of mul-
tiple measures of a pure CaCO3 standard
were <1%. Weight % CaCO3

Table 2. Carbon Isotope Tie Points From ODP Site 690 and Assigned Ages Used for Correlation and Dating the Corresponding P-E Boundary Sectionsa

Time Relative to
Depth

Tie Points
Site 690
(mbsf)

PETM CIE (6kyr)
[R€ohl et al., 2007] Site 401 (mbsf) Site 1258 (mcd)

Site 738
(mbsf)

Site 1209 (mcd)
[Kaiho et al., 2006]

Site 1221 (mbsf)
[Paytan et al., 2007]

LO Morozovella velascoensis 318.08b 743.60 199.79 192.21 208.80
H 166.13 196.87 283.78 153.40
G 167.12 153.5 200.72 195.47 284.30
F 169.05 94.23 201.48 196.38 284.62 211.04
E 169.39 81.17
D 169.56 71.25 153.90
C 170.02 42.38 285.16 211.22 154.00
B 170.33 21.9 154.10
A 170.63 0.75 202.58 285.48 154.30
PEB 170.64 0 198.15 211.26
A- 171.24 230.8 286.02 211.31 154.40
B- 172.81 2102.53
C24rC25n boundary 153.11c 21110.00 216.28

ambsf 5 meters below seafloor and mcd 5 meters composite depth.
bDepth for LO Morozovella velascoensis from Site 1263 in revised meters composite depth (rmcd).
cfor C23r 25n boundary from 1262 in mcd.
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Figure 3. Benthic foraminiferal isotope correlation of Site 401 to Sites 1262,
1263, and 690 versus depth (meters below seafloor). Benthic foraminiferal iso-
tope records from Site 401 Nunes and Norris [2006], Sites 1262 and 1263 from
McCarren et al. [2008], Site 690 record from Kennett and Stott [1991] and Kelley
et al. [2005]. Bulk isotope record from Site 1263, shown for comparison, from
Zachos et al. [2005]. Depth of section for Site 401 is plotted on the left axis and
relative time before and after the PEB (Paleocene-Eocene Boundary) on the
right axis. Ages for Sites 1262, 1263, and 690 from R€ohl et al. [2007]. vPDB,
Vienna PeeDee Belemnite.
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measurements for Site 1258 were made simultaneously during stable isotope measurements on the VG
Micromass Optima ratio mass spectrometer with precision of 66%.

Bulk stable carbon isotopes were measured on 33 homogenized and crushed sediment samples from ODP
Site 1258. Analyses were performed on the VG Micromass Optima ratio mass spectrometer at the University
of California, Santa Cruz, USA. Results are reported in & relative to Vienna PeeDee Belemnite (vPDB) and
calibrated via NBS-19. Precision of d13C measurements is better than 0.1&.

3. Results

The results of bulk sample elemental analyses are presented in supporting information Tables S1–S15 and
Figure S1. Average bulk Mn concentrations range from �3 lmol g21 at Site 738 to �171 lmol g21 at Site
1221. Average U concentrations range from �0.5 nmol g21 at Site 738 to �5 nmol g21 at Site 1258. We nor-
malize our results to Ti to isolate the enrichment over crustal values and to provide downcore comparisons
among the sites. Trace metal enrichment factors (EF) for Mn and U were calculated as EF 5 (metal/Ti)sample/
(metal/Ti)crust using the bulk crustal ratios Mn/Ti (mol/mol) 5 0.156 and U/Ti (mmol/mol) 5 0.061 [Rudnick
and Gao, 2003].

Mn enrichment factors exhibit variation across the PETM. At the Atlantic and Southern Ocean Sites 401,
1258, 690, and 738, Mn EF for bulk sample digestions have average values between 2 and 6 preevent and
generally decrease during the core of the event to average values between 1 and 4 (Figure 4). Then in the
carbon isotope recovery, Mn EF for bulk sample digestions are at average values between 2 and 20. Site
690 displays a gradual peak with increasing values from �95 kyr from onset of the PEB to a peak value of
37 at �106 kyr, then a gradual decline. At the Pacific Sites 1221 and 1209, Mn EF for bulk sample digestions
average between 2 and 13 preevent, 21 and 47 during the core of the event, and 15 and 17 in the recovery.
Site 1221 exhibits a sharp peak in Mn EF at �20 kyr to values of 350, lasting �4 kyr.

