Paleoceanography and
Paleoclimatology

RESEARCH ARTICLE
10.1029/2021PA004232

Key Points:

e Data and modeling show increased
productivity, deoxygenation, and
organic C burial in marginal and
restricted environments during the
PETM

e Excess burial of ~3,300 Pg organic C
burial at the early stages of the PETM

recovery

e Excess organic C burial during
recovery requires several thousands
of Pg of *C-depleted carbon input to
match global exogenic 8'°C trends

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:
N. M. Papadomanolaki,
n.papadomanolaki@uu.nl

Citation:

Papadomanolaki, N. M., Sluijs, A., &
Slomp, C. P. (2022). Eutrophication and

deoxygenation forcing of marginal marine

organic carbon burial during the PETM.

Paleoceanography and Paleoclimatology,

37, e2021PA004232. https://doi.
org/10.1029/2021PA004232

Received 2 FEB 2021
Accepted 25 NOV 2021

Author Contributions:

Conceptualization: Nina M.
Papadomanolaki, Appy Sluijs, Caroline
P. Slomp

Data curation: Nina M. Papadomanolaki

Formal analysis: Nina M.
Papadomanolaki

Funding acquisition: Caroline P. Slomp
Investigation: Nina M. Papadomanolaki

Methodology: Nina M. Papadomanolaki,

Appy Sluijs, Caroline P. Slomp
Project Administration: Caroline P.
Slomp

Supervision: Appy Sluijs, Caroline P.
Slomp

© 2022. The Authors.

This is an open access article under

the terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

'.) Check for updates

A G s

> SPACE SCIENCE

ok

Eutrophication and Deoxygenation Forcing of Marginal
Marine Organic Carbon Burial During the PETM

Nina M. Papadomanolaki' ), Appy Sluijs' /, and Caroline P. Slomp!

'Department of Earth Sciences, Faculty of Geosciences, Utrecht University, Utrecht, The Netherlands

Abstract The Paleocene-Eocene Thermal Maximum (PETM) is recognized globally by a negative
excursion in stable carbon isotope ratios (5'*C) in sedimentary records, termed the carbon isotope excursion
(CIE). Based on the CIE, the cause, duration, and mechanisms of recovery of the event have been assessed.
Here, we focus on the role of increased organic carbon burial on continental margins as a key driver of CO,
drawdown and global exogenic 8'3C during the recovery phase. Using new and previously published sediment
proxy data, we show evidence for widespread enhanced primary production, low oxygen waters, and high
organic carbon (C,,) burial in marginal and restricted environments throughout the 813C excursion. With a
new biogeochemical box model for deep and marginal environments, we show that increased phosphorus
availability and water column stratification on continental margins can explain the increased C,,, burial during
the PETM. Deoxygenation and recycling of phosphorus relative to C_, were relatively mild, compared to
modern day anoxic marine systems. Our model reproduces the conditions reconstructed by field data, resulting
in a burial of 6,000 Pg across the PETM, in excess of late Paleocene burial, and ~3,300 Pg C for the critical
first 40 kyr of the recovery, primarily located on continental margins. This value is consistent with prior data
and model estimates (~2,000-3,000 Pg C). To reproduce global exogenic §'3C patterns, this C,,, burial implies
an injection of 5,000-10,000 Pg C during the first ~100-150 kyr of the PETM, depending on the source's §'3C
(=11%0 to —55%o).

1. Introduction

The Paleocene-Eocene Thermal Maximum (PETM; ~56 Ma) was a geologically short-lived (~150-250 kyr;
e.g., Murphy et al., 2010; Rohl et al., 2007; Zeebe & Lourens, 2019) phase characterized by global warming,
an enhanced hydrological cycle and biotic turnover (e.g., Carmichael et al., 2017; Mclnerney & Wing, 2011).
A key feature of the event is a negative stable carbon isotope (§!°C) excursion (CIE) recovered in both marine
(average: —2.8%o; bulk carbonate: —2.7%o; bulk marine organic matter: —4.1%o) and terrestrial records (average:
—4.7%o0; Koch et al., 1992; Mclnerney & Wing, 2011). In combination with dissolution of seafloor carbonates
(e.g., Zachos et al., 2005), the CIE indicates the injection of large quantities of '3C-depleted carbon (C) into
the ocean-atmosphere system (Dickens et al., 1995, 1997). Proposed sources for this carbon include methane
hydrates (e.g., Dickens et al., 1995; Frieling et al., 2019; Lunt et al., 2011), terrestrial organic carbon (DeConto
et al., 2012; Kurtz et al., 2003), thermogenic methane (Svensen et al., 2004), and volcanic CO, (e.g., Bralower
et al., 1997; Gutjahr et al., 2017) or a combination of sources (e.g., Panchuk et al., 2008; Sluijs et al., 2007).
Many records show a rapid onset of the CIE followed by a “plateau” phase of stable §'3C values (e.g., Bowen
et al., 2001; Thomas et al., 2002) with a duration of up to 170 kyr (Zeebe & Lourens, 2019; Figure 1). The
plateau, or rather the lack of immediate recovery, implies a long-term additional source of '*C-depleted carbon,
such as methane from hydrates, thermogenic sources or terrestrial carbon oxidation (Frieling et al., 2016; Lyons
et al., 2019; Zeebe, 2013). The subsequent recovery to approximately background §'*C values may span up
to ~120 kyr (e.g., Farley & Eltgroth, 2003), though many records suggest stable postexcursion values within
~100 kyr (Bowen, 2013).

The timescale of recovery (Bowen, 2013; Dickens et al., 1997; Zachos et al., 2005) as well as sedimentary
evidence (e.g., Kelly et al., 2005; Ravizza et al., 2001) indicate that intensified weathering of terrestrial silicate
rocks likely drove CO, drawdown during the PETM (Zachos et al., 2005). However, the rapid recovery of the CIE
observed in both marine and terrestrial records (e.g., Abdul-Aziz et al., 2008; Giusberti et al., 2007), suggests that
organic carbon (C,,,) burial played an important role as well, especially within the first 30-40 kyr of the recovery
(Bowen, 2013; Bowen & Zachos, 2010). Along with terrestrial CDrg burial (Bowen & Zachos, 2010), marine Corg
burial might have been a major sink (e.g., John et al., 2008).
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In the modern ocean, over 90% of all C__ burial in the marine realm takes place at depths shallower than 1,000 m

or}
(Sarmiento & Gruber, 2006). Climate cflange during the PETM likely led to increased weathering-driven river
inputs of phosphorus (P) to coastal zones (e.g., Carmichael et al., 2017; Khozyem et al., 2015; Sluijs et al., 2014),
stimulating primary productivity. The resulting increase in organic matter remineralization near the seafloor,
decreased bottom water oxygen concentrations, enhanced recycling of phosphorus from sediments through
preferential release from organic matter and reduced mineral retention, and increased C,, burial (e.g., Ingall
et al., 1993; Sluijs et al., 2008b, 2014). Warming, and stronger (salinity) stratification also contributed to a drop
in seawater oxygen concentrations (e.g., Carmichael et al., 2017; Sluijs et al., 2006; Thomas et al., 2002). Given
the high sea level across the late Paleocene and early Eocene (e.g., Miller et al., 2020), particularly during the
PETM (e.g., Sluijs et al., 2008a), even more nutrients were likely trapped along margins due to their larger area
and hence larger retention capacity (Tsandev & Slomp, 2009). Collectively, if marine C,, sequestration was of
relevance to carbon drawdown during the PETM, it was most likely concentrated along continental margins.

Some studies suggest a rise in primary or export production (Bains et al., 2000; Ma et al., 2014) and mild deoxy-
genation (e.g., Chun et al., 2010; Pilike et al., 2014) in the open ocean, thus potentially increasing C, sequestra-
tion. However, most observations point toward increased C,,, burial on continental shelves and slopes (Dunkley
Jones et al., 2018; John et al., 2008), notably in restricted basins such as the Arctic (Sluijs et al., 2008b) and in
epicontinental seas such as the peri-Tethys (Gavrilov et al., 1997). Sedimentary records from various margins
point toward eutrophic conditions (e.g., Dickson et al., 2014; Gibbs et al., 2006; Nicolo et al., 2010; Schmitz
et al., 1997a, 1997b; Soliman et al., 2011). Bottom waters at such locations were at least intermittently low in
oxygen and in some cases even euxinic ([O,] = 0 and sulfidic), which in combination with elevated clay supply,
enhanced COrg burial (Sluijs et al., 2014).

