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[1] The impacts of the Paleocene-Eocene thermal maximum (PETM) (�55 Ma), one of the most rapid and
extreme warming events in Earth history, are well characterized in open marine and terrestrial environments but
are less so on continental margins, a major carbon sink. Here, we present stable isotope, carbonate content,
organic matter content, and C:N ratio records through the PETM from new outcrop sections in California and
from cores previously drilled on the New Jersey margin. Foraminifer d18O data suggest that midlatitude shelves
warmed by a similar magnitude as the open ocean (5�C–8�C), while the carbon isotope excursion (CIE),
recorded both in carbonate and organic matter d13C records, is slightly larger (3.3–4.5%) than documented in
open ocean records. Sediment accumulation rates increase dramatically during the CIE in marked contrast to the
open ocean sites. In parallel, mass accumulation rates of both organic and inorganic carbon also increased by an
order of magnitude. The estimated total mass of accumulated carbon in excess of pre-CIE rates suggests that
continental margins, at least along North America, became carbon sinks during the CIE, mainly because of
weathering feedbacks and rising sea level. This result is significant because it implies that the negative feedback
role of carbon burial on continental margins was greater than previously recognized.
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1. Introduction

[2] The Paleocene-Eocene thermal maximum (PETM)
was an interval of rapid, transient (170–220 ka) global
warming characterized by a prominent negative carbon
isotope excursion (CIE) and massive dissolution of seafloor
carbonates [Kennett and Stott, 1991; Koch et al., 1992;
Zachos et al., 2003, 2005; Sluijs et al., 2006]. The onset of the
CIE marks the base of the Eocene, and is interpreted as
representing the rapid injection of a large mass (>2000 Gt C)
of 13C-depleted carbon to the atmosphere and ocean
[Dickens et al., 1997; Zachos et al., 2005]. Though the exact
source of 13C-depleted carbon has yet to be determined,
several potential candidates have been proposed, including
dissociation of methane hydrates [Dickens et al., 1995] and
thermal combustion or oxidation of sedimentary organic

matter [Svensen et al., 2004] or a combination of sources
[Sluijs et al., 2007].
[3] Regardless of source, the excess carbon was eventually

removed from the ocean/atmosphere via biogeochemical
feedbacks, primarily intensified silicate weathering and
subsequent increased carbonate deposition [Dickens et al.,
1997; Bains et al., 2000; Ravizza et al., 2001]. Evidence for
intensified chemical weathering as a consequence of a more
energetic hydrological cycle during the PETM is recorded
widely at middle and high latitudes in both hemispheres
[Pagani et al., 2006b]. The weathering signal is most acute
during the phase of progressive return to higher d13C values
(the ‘‘recovery’’) which is marked by a shift in clay
mineralogy in many shelf sections [Bolle et al., 1998a,
2000b, 2000c;Gibson et al., 2000], carbonate-rich sediments
in the deep sea [Robert and Kennett, 1994; Kelly et al., 2005;
Zachos et al., 2005], and intensive pedogenesis on land
[Clechenko et al., 2007]. The change in weathering style
was highly regional, with subtropical regions showing
evidence of increased seasonality or even transient drying
during the initial phase of the PETM. This is well
documented in Pyreneans sections where higher rates of
land erosion and massive fan deposits highlight a more
efficient physical weathering of the bedrock [Schmitz and
Pujalte, 2003, 2007], and in paleosols of the Bighorn
Basin which record evidence of transient drying and
alternate wet/dry cycles [Wing et al., 2005; Kraus and
Riggins, 2007].
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[4] Despite an abundance of carbon isotope records, some
uncertainty still surrounds the structure of the CIE. Both the
magnitude of the CIE and the rate of change of d13C values
during the initial excursion interval vary within and between
marine and continental sections [Koch et al., 1992; Bowen
et al., 2004; Pagani et al., 2006a; Schouten et al., 2007]. In
continental sections, for example, the CIE tends to be a few
per mil larger than recorded in marine sections (�5 to �6%
versus �2.5 to �4.0%), a feature that has been attributed
in part to the effect of humidity and/or pCO2 on terrestrial
photosynthetic fractionation, but might also be a conse-
quence of truncation of pelagic sections due to carbonate
dissolution [Bowen et al., 2004; Zachos et al., 2005]. The
latter may also contribute to the apparent abruptness of
the onset of the CIE in pelagic sequences, which has been
estimated to have occurred in less than 10 ka [Röhl et al.,
2000], but may have been more abrupt [Thomas et al.,
1999]. This particular deficiency with deep marine records is
critical as it limits our ability to identify (with geochemical
models) the rate and mass of carbon released and hence the
source [Pagani et al., 2006a]. Shallow marine sections, on
the other hand, may more accurately record the marine CIE,
in part because (1) shelf sediments lie well above the
lysocline and should be largely unaffected by carbonate
dissolution at the onset of the PETM and (2) overall
sedimentation rates are substantially higher, though
stratigraphic gaps may limit the continuity of these records.
[5] Another potentially key contribution from shallow

marine records concerns the role of marine productivity
and organic carbon deposition as a negative feedback at the
PETM. Today shelf areas account for 80% of organic
carbon accumulation and 30–50% of the total carbonate
burial [Ver et al., 1999]. Most pelagic sections are marked
by low concentrations of organic matter in the CIE
interval suggesting that an increase in organic carbon

burial was transient at most [Bains et al., 2000]. On the shelf,
many data, including dinoflagellate cyst (dinocyst) and
nannofossil assemblages, indicate increased productivity
during the CIE [Bujak and Brinkhuis, 1998; Crouch et al.,
2001; Gibbs et al., 2006]. The global extent of this mecha-
nism is less clear because organic carbon burial in most shelf
areas, as well as on land, is insufficiently constrained to
evaluate the link between environmental changes (higher
temperatures and precipitation, lower oxygen levels, and
elevated fluxes of sediments and dissolved ions) and global
carbon fluxes. Specifically, did changes in carbonate and
organic carbon burial on the shelf play a feedback role on
ocean pH and pCO2 at the PETM?
[6] The present study focuses on continental shelf

locations to evaluate the character of regional impacts of
the PETM on the coastal marine carbon cycle. Key
objectives are to constrain the magnitude of the CIE on
the shelf relative to the deep sea, and to document
changes in mass accumulation rates of organic and inor-
ganic carbon. To this end, we constructed high-resolution
stable isotope, organic carbon and carbonate content
records for coastal sections from the eastern and western
margins of North America (Figure 1a). We expand on
previous work on shallow marine Paleocene/Eocene (P/E)
boundary sections along the New Jersey shelf, in the
northwest Atlantic Ocean, and present new records from
the Californian margin. The new data for the PETM
interval in the Lodo Formation of California provided
by this study represent the first such record for the eastern
Pacific margin.