We compare Mn EF from bulk sediment digested before and after a reductive cleaning procedure to deter-
mine the presence or absence of Mn oxides [Chun et al., 2010]. When Mn EF are >1 in bulk sediment before
the reductive cleaning procedure and are then at crustal averages (Mn �1) after the cleaning and there is
no U enrichment, the difference is interpreted to be Mn oxides representing an oxygenated environment.
When Mn EF are >1 in bulk sediment before the reductive cleaning and remain relatively unchanged after
the cleaning, this represents Mn carbonates (MnCO3), indicating an early diagenetic environment of suboxic
pore waters.

At the Atlantic and Southern Ocean Sites 401, 1258, and 738 Mn EF on the subset of samples that were
reductively cleaned prior to total digestion show little change compared to Mn EF before reduction. Site
738 displays Mn EF values from reductively cleaned samples that are slightly higher than the untreated bulk
samples. We suspect that this was due to sample loss during the reductive cleaning procedure as we did
not weigh samples again after the cleaning and prior to the sediment digestion. Average values at these
sites are between 1 and 7 before and after reduction. At Site 690, the gradual peak in Mn EF remains
unchanged in samples after reductive cleaning. Mn EF values postreductive cleaning at Site 690 are from
�10 to 30 between �90 and 150 kyr relative to the PEB. At the two Pacific Sites 1221 and 1209, Mn/Ti on
the reductively cleaned samples are reduced to crustal averages throughout the sample section. At Site

Table 3. Analytical Figures of Merit

Element Concentration (lmol/g sediment)

Al Ti Mn Ua

Detection limitsb 18.52 0.32 0.78 0.44
Reproducibility Leg 202 (consistency standard replicates)c 132.98 6 23 2.4 6 0.4 6.1 6 0.7 1.09 6 0.28
Reproducibility Leg 208 (consistency standard replicates)c 154.26 6 22 4.71 6 0.81 4.82 6 0.55 0.30 6 0.15

anmol/g sediment.
bDefined as three times the standard deviation of replicate measures of a blank of the same matrix as each digestion, and expressed

in equivalent concentration for a typical size sediment sample.
cReproducibility defined as 61 standard deviation of multiple replicates of a solid sample included in each analytical run (n 5 14).
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1221, the sharp Mn EF peak at �20 kyr is reduced to near crustal averages, Mn EF �3, postreductive
cleaning.

U enrichment factors remain at or near crustal averages (U EF �2) at all sites during the PETM, with the
exception of Site 690 (Figure 5). U EF are near crustal averages preevent and during the core at Site 690.
Then, starting at �90 kyr from the onset of the PEB, U EF increase to a gradual peak of 90 at �106 kyr, coe-
val with the Mn EF peak, then return to crustal averages.

As a part of this study, we also measured CaCO3 concentrations for Sites 401 and 1258. CaCO3 concentra-
tions for Site 401 range between 56 and 68 wt % preevent (Figure 6). At the onset of the PETM, values drop
to 45 wt % and remain in the range of 42–48 wt %. Just prior to the recovery interval, CaCO3 concentrations
decrease to 28 wt % and remain between 30 and 40 wt % throughout the recovery. CaCO3 concentrations
for Site 1258 average 33 wt % pre-CIE, then dropped to values of <1 wt % during the core of the event, and
gradually return to values between 30 and 55 wt % in the recovery (Figure 6). Throughout the record,
CaCO3 concentrations remain <55 wt %. We also generated bulk carbon and oxygen isotope data for Site
1258. Bulk d13C values measured at Site 1258 average 1.58& pre-CIE, then decrease to values as low as
26.3& at the base of the clay layer. During the recovery, d13C values average 1.02& (Figure 7).

4. Discussion

4.1. Paleoredox Changes
Comparing Mn EF before and after a reductive cleaning procedure, combined with U EF measurements,
shows paleoredox changes recorded in marine sediments across a global set of sites that record the PETM
(Table 4). In the following, we evaluate how the geographic response of each site contributes to our under-
standing of how the oceans responded to this abrupt global warming event.