The rapid recovery of 8'3C during the CIE through elevated C,,, burial in marine sediments was recently assessed
with two Earth System models. Using cGENIE, Gutjahr et al. (2017) and Dunkley Jones et al. (2018) assumed
an ad hoc increase in burial to simulate the desired 8'3C response. In an application of LOSCAR, Komar and
Zeebe (2017) simulated a reduction in deep water O, and associated increased P recycling and primary produc-
tion as a mechanism for enhanced C,,, burial. These studies conclude that the burial of ~2,000 to 8,000 Pg (Pg)
of C,,, is required to reconstruct the initial, rapid 8'3C recovery, in agreement with Bowen and Zachos (2010).
However, neither cGENIE nor LOSCAR include a representation of the continental shelves and all C,, burial in
these models occurs in deep marine sediments. As a result, the models do not capture the primary locale of C,,
burial for the PETM which may affect both interpretations of the scale and nature of the driving mechanisms, as
well as the actual magnitude of the C,, burial.

In this study, we first expand existing global scale data compilations of changes in primary production, and
deoxygenation during the PETM (Carmichael et al., 2017; Dickson et al., 2012; Sluijs et al., 2014), based on the
currently available published information and new data, with a focus on marginal sites. We then present a new
biogeochemical box model with separate boxes for the open ocean and continental margins, the Arctic Ocean and
the Eurasian Epicontinental Seas (EES). With the model, we simulate changes in primary production and water
column redox conditions during the PETM, with a specific focus on the resulting burial of C, on continental
margins during the key first 40 kyr of the recovery phase.

2. Materials and Methods
2.1. Data Compilation

We generated new C,, records and seafloor oxygenation proxy records (C,/P,,, molybdenum, Fe/Al) for the
PETM at seven sites (Figure S1 in Supporting Information S2), and combined them with published information
on changes in primary production and redox conditions during the PETM (Table ST1 in Supporting Informa-
tion S2). The compilation also includes new geochemical records for the deep North Atlantic (International
Ocean Discovery Program (IODP) Site 1403) and marginal settings in the Pacific, Tethys, Atlantic, Arctic, South-
ern, and Indian Oceans (Lodo Gulch, Forada, Bass River, Lomonosov Ridge IODP Site M004, Ocean Drilling
Program (ODP) Sites 1172 and 752; see Supporting Information S2 for site descriptions and methodology). For
the recovery phase, we exclude sites lacking appropriate chronology.
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Figure 1. Idealized representation of the carbon isotope excursion (CIE)
associated with the PETM. The four key phases of the CIE are shown: the
preevent stable background, the §'3C decrease across the onset, the stable

or slightly increasing values of the “plateau” and the increasing 8'C of

the recovery. As this §!C curve does not represent a specific site, the
boundaries between the Paleocene and Eocene, and Zones NP9 and NP10, are
approximate. The duration for the onset (Kirtland Turner, 2018 and references
therein), plateau (Zeebe & Lourens, 2019 and references therein), and recovery
(e.g., Bowen, 2013; Murphy et al., 2010; Zeebe et al., 2009) of the The
Paleocene-Eocene Thermal Maximum (PETM) are also given.

To determine the redox conditions in the water column during the PETM, we
use changes in sediment concentrations of redox-sensitive trace metals (e.g.,
Mo, Fe/Al), changes in benthic foraminiferal assemblages and abundance,
pyrite contents, sediment lamination, and the presence of biomarkers such
as isorenieratene and derivatives. Increased values for the molar ratio of C_,
over total P (Corg/Plot) indicate increased preservation of Corg and reduced
retention of P in sediments under low O, conditions (e.g., Ingall et al., 1993).
They are therefore used as a proxy for deoxygenation. The continued pres-
ence of benthic foraminifera is used as an indicator of bottom waters that
were not permanently anoxic (e.g., Bernhard & Gupta, 1999). Laminations
generally form as mesofauna and macrofauna disappear from sediments
when bottom water oxygen is low, but not necessarily absent (e.g., Savrda &
Bottjer, 1991). The presence of Mo and abundant pyrite in sediments gener-
ally indicates sulfidic sediments and anoxic bottom waters (Bertine, 1972;
Crusius et al., 1996; Roychoudhury et al., 2003). Isorenieratene is a proxy
for photic zone euxinia, though at shallow sites, photic zone euxinia likely
extended to the seafloor (Sluijs et al., 2014). In this study, we attempt to
narrow down redox classifications to no evidence for deoxygenation (oxic),
reducing conditions without the complete absence of O, (hypoxic) and
evidence for no free O, and/or sulfidic conditions (anoxic). Therefore, as an
example, the presence of Mo at a site is interpreted as evidence for anoxia,
and we forego the use of Mo concentrations for a further redox classification
as done, for example, by Scott and Lyons (2012). For trace metals such as Fe/
Al, an increase in values is interpreted as evidence for deoxygenation.

We exclude records that aim to reconstruct primary production using C,
records, as these can be influenced by changes in preservation of organic
matter and sediment supply. We compile all studies that interpret proxy
records purely as reflections of primary or export production, including those
of barium concentrations and specific groups of plankton (e.g., foraminifera),

to assess trophic levels, without a specific distinction between increased or
high primary production.

2.2. Model Description

We developed an 11-box biogeochemical model with representations of the coupled marine cycles of C,, P, and
O, to track changes in ocean biogeochemistry during the PETM in response to increased atmospheric CO, and
weathering. To this end, we formulated a steady state mass balance model for the late Paleocene and parameter-
ized processes through simple rate laws (e.g., Ruvalcaba Baroni et al., 2014; Van Cappellen & Ingall, 1994). To
simulate the PETM, we applied transient atmospheric pCO, perturbations to assess the response to enhanced P
weathering, higher temperatures, and increased stratification.

Our open ocean box layout is similar to that of the Walker and Kasting (1992) carbon-cycle model with separate
boxes for the surface waters in the midlatitude and low latitude ocean and Southern Ocean, a thermocline box
and three boxes for the Atlantic, Indian, and Pacific deep oceans (Figure 2). The Indian Ocean box includes the
Tethys Ocean and is referred to as Indotethys. The continental margins (shelf and slope), with the exception of
the Arctic Ocean and EES (which includes the peri-Tethys region), are represented by a single box. We hereafter
refer to it as the continental margin. The Arctic Ocean and EES are each represented by two boxes, a shallow one
that includes the shelf and slope area and a deep box. The continental margin, the surface Arctic Ocean, and the
surface EES will be referred to collectively as the marginal boxes. This model setup allows for an evaluation of
spatial variability in productivity changes and deoxygenation by modeling them separately for the shallow and
deep, marginal, and open ocean and also for different ocean basins. Further details are provided in the Supporting
Information S2.
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Figure 2. Setup of model boxes with names (codes) and fluxes determining the exchange between them. Fluxes between the boxes are indicated with solid lines and
riverine fluxes (R), evaporation (E), and precipitation (P) are indicated by dashed lines. Thermohaline circulation assumes deep water formation in the Southern Ocean
(Bice & Marotzke, 2001).

2.3. Simulation Setup

The standard simulation which we present here is forced by the atmospheric CO, curve as modeled by Zeebe
et al., 2009 (Z09; Table ST2 in Supporting Information S2). As the model setup in this study does not include
the complete exogenic carbon pool and therefore lacks a representation of greenhouse gas emissions, the values
of atmospheric CO, are prescribed for each time step. The increase in pCO, during the PETM causes an increase
in P, and, subsequently, total riverine P input, which closely follow the shape of the CO, curve (Figure 3).
Additionally, the accompanying increase in water temperature leads to a reduction in O, solubility and we enforce
an increase in stratification in the Arctic surface and EES surface boxes. The combined changes in P input, O,
solubility, and stratification cause the variations in primary productivity and deoxygenation associated with the
PETM. The four key parameters of which the values chosen strongly affect our simulation results for the PETM
are fOrgP (0.75), fep (0.4), n, (0.4), and f,,, (S1: 0.1; S2: 1; S3: 0.4; Table ST2 in Supporting Information S2).
The sensitivity analyses that we conducted before choosing these final values, which produce results that best
fit the proxy records, are presented in Supporting Information S2. Additionally, we tested the impact of changes
in these parameters in combination with riverine P inputs associated with three alternative atmospheric pCO,
curves (F16: Frieling et al., 2016; G17: Gutjahr et al., 2017; K170: which is the Z09 scenario but using the 170
kyr duration of Zeebe and Lourens (2019)) for the plateau of the CIE. Despite different emission scenarios,
the CO, curves produced by Frieling et al. (2016) and Gutjahr et al. (2017) are broadly similar to that of Zeebe
et al. (2009). Similarly to Z09, the P input curves for the additional scenarios are similar in shape to the CO,
curves. The results of these simulations can also be found in Supporting Information S2.