2. Paleogeographic and Geological Setting

[7] The east coast P-E sections, recovered in cores from the
New Jersey Coastal Plain, include Ocean Drilling Program

Figure 1. Location and paleogeography. (a) Location during the Paleocene-Eocene of the two margins
discussed in this article. (b) Paleogeography of the Lodo formation (California) during the late Paleocene
to early early Eocene. (c) New Jersey margin sites.
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(ODP) Leg 174AX Site ‘‘Bass River’’ (39�3604200N,
74�2601200W) [Miller et al., 1998b], and a U.S. Geological
Survey site at Wilson Lake (39�3902100N, 75�0205200W)
(Figure 1c). During the mid-to-late Paleocene, Bass River
was located close to the shelf edge [Miller et al., 2004].
Upper Paleocene sediments at this site are characterized
by silty to sandy glauconite-rich sediments and finer-
grained, clay-rich sediments just below the P/E boundary
that extend into the lower Eocene (Figures 2a and 2b). A
low-resolution (0.3–2 m sampling resolution) benthic fora-
minifer carbon isotope record shows the base of the CIE
coincident with the lithologic transition [Cramer et al.,
1999]. Additionally, published results from the Wilson
Lake drill site, a nearshore equivalent to Bass River with
similar lithologies, are included in our comparison [Gibbs et
al., 2006; Zachos et al., 2006]. Previous work at Bass
River and Wilson Lake has provided important strati-

graphic information as well as compelling evidence for
environmental changes, including the CIE and SST
anomalies [Cramer et al., 1999; Zachos et al., 2006],
the presence of thick kaolinite-rich CIE layers [Cramer et
al., 1999; Gibson et al., 2000], increased abundances of the
dinocyst Apectodinium spp., pulses of freshwater tolerant
taxa [Sluijs et al., 2007], and transient nannoplankton pop-
ulations indicative of increased biologic productivity [Gibbs
et al., 2006].
[8] The west coast P-E sections, Lodo Gulch (36�3504600N/

120�38 048 00W) and Tumey Gulch (36�32 018 00N/120�
3802900W), are part of the Lodo Formation, exposed in
the Panoche Hills in the Central Valley of California
(Fresno County, Figure 1b). The ‘‘Lodo Gulch’’ is the
type section of the Lodo Formation [White, 1938; Martin,
1943]. The section comprises 350 m of siltstone with rare
thin (meter scale or less) sand layers deposited in a neritic-

Figure 2. Results for the Bass River drill site. (a) Total organic carbon (TOC) and carbonate content (in
wt %). Both data sets are plotted on the same vertical axis, but for better readability the horizontal axis for
TOC has been inverted. The TOC data for Bass River are from Cramer [1999]. (b) Sand fraction (>63 mm)
in wt %. (c) Oxygen isotope results for bulk rock and multispecimen benthic and planktonic foraminifers
(values in per mil). (d) Carbon isotope results for bulk rock and benthic and planktonic foraminifers
(values in per mil).
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bathyal setting (shallower than 200 m), overlain by bathyal
deposits in the middle of the section (�600 m water depth,
middle Eocene) [Berggren and Aubert, 1983]. The Tumey
Gulch section is located about 6 km SE of Lodo Gulch. At
this locality the Lodo Formation is 1000 m thick, and the
sediments were deposited in a bathyal environment located
on the shelf edge or upper continental slope [Martin, 1943;
Berggren and Aubert, 1983; Bartow, 1991] (see Figure 1c).
Although the California margin was tectonically active
through the Paleogene, the Panoche Hills are located east
of the San Andreas fault, so the sections have not migrated
significantly in the last 55 Ma [Engebretson et al., 1985].

3. Methods

3.1. Analytical Methods

[9] The Bass River cores were sampled at 6 to 50 cm
intervals over 25 m, while the Lodo and Tumey Gulch
sections were sampled at 2 to 50 cm intervals over 80 and
60 m, respectively. Sampling resolution was highest near
the P/E boundary. Samples were washed over a 63 mm
sieve, and the sand fraction was determined (weight percent
(wt %) of both siliciclastic and carbonate grains >63 mm).
Stable isotope analyses were performed on bulk sediment,
foraminifer shells (picked in the 180–250 mm fraction), and
bulk organic matter.
[10] Stable isotope analyses on carbonate material were

performed at the University of California at Santa Cruz
(UCSC), using a Micromass Optima mass spectrometer for
bulk carbonates and a Micromass Prism mass spectrometer
for foraminifers analyses (in general, between 3 and 6
pristine specimens were combined for each analysis, though
some single foraminifer analysis were done at Bass River).
The carbon isotope ratio of bulk organic matter (d13Corg)
was measured for a subset of samples following proce-
dures described by Harris et al. [2001]. Using this
method, decarbonated samples were analyzed at UC Davis
on a Europa 20-20 continuous flow isotope ratio mass
spectrometer following combustion at 1000�C in a Europa
ANCA-GSL CN analyzer. Stable isotope values are reported
in the d (per mil) notation relative to the Vienna Pee Dee
belemnite standard (VPDB). External analytical precision
based on replicate analysis of two standards (NBS19 and
Carrara Marble) was better than 0.10 and 0.05% for O and C
isotopes, respectively. Paleowater temperatures were esti-
mated using d18OForaminifer and standard calibration equations
for Cibicidoides spp. [Shackleton, 1974] and mixed layer
planktonic foraminifera [Bemis et al., 1998], considering a
Paleogene d18Oseawater of 0.5%.
[11] Total inorganic carbon content (TIC) (converted to

percent CaCO3) was determined at UCSC on a UIC
Coulometer (model 5012), with a precision better than
±0.5% CaCO3. Total carbon (TC) and total nitrogen (TN)
for the Lodo Gulch and Tumey Gulch sections were
measured at UCSC on a CarloErba CHNS analyzer, with
a standard deviation (1s) of 0.01% for TN and 0.02%
for TC. Total organic carbon (TOC) was calculated by
subtracting TIC from TC. C:N molar ratios were calculated
using TOC and TN corrected for themolar weight of C andN,
respectively.

[12] For discussion and comparison, we used published
TOC data at Bass River [Cramer, 1999], and published
calcareous nannofossil biostratigraphy, TOC, percent
CaCO3 and stable isotope data at Wilson Lake
[Quattlebaum, 2004; Gibbs et al., 2006; Zachos et al.,
2006].