Figure 4. Manganese enrichment factors (Mn EF) calculated from measured Mn concentrations and the crustal molar Mn/Ti of 0.156 from
Rudnick and Gao [2003], plotted versus relative time before and after the PEB (Paleocene-Eocene Boundary) [R€ohl et al., 2007]. Scales for
Mn EF vary for each site. Site number is located at the top of each plot. Sites 1262, 1263, and 1266 are from Chun et al. [2010]. Dashed verti-
cal line is EF 5 1 (no enrichment or depletion relative to presumed crustal source). Closed symbols indicate EF for bulk digests without
reductive cleaning. Open symbols indicate EF postreductive cleaning. Reductively cleaned samples are at lower resolution than the bulk
digests. Gray shaded region indicates duration of core-carbon isotope excursion (CIE) �80 kyr.
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Figure 5. Uranium enrichment factors (U EF) calculated from measured U concentrations and the crustal molar U/Ti of 0.061 from Rudnick
and Gao [2003], plotted versus relative time before and after the PEB (Paleocene-Eocene Boundary) [R€ohl et al., 2007]. Site number is
located at the top of each plot. Sites 1262, 1263, and 1266 are from Chun et al. [2010]. Dashed vertical line is EF 5 1 (no enrichment or
depletion relative to presumed crustal source). Gray shaded region indicates duration of core-carbon isotope excursion (CIE) �80 kyr.

Figure 6. Bulk sediment weight % carbonate content plotted versus time (kyr) relative to the Paleocene-Eocene Boundary (PEB) using the
age model of R€ohl et al. [2007]. Site number is located at the top of each plot. Site 401 (this study), Site 1258 (this study), Sites 1262, 1263,
and 1266 from Zachos et al. [2005], Site 690 from Farley and Eltgroth [2003] (smoothed line); Kelly et al. [2005] (open triangles), and this
study (black X). Site 1221 from Murphy et al. [2006] and Site 1209 from Colossimo et al. [2005]. Note change in axis scale for Sites 690 and
1209. Gray shaded region indicates duration of core-carbon isotope excursion (CIE) �80 kyr.
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We have previously demonstrated
the utility of these proxies to pro-
vide a paleoredox history on a
depth transect on Walvis Ridge
during the PETM [Chun et al., 2010].
We found that prior to the
Paleocene-Eocene Boundary (PEB),
sites deeper than 2500 m paleo-
water depth were oxygenated
while the shallow 1500 m site was
suboxic. During the core-CIE, the
oxygen minimum zone expanded
to include our deepest site (3600 m
paleowater depth), then returned
to preevent conditions during the
recovery.

In the modern oceans, methane
hydrates are predominately stored
on continental margins at interme-
diate water depths (�500–1000 m).
DSDP Site 401 in the Bay of Biscay
represents the northernmost Atlan-
tic end-member in our global array
of PETM sites. We selected interme-

diate water depth sites from the Atlantic basin to test the theory of methane hydrate dissociation in the
North Atlantic [Dickens et al., 1995; Dickens, 2011]. Prior to the CIE, Mn EF at Site 401 are >1 and show no
change with reductive treatment, indicating the presence of Mn-carbonates (Figure 4). During the core of
the CIE and recovery intervals, Mn EF values average <2 while U EF is �2 (Figure 5) throughout the interval
suggesting that Site 401 pore waters became more reducing and Mn-carbonates were no longer produced.
Thus, inferring relatively lower oxygen concentrations in the overlying deep water. Our results are in agree-
ment with planktic foraminiferal and ostracode assemblage studies across the PETM at this site, which
record an increase in low oxygen tolerant taxa in the core of the CIE [Pardo et al., 1997; Yamaguchi and Nor-
ris, 2012].

Calcium carbonate at Site 401 displayed a unique pattern not measured at the other PETM sites (Figure 6).
The initial decrease in calcium carbonate at the onset of the CIE was expected as the global calcite compen-
sation depth (CCD) shoaled in response to rapid acidification of the oceans due to the release of carbon to

Figure 7. Bulk carbon isotope records for Site 1258 plotted versus depth (meters com-
posite depth) and time (kyr) relative to the Paleocene-Eocene Boundary (PEB) using
the age model of R€ohl et al. [2007]. vPDB, Vienna PeeDee Belemnite.