We also performed five experiments using the Z09 scenario (Table ST2 in Supporting Information S2), with
the aim to assess the sensitivity of C_, burial to of increased P supply, primary productivity, stratification, and
reduced O, solubility. In our first experiment (Z09_Weath), we enhanced the sensitivity of P weathering to
atmospheric CO,, thereby increasing riverine P supply to the ocean. For this run, we increased the value of n,
from 0.4 to 1. In the second experiment (Z09_cOOPP), we kept open ocean (S4 and S5) primary productivity
constant at the corresponding steady state value. As a result, the relative contribution of marginal (S1-3) produc-
tivity to total organic matter production increased. In this run, excess C,,, burial is influenced solely by marginal
productivity and deoxygenation in marginal and deep boxes. The third experiment tested the combined effect of
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Figure 3. Overview of the increased riverine P influx that is used, together with rising temperatures and stratification, to
simulate the The Paleocene-Eocene Thermal Maximum (PETM) in our model. The standard scenario (Z09; solid line) uses a
lower P weathering sensitivity of n, = 0.4 than the Z09_Weath scenario in which n, = 1.0.

decreased O, solubility and increased P weathering, without increased stratification (Z09_cStrat). In this experi-
ment, f,., was set to 1 for all marginal boxes (S1-3), while n, was kept at the standard value. For the next experi-
ment (Z09_Weath_Only), we tested the impact of only enhanced P weathering on productivity and, subsequently,
on C,, burial. To test this, we kept all boxes fully oxic (constant degree of anoxia, or DOA, and [O,] at steady
state values), thus eliminating the contribution of preservation of C,,, and P recycling. Our last experiment tested
the effect of reduced O, solubility under higher temperatures (Z09_0O,Sol) assuming no increased stratification

and no increased P weathering by setting £, to 1 for all marginal boxes (S1-3) and n,, to 0.

2.4. LOSCAR §13C Simulations

To test the response of increased C,,, burial rates on dissolved inorganic carbon 813C, we used the carbon-cycle
box model LOSCAR (Zeebe et al., 2009). The COrg burial in the original LOSCAR version is constant throughout
the simulations. For the purpose of this study, we changed this setup to include a time-dependent C,, burial factor
that emulated the relative changes in C,,, burial, as simulated by our Z09 scenario. We tested a Z09 simulation
with and without C, burial, as well as two further emission scenarios, one for a larger second pulse of methane
(see Komar & Zeebe, 2017) and one where the second pulse is caused by C,,, oxidation (Lyons et al., 2019). Both
of these scenarios are combined with Z09 C, burial rates for the onset, plateau and first 40 kyr of the recovery

phase. We use the LOSCAR 8'3C fractionation value of —33%o for C,,, burial.
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3. Results
3.1. Geochemical Data

The 8'3C data for our newly generated PETM records show that we capture both the onset and recovery of the
PETM at five out of seven sites (Figure S1 in Supporting Information S2). At the Lomonosov Ridge, molar C__/

or
P, values well in excess of the Redfield ratio, and high Mo concentrations indicate severe deoxygenation. Thge
high C, /P, values found at Lodo Gulch and the presence of Mo at Bass River and ODP Sites 1172 and 752
suggest some deoxygenation at these sites too. Average C,, contents are mostly at or below ~0.5% at all sites
except for Site 1172 and the Lomonosov Ridge where C,,, contents range up to ~1.3 and 3.4 wt %, respectively.

For more details on the proxy records for our seven sites, see in Supporting Information S2.

3.2. Data Compilation

Most sites in in our compilation (Figure 4a) experienced some degree of deoxygenation during the PETM.
Hypoxic conditions on the seafloor at open ocean sites are concentrated mainly in the areas of the Equatorial
Pacific and Atlantic, Walvis Ridge in the Southern Atlantic and the Southern Ocean. Most sites on the continental
shelf and slope experienced hypoxia at some stage during the PETM, with only a few (<5) exceptions. Intermit-
tent to permanent anoxia developed at sites in the Arctic Ocean, the North Sea, the Peri-Tethys, the New Jersey
shelf, and the North African shelf. However, sites on the New Jersey and North African shelves provide evidence
for hypoxia rather than anoxia. Lower photic zone euxinia was identified at a total of four sites.

Signs of eutrophication are found in all basins and at all water depth intervals, during different stages of the
PETM. About 13 sites experienced high productivity throughout the entire PETM (Table ST1 in Supporting
Information S2). Clusters of high productivity occur around the Walvis Ridge, on the New Jersey Shelf, and the
North African Shelf. Most sites with evidence for increased productivity also experienced deoxygenation, with
a few exceptions. A much smaller number of records capture the recovery phase of the PETM (Figure 4b). At
some sites, notably in the deep ocean and the (peri)Tethyan realms, proxies indicate oxic conditions during the
recovery, but a large number of sites in various ocean basins, notably on the North African Shelf, the New Jersey
Shelf, and in the Arctic remained hypoxic or anoxic.

Overall, there is abundant evidence for eutrophication and deoxygenation in marginal and restricted environ-
ments, also during the recovery phase of the PETM. This contributed to high sediment C, contents in these
environments (Figure 5). Records containing C,,, > 0.5 wt %, and especially C,,, > 2 wt %, are found mainly in
marginal environments during the PETM (Figure 5).

3.3. Modeling Results

We present results for the Z09 simulations here (Figure 6). Those for the F16, G17, and K170 simulations are very
similar and can be found in Supporting Information S2.

3.3.1. Z09 Simulation

Dissolved PO, concentrations in all basins and primary production rates in the surface boxes increase by a factor
of ~1.6 during the first 80-100 kyr of the event, before decreasing (Figures 6a and 6b). Phosphate concentra-
tions become highest in the deep boxes of the restricted basins (D1, D5; ~3 pmol kg~!), somewhat lower in the
thermocline (>2 pmol kg~') and remain low in the Southern Ocean (<1 pmol kg~!; Figure 6a). Total primary
productivity increases from ~46 to ~75 Pg C yr~!. This increase results in excess production of ~4 x 10° Pg C,
with 79% produced in S4 and 11% in S2.

Deoxygenation occurs in all surface (Figure 6¢) and deep (Figure 6d) boxes. The DOA is highest in box S1
(0.94), compared to S2 (0.38) and S3 (0.74). The DOA for S2 begins to decrease at about 100 kyr. For S1 and
S3, the recovery begins around 60 kyr into the event. Oxygen concentrations in the deep Arctic Ocean (D1) and
EES (D5) decrease to zero within the first ~10 and ~20 kyr of the PETM simulation, respectively. Both boxes
remain fully anoxic until ca. 30 kyr before the end of the event. The thermocline becomes nearly hypoxic (min.
84 pmol kg~!). Oxygen concentrations in the deep open ocean boxes decrease but remain >60 pmol kg~!. Oxygen
concentrations for the thermocline and deep open ocean (IM, D2-4) begin their recovery from ~100 kyr onward.

PAPADOMANOLAKI ET AL.
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Figure 5. Compilation of maximum sediment C

contents for the PETM. Colors represent maximum values for each site: less than 0.5 wt % (white), more than

org

0.5 wt % (gray), and more than 2 wt % (black). Shapes indicate the depth domain: shelf (circle), slope (polygon), and deep (square). For the full reference list and site
names (here indicated by numbers) see Table ST1 in Supporting Information S2. Map after Markwick (2007), modified by Sluijs et al. (2014).

The burial of P, decreases at the onset of the PETM and remains below the late Paleocene level for the first
~60 kyr of the event, followed by a rise (Figure 6¢). Variations in total P, burial are minor compared to the rise
in P, and decrease in Py, burial. Interestingly, while P, burial increases in the deep ocean boxes D2, D3 and
D4, and the shallow box S2, it decreases in D1, S1, and S3 (Figure 6f). The burial of P, shows little change
in D1, D5, and S1 but increases in all the other boxes (Figure 6g). Burial of P, decreases in all boxes, but most

prominently in S2 and S3 (Figure 6h).

The rate of C,,, accumulation increases in all boxes (Figure 61). In the marginal boxes, the rate increases from an
average of 2.9 t0 4.3 ¢ Cm~2yr~!. In the deep boxes, the largest change occurs in the restricted basins, where rates
more than double from 0.29 to 0.65 ¢ C m~2 yr~! in D1 and from 0.07 to 0.15 g C m~2 yr~! in D5.

Burial C_ /P, values during the PETM generally exceed the Redfield ratio of 106 in all boxes, except for the deep
open ocean (D2—4; Figure 7a). Maximum values (260 mol/mol) are reached in the Arctic and Eurasian Epiconti-
nental Seaway and the maximum relative increase (2.4) occurs in the Arctic. The lowest maximum value (83 mol/
mol) and the lowest relative change (1.27) occur in the deep open ocean.