3.2. Age Models, Linear Sedimentation Rates, and
Mass Accumulation Rates

[13] Age models used to constrain the broad stratigraphy
of the Lodo Gulch, Tumey Gulch and Bass River sections
are mainly based on the first (FOs) and last (LOs)
occurrences of calcareous nannofossil bioevents using
the zonation of Martini [1971, Plates 1–4, Tables 1–6]
with modifications from Perch-Nielsen [1985]. Addition-
ally, the LO of the planktonic foraminifer Morozovella
velascoensis was used as a marker for the top of zone P5
at 54.7 Ma [Berggren et al., 1995; Kelly et al., 2001].
Previous work on paleomagnetic [Cramer et al., 1999]
and organic dinocysts data, such as the presence of
Apectodinium augustum [Bujak and Brinkhuis, 1998;
Crouch et al., 2003] were also integrated. The age model
for the CIE interval (in thousand of years (ka) post onset
of the CIE) was determined by approximately correlating
the continental margin d13C records to the orbital age
model for the d13C record at ODP Site 690 using the age
model from Röhl et al. [2000].
[14] Linear mass accumulation rates (MARs (in g cm�2

ka�1)) are calculated using linear sedimentation rate
(in cm2 ka�1), percent CaCO3 or percent TOC data (for
MARCarbonate or MAROrganic carbon, respectively), and syn-
thetic dry bulk density data (in g cm�3). The latter was
necessary because no dry bulk density data exists for the
sections investigated in this study. These are derived (in-
cluding at Wilson Lake) by using porosity estimates from
the empirical curves of Bryant et al. [1981] and a grain
density of 2.65. The ‘‘sand’’ calibration curve was used to
estimate porosity for samples with >15 wt % sand fraction,
while two porosity estimates were derived for samples with
<15 wt % sand fraction, one based on the ‘‘silt’’ curve and
one based on the ‘‘clay’’ curve. This results in a range of
possible mass accumulation rates (represented graphically
by error bars) for samples characterized by the silt-rich
and clay-rich lithologies. Comparing the synthetic density
estimates for the Bass River and Wilson Lake sections and
measured bulk densities on similar lithologies at equivalent
burial depth on the New Jersey margin (ODP Leg 150
[Mountain et al., 1994]) suggest that the densities obtained
for this study are robust.
[15] Excess cumulative mass accumulation (in g cm�2) at

time ‘‘t’’ is defined as the cumulative mass per cm2

deposited in excess of Upper Paleocene rates between the
onset of the CIE and ‘‘t.’’

4. Results

4.1. Biostratigraphy

[16] The primary biostratigraphic datums identified at Bass
River (Figure 2) are the NP9–NP10 boundary at 356.95 m
below surface (mbs) (FO of Rhomboaster bramlettei)
and the NP10–NP11 boundary coinciding with a
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disconformity at 345.92 mbs (marked by the simultaneous
FOs of Tribrachiatus orthostylus and Discoaster diastypus
and LO Fasciculithus spp.). At Lodo Gulch (Figure 3), the
main biostratigraphic datums identified are the NP9–
NP10 boundary at 14.40 m, the NP10–NP11 boundary
at 23.50 m, and the NP11–NP12 boundary 30.70 m (FOs
of R. bramlettei, T. orthostylus, and D. lodoensis respec-
tively). We suspect the presence of a disconformity
between 20.30 and 23.50 m based on the simultaneous
FOs of D. diastypus, D. kuepperi and T. orthostylus and
the LO of the genus Fasciculithus at this stratigraphic
level. At Tumey Gulch (Figure 4), a diverse Fasciculithus
spp. assemblage at 27.40 m suggests a correlation to Zone
NP9 for the base of the section. The NP9/NP10 zonal
boundary is tentatively assigned at 37.86 m (FO of the genus
Rhomboaster). As in the Lodo Gulch section, the FOs of
D. diastypus, D. kuepperi and T. orthostylus occur simul-
taneously at 51.21 m as well as the FO of Sphenolithus
radians indicating a disconformity at the top of the
NP10 zone. At 62.92 m, the FO of D. lodoensis
indicates the NP11/NP12 boundary.

4.2. CIE Interval on the New Jersey Margin: Bass
River Drill Site

[17] The foraminifer and bulk carbonate d18O and d13C
records at Bass River (Figures 2c and 2d) are characterized
by uniform values in the upper Paleocene prior to an abrupt
negative shift at 357.2 mbs (the onset of the ‘‘CIE’’). Single-
specimen foraminifer data (Figure 5) also show an abrupt
negative shift at the CIE, with essentially no transitional
d13C values occurring in the Subbotina, Acarinina, or
Morozovella records. The average amplitude of the CIE is
2.7% in benthic foraminifers and 3.3–3.4% in planktonic
foraminifers, but it is as large as 4.3% in Acarinina spp.
(Table 1). Oxygen isotope ratios decrease by 1.6% in
benthic foraminifers and by 0.5–1.3% in planktonic
foraminifers, withMorozovella showing the largest decrease
(Table 2). The d13C values of single specimen Acarinina and
Morozovella within a single sample are fairly constant, but
d18O show awider spread of values. It is not clear if this is due
to seasonal changes in temperature or salinity recorded by
single specimens, whether it is linked to preservation of the
foraminifers, or if this reflects a large range of d18O values
within the sample population.

Figure 3. Results for the Lodo Gulch section. (a) Total organic carbon (TOC) and carbonate content (in
wt %). (b) Sand fraction (>63 mm) in wt %. (c) Oxygen isotope results for bulk fine carbonate fraction
and benthic and planktonic foraminifers (values in per mil). (d) Carbon isotope results for bulk rock and
benthic and planktonic foraminifers (values in per mil). (e) Carbon isotope results for bulk organic matter
(values in per mil).
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[18] Calculation of sea surface temperatures (SSTs) using
the d18O values of surface-dwelling Acarinina spp. yields
temperature estimates of 26�C prior to the CIE, and
Acarinina spp. and Morozovella spp. d18O values indicate
SSTs of 30�C–31�C at the peak of the event (Table 3).
These temperatures agree with those determined by
TEX86 analyses [Sluijs et al., 2007], a method based on
the distribution of crenarchaeotal tetraether lipids
[Schouten et al., 2002]. The relatively good agreement
between the TEX86 and oxygen isotope temperature esti-
mates indicate that variations in salinity on the foraminifer
d18O values were negligible at Bass River. Multiple and
single specimen analyses of thermocline-dwelling Subbotina
spp. (Figures 2 and 5 and Table 1) show an average change in
d18O of 1.3–1.5% at the CIE, corresponding to 6�C–7�C of
warming (from 23�C to 30�C). On the basis of Cibicidoides
spp. d18O values, benthic water temperatures are estimated to
have warmed from 19�C pre-CIE to 23�C during the CIE.
Using Acarinina spp. data (pre-CIE), Morozovella spp. data
(post CIE), and Cibicidoides spp. data, the temperature
gradient from the surface to the seafloor at Bass River is