Table 4. Summary of Proxy Results (Mean Values)

Location
Site (Leg)

Bay of
Biscaya

401 (48)

Demerara
Riseb

1258 (207)

Walvis Ridgec

Maud Rised

690 (113)

Kerguelen
Plateaue

738 (119)

Equatorial
Pacificf

1221 (199)

Shatsky
Riseg

1209 (198)1262 (208) 1263 (208) 1266 (208)

Pre-CIE (250 to 0 kyr)
Mn EF before reduction 5.81 1.51 5.37 2.49 5.33 3.33 5.69 2.52 12.71
Mn EF after reduction 6.31 1.28 1.37 3.22 2.05 4.33 6.15 NA 6.28
U EF 1.62 2.96 1.22 2.52 1.17 1.46 2.04 2.25 4.26
Redox state of bottom waters Suboxic Suboxic Oxic Suboxic Oxic Suboxic Suboxic Oxic Oxic
Core-CIE (0–80 kyr)
Mn EF before reduction 1.84 0.91 2.66 1.09 3.30 2.75 4.50 46.97 21.24
Mn EF after reduction 2.52 0.79 0.88 1.20 1.24 3.35 4.38 2.08 6.16
U EF 1.53 1.97 1.05 1.11 1.20 1.69 1.59 2.06 3.06
Redox state of bottom waters Suboxic Suboxic Suboxic Suboxic Suboxic Suboxic Suboxic Oxic Oxic
Recovery (80–170 kyr)
Mn EF before reduction 1.58 2.65 5.57 7.28 5.52 19.50 6.83 17.17 19.06
Mn EF after reduction 1.17 2.34 1.81 8.41 2.22 15.24 7.97 1.70 8.02
U EF 1.22 2.68 1.50 1.30 1.39 46.91 1.76 2.11 3.26
Redox state of bottom waters Suboxic Suboxic Oxic Suboxic Oxic More suboxic Suboxic Oxic Oxic
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the oceans and atmosphere. However, at most of the other measured PETM sites, calcium carbonate
returned to pre-CIE concentrations (or overshoots them) in the recovery as the source of light carbon ceases
and the CCD gets deeper again [Kelly et al., 2005; Zachos et al., 2005; Zeebe and Zachos, 2007]. Site 401
exhibited the initial decrease in calcium carbonate at the onset of the CIE, but then calcium carbonate
remained low for the remainder of the event and in the recovery (between 30 and 50 wt % calcium carbon-
ate). One possibility could be that this site was situated at a water depth near the lysocline during and after
the PETM, such that dissolution began to occur, but was not sufficient to form a clay layer.

Demerara Rise, ODP Site 1258, exhibits stable carbon isotopes of bulk carbonate that have more negative
values than any of the PETM records in our study (Figures 7 and supporting information Figure S1). We sus-
pect that these negative values in the clay layer are a result of early diagenesis under sulfate reduction and
do not reflect the primary signal. Sulfate reduction occurs at this site today [Erbacher et al., 2004] and given
the location and sedimentation rates, might have altered the primary signal. Nunes and Norris [2006] also
suggested diagenetic overprinting of the d13C values of benthic foraminifera from across the PETM at
Demerara Rise because of the unusually low values and observations of calcite overgrowths on benthic for-
aminifer tests.

The geographical proximity of Demerara Rise to ODP Sites 999 and 1001 in the Caribbean, which also
exhibit thick clay layers and very low bulk carbonate d13C values at the PEB [Bralower, 1997], indicates that
this diagenetic feature could be related to a regional influence. The paleodepth of the two Caribbean sites,
2000–2500 m [R€ohl and Abrams, 2000], are similar to that of Site 1258 during the PETM, which means they
may have been influenced by the same water mass(es). With intensification of the O2 minimum zone at
intermediate depths in the region, all three sites would have experienced enhanced sulfate reduction dur-
ing the PETM, possibly to the point of driving carbonate authigenesis. Given the lack of biogenic carbonate
preservation, this authigenic carbonate dominates the carbon isotope signature of the bulk carbonate, lead-
ing to the anomalously low values. Our EF data suggest that Site 1258 was close to suboxic throughout the
late Paleocene-early Eocene. Mn EF before and after reductive cleaning displays no change in the pre-CIE
and recovery intervals, indicating the presence of authigenic MnCO3 formation (Figure 4). Mn EF values are
at crustal averages during the core-CIE. U EF are slightly enriched (�3) during the sampled interval, also sug-
gesting suboxic conditions throughout the PETM (Figure 5). Thus, just a slight drop in dissolved O2 levels
would have been sufficient to result in sulfate reduction.