Figure 4. Global overview of sites of proxy records on changes in primary productivity (PP) and bottom water redox conditions for the PETM. Records for all phases
of the PETM (a) and records for the recovery as identified from the §'*C excursion (b) are indicated separately. The lightest colors indicate oxic conditions or sites
where no data on deoxygenation is available. Intermediate shades are used for hypoxic sites while the darkest shades indicate proxy evidence for anoxic or euxinic
conditions (see text for criteria). Gray colors are used for sites without data on PP changes and red colors indicate proxy evidence for high or increased PP. Sites for
which there is no proxy evidence for deoxygenation or increased productivity are left white. Sites with records that use barite to reconstruct PP are indicated by stars
(*) and sites where proxy records offer contradicting results by question marks (?). Symbol shapes represent the depth domain: shelf (circle), slope (polygon), and
deep (square). For the full reference list and site names (here indicated by numbers) see Table ST1 in Supporting Information S2. Separate maps on deoxygenation and
productivity changes can be found in Figure S2 in Supporting Information S2. Map after Markwick (2007), modified by Sluijs et al. (2014).
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Figure 6. Key results for PETM simulation Z09: phosphate concentrations in pmol kg~! (a), relative change in primary
productivity (b), degree of anoxia for the marginal boxes (c), oxygen concentrations in pM for the deep boxes (d), total
phosphate burial rates for the different pools in Tmol yr~! (e), organic P (P,,,) burial rates in Tmol yr~! (f), authigenic P (P,,,)
burial rates in Tmol yr~! (g), iron-bound P (Pg,) burial rates in Tmol yr~! (h), and organic carbon (C,,,) burial rates in g C
m~2 yr~! (i). Red colors are used for surface boxes, black for the thermocline and blue colors for the déep boxes. The color
association is also shown in boxes at the bottom of this figure.

3.3.2. Excess Corg Burial

Most excess burial of C,, for the standard scenario (Z09) occurs in the marginal boxes (Figure 8a), which account
for more than 70% of total burial. Over the entire PETM, excess burial amounts to ~13,300 Pg C (Figure 8b).
During the first 40 kyr of the recovery, excess burial is 3,300 Pg C. For the sensitivity tests, we show results
for simulations with a P weathering sensitivity of either n, = 0.4 (as in the standard run) and, only where it is
explicitly stated, n, = 1.0 (as in Z09_Weath; Figure 8c). An increase in weathering sensitivity from 0.4 to 1.0
generally increases the amount of excess C,, burial. When this increase is applied to the standard scenario

(Z09_Weath), it results in total excess burial of ~21,100 Pg C, while for the first 40 kyr of the recovery excess
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Figure 7. Simulated and measured molar (mol/mol) values of C,, /P, for marginal and deep ocean regions based on our
model scenario Z09 (a) and data from this study and Dickson et al. (2014) (b). In the data set, total P (P, is equal to reactive
P (P, plus detrital P. The latter phase is not included in the total P in our model. Values are shown for the late Paleocene
(pink) and the PETM (blue). The dashed line indicates the Redfield value (106). The relative change in median values is
indicated. The inset for panel (a) shows the values for the Arctic and EES surface boxes, which in (a) are combined with the
values for the respective deep boxes. Horizontal lines within the boxplots indicate median values.

burial increases to 5,000 Pg C. Generally, excess burial is at least 1.4 times higher for a weathering sensitivity that
is 2.5 times higher. When open ocean productivity is kept constant (Z09_cOOPP), excess C,, burial shifts toward
the restricted basins. Due to a decreased retention of phosphorus in the open ocean, more of it becomes available

for production in the restricted basins instead. Total excess C,,, burial is ~16,000 Pg C for the entire PETM and
~4,000 Pg C for the early recovery.

The effect of changes in stratification on excess C, burial is large and is required to reproduce the spatial extent

and severity of deoxygenation in the Arctic and EES. Without increased stratification in S1 and S3 (Z09_cStrat),
total excess C,,, burial over the entire PETM is ~7,500 Pg C and ~1,700 Pg C of this is buried during the 40
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kyr interval. The CO,-driven increase in P, and associated riverine input of P is the only factor controlling

weatl
biogeochemical changes in the ocean in the model run with oxic conditions and without increased stratification
(Z09_Weath_Only). Total primary productivity increases to ~53 Pg C yr~! and excess C, burial amounts to
~2,250 Pg C (entire event) and ~500 Pg C (first 40 kyr of recovery). The effect of reduced O, solubility on C_,
burial, due to warming only (Z09_0,Sol), is similar to that of increased P, only (Z09_Weath_Only). Excess
C, burial by the end of the PETM is ~2,100 Pg C and roughly ~480 Pg C are buried during the 40 kyr early

recovery interval.

The sensitivity tests show that increased weathering of P is a key driver of biogeochemical change during the
PETM. However, the redox-driven recycling of P amplifies this effect, resulting in the patterns of increased
productivity and deoxygenation that we observe in the data. The degree of redox sensitivity for P burial, as well
as the degree of deoxygenation in key areas of burial further affect the amount of C,, burial (Figures 8d-8g and
Figure S4 in Supporting Information S1).

3.4. LOSCAR 613C Simulations

The inclusion in LOSCAR of C, burial rates simulated in this study, results in a preferential removal of 3C-de-
pleted carbon and thus an earlier and more rapid recovery of the CIE (red line in Figure 9). The shape of the CIE
broadly matches observations (Figure 1). However, by the end of the PETM, 8'3C values have increased by 2%o
above the preevent value, which is in stark contrast with observations and thus implies the need for the addition
of several thousand Pg of '*C-depleted C during the plateau and recovery phases to match the shape of the CIE.
Truncating C,, burial rates after the first 40 kyr of the recovery (blue, pink lines), leads to a better match with the
target. An addition of ~1,000 Pg C with a §'3C value of —55%o (blue line), or 2,400 Pg C of —25%o (pink line),
results in a plateau phase similar to the scenario without C,, burial.

4. Discussion
4.1. Primary Production

Our data compilation shows that primary production increased in both open ocean and marginal marine areas
during the PETM (Figure 4). Roughly 70% of all studied sediment records reveal increased production based on
at least one proxy. Some work has suggested that barite records (partly) record export rather than primary produc-
tion (Ma et al., 2014)—though it seems unlikely that export production increased without a pronounced increase
in primary production, particularly in a warmer water column (e.g., Laws et al., 2000)—or a global increase in the
Ba inventory (Dickens et al., 2003; Frieling et al., 2019). Even when barite records are excluded, 60% of all sites
still show an increase in primary production. Importantly, almost two thirds of all high or increased productivity
sites are located on the continental margin and in the restricted basins of the EES and Arctic Ocean, where almost
all sites show an increase during the PETM. This is especially true for areas such as the North African shelf (sites
19-26) and the New Jersey shelf (sites 2—4), where increased productivity marks all sites but one (23).

Our simulations indicate an equal relative increase of primary productivity in all surface boxes. The absolute
increase in maximum rates of primary production per unit of surface area is highest in marginal boxes (S1-3), but
most production takes place in the low and mid latitudes of the open ocean (S4; Table ST3 in Supporting Informa-
tion S2). These environments cover the largest surface area of the ocean and proxy records for high or increased
primary production are found in the North and the South Atlantic, as well as the tropical Pacific.

4.2. Deoxygenation

Deoxygenation is recorded by proxies at 90% of the sites compiled for this study (Figure 4). Sulfur isotope ratios
have been interpreted to suggest that large parts of the ocean became sulfidic during the PETM (Yao et al., 2018)

Figure 8. Barplot for excess C_, burial associated with the PETM for the standard simulation Z09 (a, b) and the sensitivity analyses (c) in units of Pg C and as a
relative fraction when compared to Z09. The response of C,, burial for the first 40 kyr of the recovery to different degrees of stratification in S1 and S3, as well as
varying redox sensitivity for P burial is shown in (d—g). The codes for the boxes contributing to the excess C__, burial are as described in Figure 2. Blue colors are

org

used for excess burial across the entire PETM while red indicates excess burial during the first 40 kyr of the recovery. Light colors in (b, ¢) are used for the lower P
weathering sensitivity (n, = 0.4) while darker shades correspond to the higher sensitivity (n, = 1.0). See the Methods section for an explanation on the calculation of
excess burial. Scenario codes are given in brackets and explained in Table ST2 in Supporting Information S2.
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Figure 9. Bulk carbon isotope response to four PETM forcing scenarios. The forcing scenarios (a) include methane (CH,;
8"%C = —55%0) and C,,,, (8"*C = —25%o) emissions, and C,,, burial. White bar: an initial pulse of 3,000 Pg C of CH,
emission (Zeebe et al., 2009), used in all scenarios. Black bar: a “leak” of 1,480 Pg C of CH, (Zeebe et al., 2009). Pink bar:
an additional “leak” of 2,020 Pg C of methane. Blue bar: an additional “leak” of 1,020 Pg C of CH, and 2,400 Pg Cof C .
Purple bar: reduced burial, excess C_, burial of 6,000 Pg C, over the onset, plateau and first 40 kyr of the recovery. Red bar:
excess C,, burial of 7,300 Pg C, togefher with the purple bar it accounts for the burial of 13,300 Pg C over the entire PETM.
The bulk §'3C responses (b) correspond to combinations of these scenarios. Black line: Control scenario with a forcing

of 3,000 Pg C plus 1,480 Pg C of CH,. Red line: Control scenario with the inclusion of the complete C,,, burial scenario
simulated in this study. Pink line: Control scenario plus 2,020 Pg C of CH, and reduced burial. Blue line: Control scenario
plus 1,020 Pg C of CH, and 2,400 Pg C of C_,, with reduced burial. 0 kyr: Onset.

org?

with an expansion of the OMZ to 10-20% of the ocean volume (modern: 1%). While there is local evidence for
hypoxia at intermediate depths in the open ocean (Figure 4) there are no signs of euxinic, or even anoxic condi-
tions on such a scale. (Intermittent) euxinic conditions are almost entirely restricted to specific sections of the
continental shelf: the Arctic, the eastern EES and peri-Tethys region, the North Sea, the North African Shelf, and
the Gulf of Mexico.