estimated between 7�C and 8�C through the late Paleocene to
Early Eocene. The�1�C difference between theMorozovella
and Acarinina spp. d18O records probably reflects a
difference in the depth habitats of each foraminifer group.
[19] The onset of the CIE at Bass River corresponds to

a change in lithology from siltstones with glauconite
below the CIE to claystones above (Figure 2). Sand
fraction decreases from 7.0 to 29.0 wt % below the
CIE to <1.0 wt % above, and percent CaCO3 increases
slightly from 7.0 wt % to 11.0 wt % (Figure 2). TOC
averages 0.5–0.6 wt % throughout the section (values
from Cramer [1999]), and does not increase markedly at
the onset of the CIE (Figure 2a). Two discrete intervals
with high TOC (up to 1.2 wt %) occur at 2.5 m and 5.0 m
above the onset of the event. TOC shows a steady decrease up
section from 352.7 mbs [Cramer, 1999], through the CIE
recovery interval, and carbonate content decreases at
349.4 mbs (from �10 to 3.0 wt %). A glauconite-rich
sandstone interval truncates the end of the recovery at
346.8–345.9 mbs (Figure 2).

Figure 4. Results for the Tumey Gulch section. (a) Total organic carbon (TOC) and carbonate content
(in wt %). (b) Sand fraction (>63 mm) in wt %. (c) Oxygen isotope results for bulk rock and benthic and
planktonic foraminifers (values in per mil). (d) Carbon isotope results for bulk rock and benthic and
planktonic foraminifers (values in per mil). (e) Carbon isotope results for bulk organic matter (values in
per mil).
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4.3. CIE Interval on the Californian Margin

4.3.1. Lodo Gulch Section
[20] Lithologies at the base of the Lodo Gulch section

(0–6.1 m) are characterized by sandstones (20–30%
sand fraction) and the absence of carbonate (<0.1%
carbonate, Figure 3). At 6.1 m, grain size decreases abruptly
(<5 wt % sand fraction), percent CaCO3 increases
(13.0–15.0 wt %), TOC increases slightly (from <0.1 to
0.3%), and the dominant lithology is siltstone. Between
6.1 and 19.9 m, well-preserved foraminifera are relatively

common, especially in layers with high clay content. The
lowest d13C and d18O values for all foraminifer species are
recorded at the 6.1 m stratigraphic level (see Tables 2 and 3,
‘‘CIE values’’). At the same level, d13Corg (Figure 3e)
abruptly decrease from a mean of �23.9% near the base
of the section to �27.1% (onset of the ‘‘CIE’’). Although
d13Corg could be influenced by contributions of terrestrial
organic matter, the absence of terrestrial palynomorphs,
the relatively high d13Corg values and the low C:N ratios
(Figure 6) around the CIE interval indicate that the

Figure 5. Single-specimen analysis of planktonic foraminifers from Bass River (values in per mil).

PA2217 JOHN ET AL.: CONTINENTAL MARGIN RECORDS OF THE PETM

7 of 20

PA2217



composition of the organic matter did not change through
the event, and was mostly of marine origin. At the peak
of the PETM warming (‘‘peak CIE’’), d18O-based SST at
Lodo Gulch ranges between 28�C and 29�C, and seafloor
water temperature is 22�C. Thus, the Early Eocene vertical
temperature gradient in the water column at Lodo Gulch is
similar to the gradient at Bass River, about 7�C based on
Morozovella spp. and Cibicidoides spp. d18O data.
[21] In the Lodo Gulch section, both d13C and d18O

increase between 6.1 and 19.90 m (within the CIE
‘‘recovery’’ interval, Figure 3e). C:N ratios increase 4 m
above the onset of the CIE, within the recovery interval,
indicating a possible increase in terrigenous organic matter
supply �40–60 ka after the onset of the event (Figure 6).
The increase in terrigenous organic matter is not paralleled
by noticeably more negative values in d13Corg, and, thus,
the terrestrial component is probably minor even in this
interval. The d13CForaminifer record above 19.9 m contains
several gaps where well-preserved foraminifers could not
be found. A glauconite-rich sand bed between 20.8 and
23.8 m truncates the recovery interval.
4.3.2. Tumey Gulch Section
[22] The lithologies in the Tumey Gulch section (Figure 4)

are dominated throughout by siltstones (3–10 wt % sand
fraction). Carbonate is generally absent from the base of the
section to 34.6 m, with the exception of a 10-cm thick
glauconitic bed at 30.4 m (�2.0 wt % carbonate) and a
35-cm bed at 32.6 m (4.1 wt % carbonate). Foraminifers
are absent in these carbonate-rich beds and preservation
of the carbonate is poor (e.g., dolomite rhombs are visible
in smear slides). Thus the bulk carbonate stable isotope

record in this interval could be skewed significantly by
the presence of authigenic carbonate (Tables 1 and 2 and
Figure 4). The most prominent changes occur at 34.5 m,
where carbonate content increases up section, bulk carbonate

Table 1. Oxygen Isotope Values at Bass River, Lodo Gulch, and Tumey Gulch Before and After the CIEa

Preexcursion d18O
Versus PDB, %

Postexcursion d18O
Versus PDB, %

Amplitude of d18O Change
Versus PDB, %

Maximum Average T Average, �C Maximum Average T Average, �C Maximum Average
Average Temperature

Change, �C

Bass River Section
Bulk carbonate 1.55 0.91 �3.87 �3.20 5.42 4.11
Cibicidoides spp. �0.64 �0.89 19 �2.04 �1.82 23 1.40 0.93 4
Subbotina spp. �1.51 �1.91 23 �3.51 �3.22 30 2.00 1.31 7
Morozovella spp. - - �4.24 �3.55 31 - -
Acarinina spp. �2.68 �2.38 26 �3.56 �3.31 30 0.88 0.93 4
Vertical Gradient 7 8

Lodo Gulch Section
Bulk carbonate - - �2.46 �2.34 - -
Cibicidoides spp. - - �1.68 �1.60 22 - -
Subbotina triangularis - - �2.78 �2.54 26 - -
Morozovella aequa group - - �3.02 �2.92 28 - -
Morozovella velascoensis - - �3.21 �3.06 29 - -
Acarinina spp. - - �3.28 �3.09 29 - -
Vertical Gradient 7

Tumey Gulch Section
Bulk carbonate �2.15 �2.49 �3.49 �3.05 1.34 0.56
Cibicidoides spp. - - �1.47 �1.35 21 - -
Subbotina triangularis - - �2.75 �2.73 27 - -
Morozovella aequa group - - �3.37 - - -
Morozovella velascoensis - - �3.31 - - -
Acarinina spp. - - �3.30 -

aValues are based on a five-point running average. Temperatures for benthic foraminifers were estimated using the equation of Shackleton [1974], and
temperatures for planktonic isotopes were based on the low-light Orbulina universa equation described by Bemis et al. [1998] (see text for details).
Boldface indicates that data are from multiple locations; average values are used in text discussion.