ODP Site 690 located on Maud Rise in the Southern Ocean represents our southernmost end-member of
the South Atlantic. Both Mn EF and U EF exhibit large broad peaks starting at �90 kyr after the onset of the
PEB and lasting �50 kyr (Figures 4 and 5). The U EF peak in the range of 65–90 is the largest U EF measured
in all our global PETM Sites. Combined with Mn EF values in the range �20–35 that show no change after
reductive cleaning, these indicate highly suboxic conditions during the recovery phase at this site. Benthic
foraminifera assemblage studies at 690 also indicate low oxygen conditions [Thomas, 2007].

Large Mn and U peaks in the recovery are coincident with a large shift in sedimentation rates at this site,
identified through the accumulation of extraterrestrial 3He [Farley and Eltgroth, 2003] (Figure 8e). Sedimen-
tation rates are �2 cm/kyr pre-CIE, within the core of the CIE they are �1.5 cm/kyr, and double in the recov-
ery to �3 cm/kyr [R€ohl et al., 2007]. The increase in sedimentation rate for the recovery is considered part of
a negative feedback mechanism, brought on by enhanced continental weathering and runoff in response
to increased warming during the CIE [Dickens et al., 1997; Kelly et al., 2010], (Figures 8a–8d).

Our paleoredox data for Site 690 have important implications for hypotheses of local marine productivity
changes during the PETM. Specifically, an increase in mass accumulation rates (MAR) of biogenic barite at
this site (Figure 8f) has been proposed as evidence of an increase in local productivity and the rate of the
biological pump, thus acting as a strong negative feedback for the drawdown of atmospheric CO2 [Bains
et al., 2000]. Increases in Sr/Ca in coccoliths also indicate a rise in growth rates and productivity [Stoll and
Bains, 2003; Stoll et al., 2007]. However, it has been suggested that the proposed peak in barite accumula-
tion is not productivity related but instead caused by the thermal dissociation of gas hydrates. Dissociation
of gas hydrates would create sulfate-reducing conditions prompting dissociation of barite crystals and rep-
recipitation of authigenic barite higher in the sedimentary column [Dickens et al., 2003]. Other data such as
a shift from nannoplankton assemblages indicating productive surface waters to more oligotrophic condi-
tions are also in conflict with the notion of enhanced productivity during the CIE [Bralower, 2002; Kelly,
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2002]. Finally, the peaks in biogenic barite and Sr/Ca occur during the core of the CIE and not in the recov-
ery (Figure 8f) [Torfstein et al., 2010].

Our trace metal EFs indicate bottom water at Site 690 during the core of the CIE and recovery was suboxic
(Figures 8g and 8h). We interpret the biogenic barite peak, which is coincident with the peak in Mn and U
EF (Figure 8f), as an artifact of the sudden change in accumulation rates and bottom water redox conditions.
This is somewhat analogous to the U EF peak documented at Walvis Ridge Site 1263 (Figure 4) [Chun et al.,
2010], and is in agreement with modeling profiles of interstitial sulfate concentrations and barite fronts,
where peaks in barite occur immediately below the interval of sulfate reduction [Dickens, 2001; Dickens
et al., 2003]. Modern interstitial sulfate concentrations at this site for the depth of the PETM are �22 mM
[Barker and Kennett, 1988] indicating sulfate reduction given modern seawater sulfate averages �28 mM.
However, if average seawater Eocene sulfate concentrations were lower (14–23 mM) [Horita et al., 2002],
then this site would not be sulfate reducing during the Eocene. Even if there is sulfate depletion in the pore
waters presently, this represents sulfate reduction some time after initial deposition of the sediments.
Finally, if paleoredox conditions were sulfate reducing, then barite would have been remobilized and possi-
bly reprecipitated in nonsulfate-reducing depth horizons [Paytan et al., 2002].

The paleoredox features of ODP Site 738 on Kerguelen Plateau (paleodepth �1350 m [Barrera and Huber,
1991]) resemble those of Walvis Ridge, ODP Site 1263; both are at intermediate paleowater depths and sub-
oxic throughout the PETM. However, unlike Site 1263, Site 738 exhibits a gradual increase in Mn EF (average
value �4) during the core-CIE (Figure 4). Calcium carbonate concentrations at Site 738 do not go to zero,
with minimum values of 70 wt % [Larrasoa~na et al., 2012], similar to Site 690, indicating this site remained