The results of our simulations are in general agreement with the data, as all boxes show signs of deoxygena-
tion. The deep boxes of the open ocean also exhibit a decrease in [O,] but remain oxic (>60 pM) during the
PETM. Intermediate waters (box IM) also remain oxic. As our model provides average changes for all basins, this
result is not inconsistent with the observed hypoxic areas ([O,] < 60 pM) as others remained oxic (e.g., Pilike
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et al., 2014). The deep Arctic and EES become fully anoxic and the DOA rises for all surface boxes, consistent
with observations. At present, there is no data available for the deep Arctic basin, however our model does not
allow for an oxic, or even hypoxic, deep Arctic when the surface box experiences a large increase in DOA. As
surface deoxygenation for the Arctic is supported by work on multiple sites (Figure 4; see Table ST1 in Support-
ing Information S2 for all references), it is likely that the deep Arctic experienced similar conditions.

The changes in the hydrological cycle that are associated with the PETM likely resulted in increased river runoff
to the marine realm which, in combination with higher temperatures, would have caused water column stratifica-
tion (e.g., Sluijs et al., 2006). In our model, stratification plays a large role in increasing the DOA of surface boxes
(Table ST3 in Supporting Information S2). Marginal environments where evidence suggests that salinity varied,
are mainly located in the Arctic (Harding et al., 2011; Pagani et al., 2006; Sluijs et al., 2008b) and on the New
Jersey Shelf (Kopp et al., 2009; Sluijs & Brinkhuis, 2009). But evidence of intense hydrological change on land
(e.g., Bowen et al., 2004; Chen et al., 2018; Foreman et al., 2012; Schmitz & Pujalte, 2007) and an increase in the
supply of terrestrial siliciclastic and organic material to the margins has been found in numerous locations (see
overview in Sluijs et al. (2014)), likely accompanied by large-scale (seasonal) salinity stratification along margins.
Very strong stratification is required in our simulations to create severe anoxia in the Arctic, so as to correspond
to the conditions that were dominant at Lomonosov Ridge (Dickson et al., 2012; Sluijs et al., 2006, 2008a, 2008b;
Stein et al., 2006) and Spitsbergen (Cui et al., 2011; Harding et al., 2011). A somewhat lower DOA for the EES,
again mostly due to stratification, encompasses the larger range of redox conditions deduced from proxies for this
region (Figure 4), though anoxia occurred (intermittently) at nearly half of all sites there. Without stratification,
our model does not capture such conditions for the EES. Despite the fact that we did not enforce stratification on
the continental margin (box S2), stratification elsewhere also results in a somewhat higher DOA for S2.

4.3. Phosphorus Recycling

Phosphorus is considered the main limiting nutrient in the ocean on long timescales (Tyrrell, 1999). Records of
Core/Pyor Indicate that P recycling relative to C,, increased from the late Paleocene into the PETM (Figure 7b).
Typical values of C, /P, were lower than those in modern anoxic to euxinic basins, however, where they gener-
ally far exceed the Redfield ratio, reaching values of up to 400 mol/mol (Algeo & Ingall, 2007). Values in excess
of the Redfield ratio (generally < 300 mol/mol) occur at Guru Fatima, Kheu River (Dickson et al., 2014), and
the Arctic and Lodo Gulch (Figure S1 in Supporting Information S2). This confirms that throughout the PETM,

complete anoxia was only experienced locally, while most locations experienced at most a switch to hypoxia.

Overall, the absolute range of C, /P, simulated by our model corresponds well to the range of the data (Figure 7),
when taking into account that we do not model detrital P (Supporting Information S2). In contrast, the relative
increase in the modeled median C, /P, value is much lower than the increase in the data. This is especially true
for the EES where the relative change in median data values is more than a factor 18, versus a modeled increase of
1.6-2.5 times the late Paleocene median Corg/Pm‘ value (Figure 7b; Dickson et al., 2014). Here, we must add that
in addition to deoxygenation and P recycling, an increase in the input of detrital P would lower sedimentary C,,/
Ptol’
Burdige, 2005). An increase in the contribution of terrestrial organic material is found at some sites during the
PETM (e.g., Arreguin-Rodriguez et al., 2014; Crouch et al., 2003). Furthermore, the locally intensified hydro-

logical cycle (Carmichael et al., 2017) would have led to an increased influx of both detrital P and terrestrial

while increased terrestrial organic matter fluxes would have the opposite effect (Ruttenberg & Goni, 1997;

organic matter, with uncertain effects on marine C__ /P, . The extremely large change for the EES in particular,

org
combined with an increased abundance of terrestrial biomarkers and highly weathered lithogenic material (Dick-
son et al., 2014), suggests that PETM values were affected by an increase in terrestrial material. We therefore

infer that the strength of P recycling within our model falls within a reasonable range for the PETM.

The ability of biota to utilize the excess availability of P during the PETM may have depended on the cycling
of other nutrients such as N and Fe as well. Nitrogen isotope (5'°N) records suggest an increased availability
of ammonium in the photic zone and potentially a P-driven increase in N, fixation during the PETM (Junium
et al., 2018; Knies et al., 2008). The cycling of Fe in the past ocean is even harder to trace, however local transi-
tions to a (seasonally) drier climate (Carmichael et al., 2017) likely resulted in enhanced wind-driven Fe depo-
sition in nearby marine environments. Additionally, deoxygenation may have led to elevated fluxes of bioavail-
able Fe from continental shelf sediments to ocean waters (Homoky et al., 2012; Lenstra et al., 2019; Raiswell
et al., 2018).
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4.4. Organic Carbon Burial

In our standard scenario, which satisfactorily reproduces the trends and patterns of primary productivity, deox-
ygenation, and P recycling seen in data, the combination of these processes results in a total burial of 45,300
Pg C (Table ST3 in Supporting Information S1) and excess burial of ~13,000 Pg C across the entire PETM
(Figure 8b). The fraction of produced Corg that is buried increases from 1% (late Paleocene) to 3% (Table ST3 in
Supporting Information S2). An increase in riverine P input from ~0.15 Tmol P yr~! (Z09) to ~0.17 Tmol P yr~!
(Z09_Weath), leads to a rise in excess COrg burial of 7,800 Pg C across the entire PETM. Our results emphasize
the importance of redox-driven P recycling for the burial of C, .. When P burial is decoupled from [O,] and DOA
(Z09_Weath_Only), increased terrestrial nutrient input and subsequently higher primary productivity, fuel excess
C, burial that is ~16% of the Z09 value (Figures 8b and 8c). The simulated values for C,, burial also depend
on the chosen values for model parameters on stratification and redox sensitivity of P burial (Figures 8d-8g;
Supporting Information S2). Changes in these parameter values, however, shift the trends and patterns of, for
example, deoxygenation (Figures S4b and S4c in Supporting Information S2), reducing the correspondence with
proxy data.

More than 70% of all excess burial in our model occurs in the three marginal boxes (S1-3; Figure 8a). Despite
its large area and consequently large production, burial in the Pacific Ocean makes up only 10% of excess Core
burial. In fact, when open ocean production is kept constant (Z09_cOOPP), the resulting increase in nutrients in

the marginal boxes leads to increased total global production and excess C__ burial. Such a change in the trophic

org
resource continuum was postulated by Gibbs et al. (2006) to explain the different productivity trends between
Wilson Lake on the New Jersey Shelf and ODP Site 1209 in the Pacific Ocean. In contrast to previous suggestions
(e.g., Bains et al., 2000), our study further supports the notion that deep ocean organic carbon burial played a very

minor role in the recovery of the PETM.