Table 2. Estimates of Sedimentation Rates and Average MARs for

Different Intervals Within the CIEa

Sedimentation
Rate, cm ka�1

MAR Carbonate,
g cm�2 ka�1

MAR Organic
Carbon, g cm�2 ka�1

Bass River
Pre-CIE 2.5 0.16 0.01
Onset NA NA NA
Peak CIE 11.9 1.86 0.12
Recovery 11.9 0.33 0.08

Wilson Lakeb

Pre-CIE 8.4 0.04 0.01
Onset 6.8 0.06 0.02
Peak CIE 19.5 1.02 0.07
Recovery 19.5 1.24 0.11

Lodo Gulch
Pre-CIE 1.5 0.00 0.00
Onset NA NA NA
Peak CIE 16.8 2.63 0.06
Recovery 24.6 2.42 0.03

Tumey Gulch
Pre-CIE 1.5 0.02 0.01
Onset NA NA NA
Peak CIE 7.3 1.31 0.02
Recovery 3.3 0.32 0.02

aValues are derived by correlating the continental margin sites to ODP
Site 690 using the age model from Röhl et al. [2000]. NA indicates not
applicable.

bData from Quattlebaum [2004].

PA2217 JOHN ET AL.: CONTINENTAL MARGIN RECORDS OF THE PETM

8 of 20

PA2217



d13C and d18O values decrease by 4.1% and 0.6%,
respectively, and d13Corg decreases by 3.4% (i.e., at the
onset of the ‘‘CIE’’). As at Lodo Gulch, the organic matter
across the CIE appears to be dominantly marine with a
low C:N ratio (Figure 6). Between 34.2 and 34.5 m, the
lithology is a reddish fine-silt layer (<0.9% sand fraction,
<0.1% CaCO3).
[23] The first well-preserved foraminifers above the base

of the section are found at 35.0 m, coincident with a sharp
increase in percent CaCO3 (up to 16.4 wt %). The low d13C
and d18O values measured from foraminifers at this level
confirm a peak CIE stratigraphic assignment. In this inter-
val, benthic foraminifer d13C and d18O values are �2.0%,
and planktonic foraminifer values range from 0.11 to
�1.6% for d13C and from �2.7% to �3.4% for d18O,
depending on the taxon analyzed (Tables 1 and 2). These
values are similar to equivalent intervals at Lodo Gulch
(Tables 2 and 3), and indicate peak SSTs of 27�C and
seafloor water temperatures of 21�C during the CIE. As at
Lodo Gulch, C:N ratio increase 4 m above the onset of the
CIE (Figure 6), indicating a possible increased contribution
of terrigenous organic matter in this interval.
[24] Immediately above 35.0 m within the Tumey Gulch

section, both d13Corg and d13Ccarbonate gradually increase
through the section to 35.0 m (within the CIE ‘‘recovery’’
interval). At 41.6m, carbonate content decreases to <0.1wt %
and remains low until 49.9 m, above which it fluctuates
around 20 wt %. Organic matter content at Tumey Gulch
(Figure 4a) is relatively constant (�0.2 wt %) from the
pre-CIE interval throughout the recovery phase, and
increases up to 0.4 wt % above 39.5 m (with the post-

CIE recovery interval). Sediments above the disconformity
are characterized by <0.2 wt % TOC.

4.4. Sedimentation Rates and Mass Accumulation
Rates

[25] We correlated the continental margin sections with
the reference deep sea section at Site 690 based on tie
points at the last pre-CIE values, and peak CIE values
(in Figure 7). This results in an inferred ‘‘time gap’’ of
20–23 ka at Bass River, Lodo Gulch and Tumey Gulch.
Because the onset of the CIE in pelagic bulk d13C
records might be altered by dissolution and bioturbation
[Zachos et al., 2005, 2007], this gap is likely an artifact
(see discussion below). Regardless, sedimentation rates
for the peak CIE and recovery intervals should not be
significantly affected by this small uncertainty. We
estimate continuous sedimentation during the onset of
the CIE at Wilson Lake (6.8 cm ka�1, Table 2). During
peak CIE, sedimentation rates range from 7.3 cm ka�1

(Tumey Gulch) to 19.5 cm ka�1 (Wilson Lake, Table 2).
Sedimentation rates during the recovery are difficult to
estimate because of the numerous unconformities, but must
be very high. At Lodo Gulch, the relatively long recovery
interval can be correlated to the ODP Site 690 record
(see Figure 7) yielding a sedimentation rate of 24.6 cm ka�1.
For Bass River and Wilson Lake, assuming sedimenta-
tion rates similar to peak CIE yield a good fit to the ODP
Site 690 record. Tumey Gulch is the only section where
sedimentation rates are interpreted to have decreased
during the recovery interval (from 7.3 cm ka�1 to
3.3 cm ka�1). On the basis of biostratigraphic data, Upper
Paleocene sedimentation rates at Bass River are estimated

Table 3. Carbon Isotope Values at Bass River, Lodo Gulch, and Tumey Gulch Before and After the Carbon Isotope Excursiona

Species

Preexcursion d13C
Versus PDB, %

Postexcursion d13C
Versus PDB, %

Amplitude of d13C Change
Versus PDB, %

Maximum Average Maximum Average Maximum Averageb

Bass River Section
Bulk carbonate 1.79 1.21 �2.56 �2.25 4.35 3.46
Cibicidoides spp. 0.09 �0.1 �3.00 �2.84 3.09 2.74
Subbotina spp. 1.46 1.34 �2.14 �1.91 3.6 3.25
Morozovella spp. - - �0.46 0.00 - -
Acarinina spp. 2.95 2.6 �1.30 �0.83 4.25 3.43

Lodo Gulch Section
Bulk carbonate - - �2.95 �2.29 - -
Bulk organic matter �23.26 �23.86 �27.13 �27.10 3.87 3.24
Cibicidoides spp. - - �1.58 �1.57 - -
Subbotina triangularis - - �1.76 �1.62 - -
Morozovella aequa group - - �0.25 0.28 - -
Morozovella velascoensis - - 0.28 0.48 - -
Acarinina spp. - - �0.51 �0.23 - -

Tumley Gulch Section
Bulk carbonate 3.02 2.33 �2.52 �1.73 5.54 4.06
Bulk organic matter �23.27 �23.69 �27.54 �27.09 4.27 3.4
Cibicidoides spp. - - �1.99 - - -
Subbotina triangularis - - �1.56 �1.52 - -
Morozovella aequa group - - �0.78 - - -
Morozovella velascoensis - - 0.13 - - -
Acarinina spp. - - �0.11 -

aValues are based on a five-point running average.
bBoldface indicates that data are from multiple locations.
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to be 2.7 ± 0.6 cm ka�1 [Cramer, 1999] and range from
�1 to 2 cm ka�1 in the Lodo Formation. Thus, sedi-
mentation rates increased by an order of magnitude
across the CIE (Tables 2 and 4).