Figure 8. Geochemical data from ODP Site 690 plotted versus relative time before and after the PEB (Paleocene-Eocene Boundary) from
R€ohl et al. [2007]. (a) Carbon isotope record from Bains et al. [1999], vPDB, Vienna PeeDee Belemnite. (b) Bulk sediment weight % carbonate
content from Farley and Eltgroth [2003] (smoothed line); Kelly et al. [2005] (open triangles), and this study (black X). (c) Weight percent
coarse fraction showing decrease of foraminiferal shells during recovery interval from Kelly et al. [2005]. (d) Changes in planktic foraminif-
eral shell fragmentation from Kelly et al. [2005]. (e) 3HeET displays an increase in flux pre and core-CIE and a decrease in the recovery inter-
val, from Farley and Eltgroth [2003]. (f) biogenic-barium mass accumulation rate from Bains et al. [2000]. (g) Uranium enrichment factors (U
EF) calculated from measured U concentrations and the crustal molar U/Ti of 0.061 from Rudnick and Gao [2003]. Dashed vertical line is
EF 5 1 (no enrichment or depletion relative to presumed crustal source). (h) Manganese enrichment factors (Mn EF) calculated from meas-
ured Mn concentrations and the crustal molar Mn/Ti of 0.156 from Rudnick and Gao [2003]. Closed symbols indicate samples measured
before reductive cleaning. Open symbols indicate samples measured after reductive cleaning. Dashed vertical line is EF 5 1 (no enrich-
ment or depletion relative to presumed crustal source). Gray shaded region indicates duration of core-carbon isotope excursion (CIE) �80
kyr.
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above the CCD throughout the sampled interval. Benthic foraminifera fauna also suggest decreased oxygen
concentrations at this site [Thomas, 1998]

ODP Site 1221 located in the equatorial Pacific is one of two Pacific sites in our global study of PETM loca-
tions. Mn EF values of 185–350 during the core of the CIE are the highest measured in any of our PETM sec-
tions (Figure 4). They were most likely caused by the presence of small manganese nodules as confirmed by
shipboard measurements and visual inspection of the sediment [Lyle et al., 2002]. Biogenic barite crystals
were extracted from this section and close inspection of their morphology and sulfur isotopes do not sug-
gest they were precipitated within the sediments during early diagenesis [Faul and Paytan, 2005]. These
indicators suggest the sediments were buried in an oxygenated environment with no postdepositional
alteration.

Our geochemical results at ODP Site 1209 on Shatsky Rise indicate oxic bottom waters throughout the
PETM and are contrary to benthic foraminiferal assemblage changes [Takeda and Kaiho, 2007]. The benthic
foraminifera oxygen indicators display a shift in the percentage of ‘‘oxic’’ benthic foraminifera during the
core-CIE interval and suggest decreased oxygen levels caused the benthic foraminifera extinction. The test
size of planktonic foraminifera also increased during the core of the CIE, a phenomenon that is attributed to
surface water warming and enhanced stratification and oligotrophic conditions [Takeda and Kaiho, 2007;
Zachos et al., 2003], a conclusion that is in agreement with independent studies of phytoplankton assemb-
lages [Gibbs et al., 2006] and Sr/Ca measurements in individual coccoliths [Stoll et al., 2007].

While our paleoredox indicators disagree with the benthic foraminifera assemblage study at Site 1209, we
also point out that low sedimentation rates at this site (�0.25 cm/kyr) and oligotrophic surface water condi-
tions during the PETM would favor oxygenated bottom waters and surface sediments. Reduced sedimenta-
tion and decreased export of organic matter would lead to lower rates of organic matter oxidation and
higher bottom water oxygen concentrations. One alternative mechanism for the benthic extinction event at
Site 1209 is decreased food supply [Thomas, 1998, 2003], with bottom waters remaining oxygenated. The
other is a short-lived episode of suboxic conditions that was not captured by our redox indicators.

4.2. Testing the Theory of Methane Hydrate Release at the PETM
The oxygen concentration of bottom waters is sensitive to changes in methane oxidation, deep-ocean ven-
tilation and circulation, and primary productivity. Separating the contributions of each of these factors to
the oxygen concentration of bottom waters at any given location, however, requires additional constraints
that do not yet exist for this interval. Methane hydrate dissociation and oxidation as a cause for the PETM is
testable if, for example, single specimen carbon isotopes of planktonic and benthic foraminifera from ODP
Site 690 have been used to infer a sequence of carbon release and oxidation that would be consistent with
direct emission to the atmosphere followed by gradual mixing into the deep sea [Thomas et al., 2002]. Our
study is the first to use redox-sensitive trace metals to assess bottom water oxygen concentrations across
the PETM at multiple locations in different ocean basins. With our spatial array of sites it should be possible
to distinguish local from global effects.