Our simulated total C,, burial for the Z09 scenario is at least 1.7 times higher than the burial estimated from
our data compilation (Supporting Information S2). The amount of total excess C,, burial in our Z09 simula-
tion (13,300 Pg C) is higher than that determined from marginal marine sediment records and previous model
simulations (4,000-6,000 Pg C; John et al., 2008; Komar & Zeebe, 2017). By contrast, excess Corg burial in the
Arctic (700 Pg C in surface; 870 Pg C in total) is very similar to the value (770 Pg C) of Sluijs et al. (2008b).
We must note here that the sediment cores cover just a minor fraction of the full extent of the margins and their
mass accumulation rate values may not be representative for other localities. Additionally, if we calculate the
mass accumulation rates for our model, the maximum change in rate between the late Paleocene and the PETM
are similar between our model and the data: 1.51 g m~2 yr~! (Sluijs et al., 2008b) and 1.49 g m~2 yr~! for the
Arctic (Figure 6i), and 1.1 g m~2 (John et al., 2008) and 1.4 g m~? for the continental margin (Figure 6i). As it
is this difference that determines excess burial, and our rates fall well within the modern ranges (e.g., Alperin
et al., 2002; de Madron et al., 1999), we are confident that our COrg burial results are realistic for the PETM.
Collectively, we conclude that our simulated C,, burial, caused by changes in productivity and deoxygenation
that are in good agreement with field data, is realistic for the PETM.

4.5. Can C,, Burial Explain the Shape of the CIE?

The burial of Corg, and the §'3C signature that is used, determines the reconstruction of the CIE and the estimation
of carbon emissions. Zeebe et al. (2009) proposed a methane addition scenario of 4,480 Pg C, which Komar and
Zeebe (2017) adjust to 5,500 Pg C following the inclusion of C, sequestration (513C0rg: —33%o, as in this study).
For their work on C,, burial and its effect on §"°C, Gutjahr et al. (2017) used a §"*C,, value of ~30.5%o, result-
ing in an, mostly volcanic, emission scenario of 10,000 Pg of C,, whereas Dunkley Jones et al. (2018) used a
o) ‘3C0rg —22%o. In this study, the burial of 13,300 Pg C, in excess of the late Paleocene, combined with the Zeebe
et al. (2009) methane emission scenario, captures the general CIE shape and the rapid recovery but not the stable

CIE plateau (Figure 9).

Previous work (Bowen & Zachos, 2010; Dunkley Jones et al., 2018; Gutjahr et al., 2017; Komar & Zeebe, 2017)
has highlighted that the burial of C,, (at least 2,000 Pg C but up to 8,000 Pg) is required to explain the relatively
fast recovery within the first 30—40 kyr of the CIE. Our main PETM simulation, that now includes the correct
locus for marine C,,, burial, shows that changes in productivity, deoxygenation and P recycling, as evident in
proxy data, could have supported such an amount of excess burial (3,300 Pg C; total burial 9,600 Pg C; Table ST3
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in Supporting Information S2) within 40 kyr, buried mainly on the continental margin and the EES. The range of
values for our sensitivity analyses is ~500-6,000 Pg C, most of which is caused by redox feedbacks on C,, and
P burial (Figure 8).

The total increase of 8'3C during the recovery interval results in an overshoot relative to pre-PETM values. This
occurs largely in the second half of the recovery, a time interval for which there are few constraints on the extent
and degree of productivity and deoxygenation (see Table ST1 in Supporting Information S2). When C,, burial
rates up to and covering the first 40 kyr of the recovery are used, this 8'3C overshoot is not simulated (Figures 1
and 9). This truncation of Cor‘g burial rates also results in lower total Corg burial (22,100 Pg C), which is close to
our maximum burial estimates from the data ( in Supporting Information S2), and lower total excess C,,, burial
(~6,000 Pg C), similar to the 5,000 Pg C suggested by Komar and Zeebe (2017). We therefore propose that the
higher burial estimate of 13,300 Pg C is an overestimation caused by a lack of appropriate data. Importantly, the
excess C,,, burial during the key 40 kyr phase reproduces the more rapid recovery of 813C of ~2%o as noted by
Bowen and Zachos (2010). Using methane (8'3C: —55%0) or methane in combination with Corg (813C: —25%0) as
sources of C emissions, and taking into account a total excess burial of 6,000 Pg, our simulations require 5,790
or 7,030 Pg C to reproduce the CIE, respectively. A mass of at least 10,000 Pg C in volcanic emissions (8'°C:
—11%o) is needed to reproduce the CIE in combination with increased C, burial (Gutjahr et al., 2017).

5. Conclusions

We compiled new and published proxy data for eutrophication and deoxygenation during the PETM and
combined the results with biogeochemical modeling to simulate the effect on phosphorus and carbon burial over
the event. We find that signs of increased primary productivity and spreading low oxygen conditions are largely
concentrated in marginal and restricted sections of the ocean following the onset of the PETM and its recovery
(final ~120 kyr). Our modeling results demonstrate that this spread of productive, low oxygen waters on the
continental margin, the Arctic Ocean and Eurasian Epicontinental Seas could be caused by increased CO,-driven
riverine input of phosphate and water column stratification, further enhanced by phosphorus recycling linked to
deoxygenation. Data and simulations show that deep sea organic carbon burial was quantitatively unimportant
during the PETM. Our best estimate for excess C,,, burial across the PETM is 6,000 Pg C. Finally, our model
suggests that eutrophication and deoxygenation within the first 40 kyr of the recovery phase could have led to
excess sequestration of 3,300 Pg of Corg,
order of magnitude is required to explain a rapid increase in global exogenic §'3C at the beginning of the recov-

which corroborates previous studies in showing that C_, burial of this

ery phase. Further substantiation of this burial mass would require additional C,, records, especially from the
Southern Hemisphere and the Arctic, and detailed age models for marginal sites to allow insight into changes in
accumulation rates during the recovery phase of the PETM.

Data Availability Statement

All new data are available online at PANGAEA (Major element composition: https://doi.org/10.1594/
PANGAEA.929261, https://doi.org/10.1594/PANGAEA.929308, https://doi.org/10.1594/PANGAEA.929255,
https://doi.org/10.1594/PANGAEA.929263, https://doi.org/10.1594/PANGAEA.929303, https://doi.org/10.1594/
PANGAEA.929305, https://doi.org/10.1594/PANGAEA.929259; organic carbon and carbonate: https:/
doi.org/10.1594/PANGAEA.929262,  https://doi.org/10.1594/PANGAEA.929258,  https://doi.org/10.1594/
PANGAEA.929264, https://doi.org/10.1594/PANGAEA.929304, https://doi.org/10.1594/PANGAEA.929307,
https://doi.org/10.1594/PANGAEA.929260). Our code is available on GitHub (https://github.com/papado-
manolakiNM/NMP_UU_CO2P) through ZENODO (https://doi.org/10.5281/zenodo.5256597).

References

Abdul-Aziz, H. A., Hilgen, F. J., van Luijk, G. M., Sluijs, A., Kraus, M. J., Pares, J. M., & Gingerich, P. D. (2008). Astronomical climate control
on paleosol stacking patterns in the upper Paleocene-lower Eocene Willwood Formation, Bighorn Basin, Wyoming. Geology, 36(7), 531-534.
https://doi.org/10.1130/g24734a.1

Agnini, C., Fornaciari, E., Rio, D., Tateo, F., Backman, J., & Giusberti, L. (2007). Responses of calcareous nannofossil assemblages, mineralogy
and geochemistry to the environmental perturbations across the Paleocene/Eocene boundary in the Venetian Pre-Alps. Marine Micropaleon-
tology, 63(1-2), 19-38. https://doi.org/10.1016/j.marmicro.2006.10.002

PAPADOMANOLAKI ET AL.