5. Discussion

5.1. Implication of the Shelf Record for the Magnitude
and Timing of the CIE

[26] The shelf records indicate that the average amplitude
of the CIE on the continental margins (2.8–3.5%) is closer
to deep-sea records (2.5–3.0%) than terrestrial records
(�5%). The amplitude of the CIE is similar on both
margins of North America, whether it is measured on bulk
organic matter or foraminiferal calcite (Table 3). The
consistency in d13C between geographical shelf locations
and sample materials suggests that the full amplitude of the
CIE is captured on the shelf. This magnitude is lower by
�2% relative to terrigenous records, and we concur with
others [Bowen et al., 2004] that this probably indicates an
amplification of the CIE in many terrigenous records though
the reasons remain unclear. One possibility is that carbon
fractionation during photosynthesis is a phenomenon highly
species-specific, yielding a wide range of excursion values
at the P/E boundary that depend on the organic compound
analyzed [Schouten et al., 2007].
[27] The temperature increase at the CIE in both surface

and deeper waters on the shelf (5�C–6�C) based on the

oxygen isotopes is slightly less pronounced than based on
TEX86 [Sluijs et al., 2007]. The estimates are both
generally consistent with estimated SST and deepwater
warming during the PETM [Thomas and Shackleton,
1996; Zachos et al., 2001; Tripati and Elderfield, 2005].
Interestingly, surface, thermocline and bottom water
temperatures warmed by a similar magnitude at Bass
River during the PETM (Table 3). The foraminifer stable
isotope records show interspecies gradients that are
very similar to patterns observed in deep-sea sections
(Figures 2). For example, species of the genus Morozovella
that largely resided in the mixed layer [D’Hondt et al., 1994],
yield the highest d13C and lowest d18O values, and the
benthic foraminifer Cibicidoides yield the lowest d13C and
highest d18O values, respectively.
[28] The amplitude of the CIE on the shelf is most

comparable with the open ocean record at ODP Site 690
(Weddell Sea). The isotopic composition of dissolved
carbon (d13CDIC) in mixed layer waters between the New
Jersey margin and the Weddell Sea were likely similar, as
single-specimen Morozovella from both locations show
essentially the same range of preexcursion and excursion
d13C values [Zachos et al., 2007]. The same appears to be
true for the initial Eocene CIE d13C values from Lodo Gulch
and Tumey Gulch sections, which are essentially identical
to those from Maud Rise and New Jersey. Species living
deeper in the water column do not show a similar pattern.

Figure 6. C:N ratio at Lodo Gulch and Tumey Gulch. The grayed zone represents an interval of higher
C:N ratio where the contribution of terrigenous organic matter is potentially higher.
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For example, Subbotina spp. (Figure 8) from Bass River
yield similar pre-CIE d13C values to those from ODP Site
690 (median d13C values are 1.4 and 1.6%, respectively),
but are about 1.3% lighter during the CIE (median d13C
values are �2.0 and �0.6%, respectively). This difference
is as yet unexplained, but could indicate a change in
thermocline structure, vertical organic carbon fluxes, and/
or a change in the depth habitat of Subbotina spp. at either
ODP Site 690 or Bass River.
[29] Compared to other open ocean sites, for example,

DSDP Sites 527, 577, 557, and ODP Site 1209, the peak
CIE d13C values of carbonate from both the New Jersey
sections and Site 690 are lower, and therefore the magnitude
of the CIE is larger. It is possible that these carbon isotope
differences reflect on local variations associated with verti-
cal mixing or export production. In theory, a reduction in
export productivity and organic carbon burial should lower
local DIC d13C. An alternative explanation for the some-
what increased magnitude of the CIE on the shelf is that the
early Eocene portion of the pelagic record was truncated by
dissolution, and are thus less complete than the continental
margin records.
[30] Carbon isotope data immediately above and below

the P/E boundary at Bass River suggest an abrupt onset of
the CIE, that is, two distinct populations of data are apparent
on a d18O versus d13C crossplot of single specimen plank-
tonic foraminifer (Figure 8): a pre-CIE population and a

CIE population. A similar pattern is also observed within
the d13Corg records at Lodo Gulch and Tumey Gulch
(Figures 3 and 4). In pelagic sections, the relatively rapid
step in d13C is thought to be partly an artifact of the intense
dissolution, loss of carbonate and reworking [Zachos et al.,
2005, 2007]. On the shelf, carbonate dissolution is unlikely
to result from lysocline shoaling and most likely does not
account for the rapid shift observed in d13Corg. One possible
explanation is that the onset of the event transpired over an
interval equal to or shorter than the sampling resolution of
our study (ranging from 1 to 4 ka). Sediment mixing by
bioturbation could also mask intermediate d13C values in
multispecimen analysis. However, single-specimen analyses
(Figure 5) show no intermediate values around the CIE
interval, prompting us to dismiss this possibility, at least
for the Bass River site. An alternative explanation is that
the North American shelf d13C records do not capture the
initial �23 ka of the CIE. Some continental margin
records [e.g., Lu et al., 1998; Crouch et al., 2003] show
a gradual decrease in d13Cbulk carbonate or d13Corg values,
which may argue for a truncation of our records. However,
in other expanded continental records such as sections in
the pre-Alps [Giusberti et al., 2007] the onset of the CIE
is instantaneous with no evidence for a hiatus. On this
basis, Giusberti et al. [2007] proposed that the CIE
happened in a geologic instant, and that the stepwise
increase in the fine-fraction d13C record at ODP Site 690

Figure 7. Shelf carbon isotope values across the CIE correlated to ODP Site 690 plotted using the age
model of Röhl et al. [2000]. Correlations were done using Analyseries 2.0 [Paillard et al., 1996].
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was a regional exception. Likewise, the sections investi-
gated here lack any clear evidence of hiatus at the onset of
the CIE: scoured surfaces are not present, extensive
dissolution of carbonate is not evident, and the sedimen-
tation appears reasonably continuous. Interestingly, the
‘‘steps’’ in the d13Cbulk carbonate at ODP Site 690 are
not represented in single-specimen isotope records
[Thomas et al., 2002]. We therefore suggest that the
pelagic bulk carbonate carbon isotope records do not
accurately reflect the rate of the CIE in the surface ocean.
Either dissolution or reworking or some combination of
the two tends to smear the CIE as reconstructed from bulk
sediment analyses. However, these uncertainties hamper an
absolute correlation of the first �20 ka of the CIE between
our records and deep-sea records.