In theory, methane oxidation should occur first and most rapidly in the reservoir where methane is released
[Dickens, 2000]. Previous empirical and theoretical observations point toward a possible Atlantic source of
methane release during the PETM [McCarren et al., 2008; Zeebe and Zachos, 2007]. Our redox proxies indi-
cate Atlantic intermediate water depths (Sites 1258 and 1263) experienced suboxic bottom waters during
the PETM (Figures 6 and 7 and Table 4), and were thus most proximal to the methane source. The other
intermediate water depth Atlantic locations (Sites 401 and 690) were also suboxic throughout the PETM,
but calcium carbonate at these sites indicate they remained above the CCD (Figure 4), therefore further
from the source of isotopically light carbon. Below the CCD, the deeper Atlantic Walvis Ridge Sites (Sites
1262 and 1266) remained well oxygenated both pre-CIE and in the recovery, suboxic only during the core-
CIE [Chun et al., 2010]. Intermediate water depth sites (401 and 690) remain suboxic throughout the recov-
ery, much longer than the direct influence of methane oxidation. We suggest these sites were situated in
an oxygen minimum zone throughout the duration of the PETM. Ideally, comparing multiple sites on a
depth transect (such as Walvis Ridge) would test this idea.

Moving away from the Atlantic, our intermediate depth (Site 738) in the Indian Ocean sector of the South-
ern Ocean was also bathed by suboxic bottom waters, which is consistent with findings based on a
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bioturbation index of bottom water oxygen in South Pacific intermediate water sites [Nicolo et al., 2010].
Sites further north in the Pacific Ocean (Sites 1221 and 1209) experienced oxygenated bottom waters
throughout the PETM and thus were most distal from an inferred methane source. In short, these patterns
could be attributed partly to methane oxidation, though it is likely that the oxygen minimum zone
expanded as well in response to factors other than methane oxidation. Recent modeling work has shown
that with increasing atmospheric CO2 during the PETM, there was enhanced stratification and a decline in
ventilation of the Atlantic and Pacific, with the Atlantic deep waters more depleted in oxygen than Pacific
deep waters [Winguth et al., 2012].

We have used Mn and U EF paleoredox proxies to directly test the methane hydrate hypothesis during the
PETM. However, these deep-ocean redox proxies are influenced by both methane oxidation as well as
changes in ocean circulation and ventilation. There are conflicting observational evidence as to whether
there was a switch to Northern Hemisphere overturning at the start of the PETM [Nunes and Norris, 2006] or
a predominant Southern Hemisphere overturning throughout the PETM [Thomas et al., 2003]. Recent mod-
eling studies suggest predominantly Southern Hemisphere sources with sluggish overturning associated
with deep-ocean warming [Lunt et al., 2011; Winguth et al., 2010]. We cannot form conclusions about deep-
ocean circulation with our proxies alone.

In testing the size and pattern of carbon release during the PETM, Panchuk et al. [2008] have been able to
reproduce global patterns of calcium carbonate concentrations by reducing bioturbation in the Atlantic
during the CIE. Our interpretation of decreased bottom water oxygen concentrations in the Atlantic relative
to the Pacific would also imply a lower intensity of bioturbation in the Atlantic, in agreement with the
parameters set for their sediment model.

5. Conclusions

Using paleoredox conditions from a range of global sites, we infer the presence or absence of oxygenated
bottom waters and comment upon the possible release of methane from gas hydrates. Evidence from Mn
and U EF in marine sediments indicate that North Atlantic intermediate water depth sites were the most
suboxic during the PETM. Coupled with the pattern of CaCO3 during this interval, we suggest the source of
methane release was located in the North Atlantic. Both of our Pacific Ocean sites are oxygenated before,
during, and after the PETM. Therefore, we suggest the Pacific was not the source of methane release. Our
interpretation of the present data reveals that intermediate water depth sites in the Atlantic are the most
suboxic and likely closest to the site of methane hydrate release, while sites that are well oxygenated are
furthest from the source (Pacific locations). Furthermore, our study shows that Mn and U EF can be applied
as qualitative paleoredox proxies across transient climate states such as the PETM.
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