16 of 23


https://doi.org/10.1594/PANGAEA.929261
https://doi.org/10.1594/PANGAEA.929261
https://doi.org/10.1594/PANGAEA.929308
https://doi.org/10.1594/PANGAEA.929255
https://doi.org/10.1594/PANGAEA.929263
https://doi.org/10.1594/PANGAEA.929303
https://doi.pangaea.de/10.1594/PANGAEA.929305
https://doi.pangaea.de/10.1594/PANGAEA.929305
https://doi.pangaea.de/10.1594/PANGAEA.929259
https://doi.org/10.1594/PANGAEA.929262
https://doi.org/10.1594/PANGAEA.929262
https://doi.pangaea.de/10.1594/PANGAEA.929258
https://doi.pangaea.de/10.1594/PANGAEA.929264
https://doi.pangaea.de/10.1594/PANGAEA.929264
https://doi.pangaea.de/10.1594/PANGAEA.929304
https://doi.pangaea.de/10.1594/PANGAEA.929307
https://doi.pangaea.de/10.1594/PANGAEA.929260
https://github.com/papadomanolakiNM/NMP_UU_CO2P
https://github.com/papadomanolakiNM/NMP_UU_CO2P
https://doi.org/10.5281/zenodo.5256597
https://doi.org/10.1130/g24734a.1
https://doi.org/10.1016/j.marmicro.2006.10.002

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Paleoceanography and Paleoclimatology 10.1029/2021PA004232

Alegret, L., Ortiz, S., Arenillas, I., & Molina, E. (2010). What happens when the ocean is overheated? The foraminiferal response across the Pale-
ocene-Eocene thermal maximum at the Alamedilla section (Spain). GSA Bulletin, 122(9-10), 1616-1624. https://doi.org/10.1130/b30055.1
Algeo, T. J., & Ingall, E. (2007). Sedimentary Corg: P ratios, paleocean ventilation, and phanerozoic atmospheric pO,. Palaeogeography, Palae-
oclimatology, Palaeoecology, 256(3—4), 130-155. https://doi.org/10.1016/j.palaeo.2007.02.029

Alperin, M. J., Suayah, I. B., Benninger, L. K., & Martens, C. S. (2002). Modern organic carbon burial fluxes, recent sedimentation rates, and
particle mixing rates from the upper continental slope near Cape Hatteras, North Carolina (USA). Deep Sea Research Part II: Topical Studies
in Oceanography, 49(20), 4645-4665. https://doi.org/10.1016/s0967-0645(02)00133-9

Arreguin-Rodriguez, G. JI., Alegret, L., Sepilveda, J., Newman, S., & Summons, R. E. (2014). Enhanced terrestrial input supporting the Glomo-
spira acme across the Paleocene-Eocene boundary in Southern Spain. Micropaleontology, 60(1), 43-51.

Bains, S., Norris, R. D., Corfield, R. M., & Faul, K. L. (2000). Termination of global warmth at the Palaecocene/Eocene boundary through produc-
tivity feedback. Nature, 407(6801), 171-174. https://doi.org/10.1038/35025035

Bernhard, J. M., & Gupta, B. K. S. (1999). Foraminifera of oxygen-depleted environments. In Modern foraminifera (pp. 201-216). Dordrecht,
The Netherland: Springer. https://doi.org/10.1007/0-306-48104-9_12

Bertine,K.K.(1972). Thedepositionof molybdenuminanoxic waters. Marine Chemistry,1(1),43-53.https://doi.org/10.1016/0304-4203(72)90005-9

Bice, K. L., & Marotzke, J. (2001). Numerical evidence against reversed thermohaline circulation in the warm Paleocene/Eocene ocean. Journal
of Geophysical Research, 106(C6), 11529-11542. https://doi.org/10.1029/2000JC000561

Bowen, G. J. (2013). Up in smoke: A role for organic carbon feedbacks in Paleogene hyperthermals. Global and Planetary Change, 109, 18-29.
https://doi.org/10.1016/j.gloplacha.2013.07.001

Bowen, G. J., Beerling, D. J., Koch, P. L., Zachos, J. C., & Quattlebaum, T. (2004). A humid climate state during the Palacocene/Eocene thermal
maximum. Nature, 432(7016), 495-499. https://doi.org/10.1038/nature03115

Bowen, G. J., Koch, P. L., Gingerich, P. D., Norris, R. D., Bains, S., & Corfield, R. M. (2001). Refined isotope stratigraphy across the continen-
tal Paleocene-Eocene boundary on Polecat Bench in the northern Bighorn basin. Paleocene-Eocene Stratigraphy and Biotic Change in the
Bighorn and Clarks Fork Basins, Wyoming. University of Michigan Papers on Paleontology, 33, 73-88.

Bowen, G.J., & Zachos, J. C. (2010). Rapid carbon sequestration at the termination of the Palacocene-Eocene thermal maximum. Nature Geosci-
ence, 3(12), 866—-869. https://doi.org/10.1038/ngeo1014

Bralower, T. J., Thomas, D. J., Zachos, J. C., Hirschmann, M. M., Rohl, U., Sigurdsson, H., et al. (1997). High-resolution records of the late
Paleocene thermal maximum and circum-Caribbean volcanism: Is there a causal link? Geology, 25(11), 963-966. https://doi.org/10.1130/00
91-7613(1997)025<0963:HRROTL>2.3.CO;2

Burdige, D. J. (2005). Burial of terrestrial organic matter in marine sediments: A re-assessment. Global Biogeochemical Cycles, 19, GB4011.
https://doi.org/10.1029/2004GB002368

Carmichael, M. J., Inglis, G. N., Badger, M. P., Naafs, B. D. A., Behrooz, L., Remmelzwaal, S., et al. (2017). Hydrological and associated
biogeochemical consequences of rapid global warming during the Paleocene-Eocene Thermal Maximum. Global and Planetary Change, 157,
114-138. https://doi.org/10.1016/j.gloplacha.2017.07.014

Chen, C., Guerit, L., Foreman, B. Z., Hassenruck-Gudipati, H. J., Adatte, T., Honegger, L., & Castelltort, S. (2018). Estimating regional flood
discharge during Palaeocene-Eocene global warming. Scientific Reports, 8(1), 1-8. https://doi.org/10.1038/s41598-018-31076-3

Chun, C. O., Delaney, M. L., & Zachos, J. C. (2010). Paleoredox changes across the Paleocene-Eocene thermal maximum, Walvis Ridge (ODP sites
1262, 1263, and 1266): Evidence from Mn and U enrichment factors. Paleoceanography, 25, PA4202. https://doi.org/10.1029/2009PA001861

Crouch, E. M., Dickens, G. R., Brinkhuis, H., Aubry, M. P., Hollis, C. J., Rogers, K. M., & Visscher, H. (2003). The Apectodinium acme
and terrestrial discharge during the Paleocene-Eocene thermal maximum: New palynological, geochemical and calcareous nannoplankton
observations at Tawanui, New Zealand. Palaeogeography, Palaeoclimatology, Palaeoecology, 194(4), 387—-403. https://doi.org/10.1016/
s0031-0182(03)00334-1

Crusius, J., Calvert, S., Pedersen, T., & Sage, D. (1996). Rhenium and molybdenum enrichments in sediments as indicators of oxic, suboxic
and sulfidic conditions of deposition. Earth and Planetary Science Letters, 145(1-4), 65-78. https://doi.org/10.1016/s0012-821x(96)00204-x

Cui, Y., Kump, L. R., Ridgwell, A. J., Charles, A. J., Junium, C. K., Diefendorf, A. F., et al. (2011). Slow release of fossil carbon during the
Palaeocene-Eocene thermal maximum. Nature Geoscience, 4(7), 481-485. https://doi.org/10.1038/ngeo1179

DeConto, R. M., Galeotti, S., Pagani, M., Tracy, D., Schaefer, K., Zhang, T., et al. (2012). Past extreme warming events linked to massive carbon
release from thawing permafrost. Nature, 484(7392), 87-91. https://doi.org/10.1038/nature 10929

de Madron, X. D., Radakovitch, O., Heussner, S., Loye-Pilot, M. D., & Monaco, A. (1999). Role of the climatological and current variability on
shelf-slope exchanges of particulate matter: Evidence from the Rhone continental margin (NW Mediterranean). Deep Sea Research Part I:
Oceanographic Research Papers, 46(9), 1513—1538. https://doi.org/10.1016/s0967-0637(99)00015-1

Dickens, G. R., Castillo, M. M., & Walker, J. C. (1997). A blast of gas in the latest Paleocene: Simulating first-order effects of massive dissocia-
tion of oceanic methane hydrate. Geology, 25(3), 259-262. https://doi.org/10.1130/0091-7613(1997)025<0259:ABOGIT>2.3.CO;2

Dickens, G. R., Fewless, T., Thomas, E., & Bralower, T. J. (2003). Excess barite accumulation during the Paleocene-Eocene Thermal Maximum:
Massive input of dissolved barium from seafloor gas hydrate reservoirs. In S. L. Wing, P. D. Gingerich, et al. (Eds.), Causes and consequences
of globally warm climates in the early Paleogene. 369, pp.11-24. Boulder, CO: Geological Society of America Special Paper. https://doi.
org/10.1130/0-8137-2369-8.11

Dickens, G. R., O'Neil, J. R., Rea, D. K., & Owen, R. M. (1995). Dissociation of oceanic methane hydrate as a cause of the carbon isotope excur-
sion at the end of the Paleocene. Paleoceanography, 10(6), 965-971. https://doi.org/10.1029/95PA02087

Dickson, A. J., Cohen, A. S., & Coe, A. L. (2012). Seawater oxygenation during the Paleocene-Eocene thermal maximum. Geology, 40(7),
639-642. https://doi.org/10.1130/g32977.1