5.2. Changes in Burial Rates and Implications for the
PETM Carbon Cycle

[31] The thickness of the excursion layer in our shelf
sections is a function of proximity to the coast (Figure 9);
the excursion layers are thickest on the inner shelf (14m thick
at Wilson Lake [Zachos et al., 2006]), intermediate on the
outer shelf (11–12 m thick at Bass River and Lodo Gulch),
and thinnest on the slope (5 m thick at Tumey Gulch). Nicolo
et al. [2007] demonstrated that the trend observed on the shelf
was opposite to changes in the deep sea where sedimentation
rates decrease over the lower portion of the CIE [Röhl et
al., 2000] because of ocean acidification and carbonate
dissolution, although accumulation rates eventually in-
crease during the recovery phase [Farley and Eltgroth,
2003]. Our results suggest that sedimentation rates on the

Figure 8. Crossplot of d18O versus d13C data for single-specimen analysis of Subbotina spp. at Bass
River (this study) and open ocean ODP Site 690 [Thomas et al., 2002]. Note the similarity in d13C values
pre-CIE, while the average CIE values at Bass River are about 1.3% lighter than at Site 690.
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continental margin increased by a factor of 5 to 11 during
the PETM (Table 2).
[32] The expanded nature of the CIE is not unique to

the North American margins. Sections with a thick CIE
interval have been documented on the margins of the
eastern Atlantic basin [Lu et al., 1998], the North Sea
[Steurbaut et al., 2003], around the perimeter of the
Tethys in Spain [Bolle et al., 1998b; Gawenda et al.,
1999; Schmitz et al., 2001], Kazakhstan and Uzbekistan
[Bolle et al., 2000c], Tunisia [Bolle et al., 1998a], Israel
[Bolle et al., 2000b], Egypt [Bolle et al., 2000a], in the
pre-Alps [Giusberti et al., 2007] and around New
Zealand [Crouch et al., 2003; Nicolo et al., 2007].
Sections in Spain [Schmitz et al., 2001], in the pre-Alps
[Giusberti et al., 2007] in New Zealand [Crouch et al.,
2003; Nicolo et al., 2007], also show increases in
sedimentation rates within the CIE by a factor of 2 to
5 (see Table 4 for a compilation of shelf data).
[33] Two mechanisms that could trigger increased

sedimentation rates on a global scale are (1) sea level

changes and (2) increase in sediment supply. In general,
sea level rose from the late Paleocene to early Eocene
[Miller et al., 1998a; Speijer and Morsi, 2002; Sluijs et al.,
2006; Scheibner et al., 2007]. For instance, at LodoGulch the
sediments become finer at the onset of the CIE, and a
glauconitic sand layer truncates the recovery interval. At
Bass River and Wilson Lake, the glauconite-rich silt to
sand lithologies below the CIE have been interpreted as a
transgressive systems track and the more silty lithologies
above the CIE as a highstand systems track [Miller et al.,
1998a]. Higher sea level would provide greater accom-
modation space during the transgression, and progradation
of the facies basinward. However, Miller et al. [1998a]
have pointed out that sedimentation on the New Jersey
margin was not only paced by changes in eustasy, but
also by changes in sediment supply.
[34] We believe that the widespread rise in sedimentation

rates during the CIE resulted in part from sea level rise, but
also largely from an increase in the flux of fine terrigenous
sediment. In climate simulations, the hydrologic cycle

Figure 9. Summary of the carbon isotope results obtained in this and other studies and conceptual
cross section from the continent to the deep sea. Data from left to right are for Tumey Gulch
(continental slope, California), Lodo Gulch (outer shelf, California), Wilson Lake (inner shelf, New
Jersey), Bass River (inner to outer shelf, New Jersey), and various deep-sea records (ODP Sites 1051,
690, and 1263).
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becomes more energetic as CO2 and temperature rise,
resulting in increased precipitation in tropical and high-
latitude regions, and decreased precipitation in the sub-
tropics [Intergovernmental Panel on Climate Change,

2001]. The record of the PETM is consistent with an
enhanced hydrological cycle, with intensified chemical
weathering and runoff [Robert and Chamley, 1991;
Pagani et al., 2006b; Clechenko et al., 2007] as well as
increased seasonality, which must lead to more efficient

Figure 10. Mass accumulation rates (MARs) of (a) organic carbon and (b) carbonate versus age (in ka
from onset of the CIE). Organic carbon content used for calculating the MARorganic matter at Bass River is
from Cramer [1999]. The error bars represent the uncertainty linked to determining bulk density based on
estimated porosities (the lower estimate is for the ‘‘silt’’ curve, and the upper estimate is for the ‘‘clay’’
curve [Bryant et al., 1981]). Data points represent average MAR estimates discussed here.
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physical weathering and erosion [Schmitz and Pujalte,
2003, 2007]. The net result would be an increase in the
sediment loads of rivers and sediment supply to the
continental margins, consistent with our observations.
[35] Because modern continental shelves represent the

largest sink for particulate organic matter [Ver et al.,
1999], an important implication of increased sedimentation
rates, is increased carbon burial. Many studies have high-
lighted the link between increased sedimentation rate,
increase clay minerals in the sediment fabric, and enhanced
organic matter burial and preservation, even in the absence
of increased productivity [see, e.g., Ingall and van
Cappellen, 1990; Baldock and Skjemstad, 2000; Curry
et al., 2007]. Other processes should also impact carbon
burial on continental margins. Primary productivity in coastal
waters in some regions increased because of higher nutrient
content [Gibbs et al., 2006], and evidence exist for an
increase in the transport of terrigenous organic matter to
the coastal ocean [Crouch et al., 2003]. Furthermore, the
warmer, more stratified coastal oceans might have been
suboxic [Speijer and Wagner, 2000; Sluijs et al., 2006,
2008; Kopp et al., 2007; Lippert and Zachos, 2007], and
thus more prone to preserving organic matter, thus
contributing to greater carbon burial on the margin
during the PETM.
[36] Indeed, mass accumulation rates rise on both shelves

with both organic carbon and CaCO3 burial increasing by at
least an order of magnitude (Table 2 and Figure 10).
Interestingly, all of the records show maximum accumula-

tion starting roughly 30 ka post-CIE and lasting until about
100 ka post-CIE. This is consistent with a slight time lag
between the onset of the carbon input and the sedimen-
tological response of the continent shelf system. Judging
from previously published continental margin sections and
factoring changes in sedimentation rates, we estimate that
organic carbon burial during the CIE increased in nearly
all shelf sections (Table 4).
[37] How much carbon could have been removed from

the ocean-atmosphere system through accelerated organic
carbon burial on the shelf? A plot of cumulative excess
organic carbon burial suggests that the North American
shelf sections stored on average between 8.1 g cm�12 and
11.3 g cm�2 more organic carbon during the PETM than
they would have during a similar time interval in the
Paleocene (Figure 11a). Data from the Tumey Gulch
section suggest that this continental slope location may
have trapped an additional 2.1 g cm�2 organic carbon
(Figure 11a). Extrapolating these numbers to account for
the total excess organic carbon burial on continental
margins is not trivial, mainly because continental margins
are very heterogeneous in nature and the actual flux of
organic carbon will be highly dependent on local and
regional factors. Even for the modern carbon cycle,
quantifying carbon fluxes for the coastal ocean has proved
difficult [Borges, 2005].
[38] We can, however, approximate to a first-order

organic carbon burial on the shelves, and assess whether
changes across the PETM were important to the overall

Figure 11. Excess cumulative mass accumulation rates (g cm�2) of (a) organic carbon and (b) CaCO3

versus age (in ka from onset of the CIE). These rates represent carbon accumulated during the CIE in excess
of Paleocene accumulation. The gray dashed line in Figure 11b represents the onset of the CIE at Bass River,
Lodo Gulch, and Tumey Gulch assuming sedimentation across the CIE at these locations is continuous.
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carbon budget. For this, we use a modern continental
shelf area of 26 � 106 km2 [Walsh, 1991], which with
lower sea level is roughly 50 to 75% that of the early
Eocene shelf area. Extrapolating our accumulation rate
data for this surface area indicates that, for the duration of
the PETM, the shelf would have accumulated between
2200 and 2900 gigatons of organic carbon (109 metric
tons (Gt) C) in excess of pre-PETM accumulation rates.
This is within the same order of magnitude as estimates
of the mass of carbon released at the onset of the PETM,
which range from 1500 to 2200 Gt C [Dickens et al.,
1997] to greater than 4500 Gt C [Zachos et al., 2005].
Theoretical and empirical evidence suggest sequestration
of carbon and recovery from the peak CIE interval was
driven by increased continental weathering and subse-
quent inorganic carbon burial in the deep sea [Dickens et
al., 1997; Bains et al., 2000; Ravizza et al., 2001]. Our
site compilation (Table 4) suggests an additional, albeit
smaller feedback: accelerated sedimentation and increased
productivity and preservation increased organic carbon
burial on the shelf. Moreover, our C:N ratio values
[Crouch et al., 2003] support previous works suggesting
that some of the organic carbon trapped on the margins
originated from the terrestrial biosphere.
[39] The other important contribution to carbon fluxes is

the burial of inorganic carbon as calcium carbonate.
Cumulative excess CaCO3 accumulation (Figure 10b)
show that North American shelf sediments stored excess
CaCO3 during the peak CIE, a time when the deep sea
was undersaturated with respect to CO3

�2 and the CCD
was shoaled to <1 km [Zachos et al., 2005]. Between 60
and 110 ka, excess carbonate accumulation continued to
rise on the continental margin but the slope of the curve
gradually became flatter. Finally, when the deep sea
returned to pre-event carbonate ion levels (>110 ka) the
excess accumulation of carbonate at Tumey Gulch, Bass
River and Wilson Lake stabilized. At Lodo Gulch, excess
carbonate accumulation continued to increase throughout
the Eocene, indicating regional heterogeneities in carbon-
ate production and preservation after the end of the CIE.
Nevertheless, the consistent pattern emerging is that
carbonate burial on the shelf also increased significantly
during the CIE, and then subsided at most locations
during the later phase of the CIE at a time when
carbonate deposition shifted to the deep ocean. This is
supported by the compilation of data (Table 4) showing
an overall increase in carbonate flux in the majority of the
shallower sections of the continental shelf. At many sites
(Table 4), carbonate content in the rock decreases even as
carbonate accumulation increases because of the elevated
sedimentation rates. The reduction in carbonate content
mostly reflects dilution by siliciclastics rather than disso-
lution (as in the deep sea). The long-term effect of
carbonate burial is to trap CO3

�2 derived from continental
weathering [Ridgwell and Zeebe, 2005]. Thus, the shelf
acted as a net sink for atmospheric carbon over the
duration of the CIE, both in the form of calcium carbon-
ate and particulate organic matter.

[40] The increase in carbonate burial on the shelf might
have been driven by higher CO3

�2 saturation resulting from
increased continental runoff during the recovery interval as
observed in the deep sea [Zachos et al., 2005]. However,
the coastal ocean is typically oversaturated with respect to
CO3

�2, and so this mechanism is unlikely to significantly
alter rates of mineralization on the shelf. We suspect
instead that the increase in carbonate burial is largely linked
to the background increase in siliciclastic clay flux; this
would have accelerated burial of carbonate and retarded
dissolution, thus accounting for the excess carbonate.
Regardless of cause, the increased organic carbon and
carbonate burial rates on the shelf need to be considered in
computations of the global balance of carbon fluxes across
the Paleocene-Eocene boundary. Inclusion of the shelf fluxes
may, for example, help resolve the discrepancy of the mass of
carbon released as estimated from isotopes and carbonate
accumulation records [see Pagani et al., 2006a].

6. Summary

[41] We document a �3.0–4.5% CIE on North Amer-
ican shelves, which is similar to pelagic planktonic
records, larger than most pelagic bulk carbonate records,
but still less than continental records. This supports the
hypothesis that deep-sea bulk carbonate records are often
truncated by dissolution and/or reworking, and that the
continental soil nodule and organic carbon d13C signal is
amplified by increased fractionation. Because productivity
and sedimentation rates increased dramatically across the
CIE, the midlatitude continental shelves sequestered
carbonate and organic carbon more efficiently during
the CIE than during the upper Paleocene. Excess organic
carbon burial on the midlatitude shelves may have
sequestered a significant portion of the released CO2,
and thus may have contributed significantly to the CIE
recovery. The role of inorganic carbon burial on the
carbon budget is more difficult to assess and would
depend on the phasing between carbonate dissolution in
the deep sea and carbonate accumulation on the shelf,
though it is possible that increased carbonate burial on
the shelf partially countered the effects of carbonate
dissolution in the deep sea. Because increased sedimen-
tation rates were probably linked to increased continental
weathering and erosion of land deposits, a more active
hydrological cycle served as important negative feedback
on the CIE and associated warming by promoting carbon
burial.
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