Dickson, A. J., Rees-Owen, R. L., Mirz, C., Coe, A. L., Cohen, A. S., Pancost, R. D., et al. (2014). The spread of marine anoxia on the northern
Tethys margin during the Paleocene-Eocene Thermal Maximum. Paleoceanography, 29, 471-488. https://doi.org/10.1002/2014PA002629

Dunkley Jones, T., Manners, H. R., Hoggett, M., Kirtland Turner, S., Westerhold, T., Leng, M. J., et al. (2018). Dynamics of sediment flux to
a bathyal continental margin section through the Paleocene-Eocene Thermal Maximum. Climate of the Past, 14(7), 1035-1049. https://doi.
org/10.5194/cp-14-1035-2018

Farley, K. A., & Eltgroth, S. F. (2003). An alternative age model for the Paleocene-Eocene thermal maximum using extraterrestrial 3He. Earth
and Planetary Science Letters, 208(3—4), 135-148. https://doi.org/10.1016/s0012-821x(03)00017-7

Foreman, B. Z., Heller, P. L., & Clementz, M. T. (2012). Fluvial response to abrupt global warming at the Palacocene/Eocene boundary. Nature,
491(7422), 92-95. https://doi.org/10.1038/nature11513

Frieling, J., Peterse, F., Lunt, D. J., Bohaty, S. M., Sinninghe Damsté, J. S., Reichart, G. J., & Sluijs, A. (2019). Widespread warming before
and elevated barium burial during the Paleocene-Eocene Thermal Maximum: Evidence for methane hydrate release? Paleoceanography and
Paleoclimatology, 34, 546-566. https://doi.org/10.1029/2018PA003425

PAPADOMANOLAKI ET AL.

17 of 23


https://doi.org/10.1130/b30055.1
https://doi.org/10.1016/j.palaeo.2007.02.029
https://doi.org/10.1016/s0967-0645(02)00133-9
https://doi.org/10.1038/35025035
https://doi.org/10.1007/0-306-48104-9_12
https://doi.org/10.1016/0304-4203(72)90005-9
https://doi.org/10.1029/2000JC000561
https://doi.org/10.1016/j.gloplacha.2013.07.001
https://doi.org/10.1038/nature03115
https://doi.org/10.1038/ngeo1014
https://doi.org/10.1130/0091-7613(1997)025%3C0963:HRROTL%3E2.3.CO;2
https://doi.org/10.1130/0091-7613(1997)025%3C0963:HRROTL%3E2.3.CO;2
https://doi.org/10.1029/2004GB002368
https://doi.org/10.1016/j.gloplacha.2017.07.014
https://doi.org/10.1038/s41598-018-31076-3
https://doi.org/10.1029/2009PA001861
https://doi.org/10.1016/s0031-0182(03)00334-1
https://doi.org/10.1016/s0031-0182(03)00334-1
https://doi.org/10.1016/s0012-821x(96)00204-x
https://doi.org/10.1038/ngeo1179
https://doi.org/10.1038/nature10929
https://doi.org/10.1016/s0967-0637(99)00015-1
https://doi.org/10.1130/0091-7613(1997)025%3C0259:ABOGIT%3E2.3.CO;2
https://doi.org/10.1130/0-8137-2369-8.11
https://doi.org/10.1130/0-8137-2369-8.11
https://doi.org/10.1029/95PA02087
https://doi.org/10.1130/g32977.1
https://doi.org/10.1002/2014PA002629
https://doi.org/10.5194/cp-14-1035-2018
https://doi.org/10.5194/cp-14-1035-2018
https://doi.org/10.1016/s0012-821x(03)00017-7
https://doi.org/10.1038/nature11513
https://doi.org/10.1029/2018PA003425

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Paleoceanography and Paleoclimatology 10.1029/2021PA004232

Frieling, J., Svensen, H. H., Planke, S., Cramwinckel, M. J., Selnes, H., & Sluijs, A. (2016). Thermogenic methane release as a cause for the long
duration of the PETM. Proceedings of the National Academy of Sciences of the United States of America, 113(43), 12059—-12064. https://doi.
org/10.1073/pnas.1603348113

Gavrilov, Y. O., Kodina, L. A., Lubchenko, I. Y., & Muzylev, N. G. (1997). The late Paleocene anoxic event in epicontinental seas of Peri-Tethys
and formation of the sapropelite unit: Sedimentology and geochemistry. Lithology and Mineral Resources C/C of Litologiia I Poleznye Isko-
paemye, 32, 427-450.

Gibbs, S. J., Bralower, T. J., Bown, P. R., Zachos, J. C., & Bybell, L. M. (2006). Shelf and open-ocean calcareous phytoplankton assem-
blages across the Paleocene-Eocene Thermal Maximum: Implications for global productivity gradients. Geology, 34(4), 233-236. https://doi.
org/10.1130/g22381.1

Giusberti, L., Rio, D., Agnini, C., Backman, J., Fornaciari, E., Tateo, F., & Oddone, M. (2007). Mode and tempo of the Paleocene-Eocene thermal
maximum in an expanded section from the Venetian pre-Alps. GSA Bulletin, 119(3-4), 391—412. https://doi.org/10.1130/b25994.1

Gutjahr, M., Ridgwell, A., Sexton, P. F., Anagnostou, E., Pearson, P. N., Pilike, H., et al. (2017). Very large release of mostly volcanic carbon
during the Palacocene-Eocene Thermal Maximum. Nature, 548(7669), 573-577. https://doi.org/10.1038/nature23646

Harding, I. C., Charles, A. J., Marshall, J. E., Pilike, H., Roberts, A. P., Wilson, P. A_, et al. (2011). sea-level and salinity fluctuations during the
Paleocene-Eocene thermal maximum in arctic Spitsbergen. Earth and Planetary Science Letters, 303(1-2), 97-107. https://doi.org/10.1016/j.
epsl.2010.12.043

Homoky, W. B., Severmann, S., McManus, J., Berelson, W. M., Riedel, T. E., Statham, P. J., & Mills, R. A. (2012). Dissolved oxygen and
suspended particles regulate the benthic flux of iron from continental margins. Marine Chemistry, 134, 59-70. https://doi.org/10.1016/j.
marchem.2012.03.003

Ingall, E. D., Bustin, R. M., & Van Cappellen, P. (1993). Influence of water column anoxia on the burial and preservation of carbon and phospho-
rus in marine shales. Geochimica et Cosmochimica Acta, 57(2), 303-316. https://doi.org/10.1016/0016-7037(93)90433-w

John, C. M., Bohaty, S. M., Zachos, J. C., Sluijs, A., Gibbs, S., Brinkhuis, H., & Bralower, T. J. (2008). North American continental margin
records of the Paleocene-Eocene thermal maximum: Implications for global carbon and hydrological cycling. Paleoceanography, 23, PA2217.
https://doi.org/10.1029/2007PA001465

Junium, C. K., Dickson, A. J., & Uveges, B. T. (2018). Perturbation to the nitrogen cycle during rapid Early Eocene global warming. Nature
Communications, 9(1), 1-8. https://doi.org/10.1038/s41467-018-05486-w

Kelly, D. C., Zachos, J. C., Bralower, T. J., & Schellenberg, S. A. (2005). Enhanced terrestrial weathering/runoff and surface ocean
carbonate production during the recovery stages of the Paleocene-Eocene thermal maximum. Paleoceanography, 20, PA4023. https://doi.
org/10.1029/2005PA001163

Khozyem, H., Adatte, T., Spangenberg, J. E., Keller, G., Tantawy, A. A., & Ulianov, A. (2015). New geochemical constraints on the Pale-
ocene-Eocene thermal maximum: Dababiya GSSP, Egypt. Palacogeography, Palaeoclimatology, Palaeoecology, 429, 117-135. https://doi.
org/10.1016/j.palaeo.2015.04.003

Kirtland Turner, S. (2018). Constraints on the onset duration of the Paleocene-Eocene thermal maximum. Philosophical Transactions of the Royal
Society A: Mathematical, Physical & Engineering Sciences, 376(2130), 20170082. https://doi.org/10.1098/rsta.2017.0082

Kanies, J., Mann, U., Popp, B. N., Stein, R., & Brumsack, H. J. (2008). Surface water productivity and paleoceanographic implications in the
Cenozoic Arctic Ocean. Paleoceanography, 23, PA1S16. https://doi.org/10.1029/2007PA001455

Koch, P. L., Zachos, J. C., & Gingerich, P. D. (1992). Correlation between isotope records in marine and continental carbon reservoirs near the
Palaeocene/Eocene boundary. Nature, 358(6384), 319-322. https://doi.org/10.1038/358319a0

Komar, N., & Zeebe, R. E. (2017). Redox-controlled carbon and phosphorus burial: A mechanism for enhanced organic carbon sequestration
during the PETM. Earth and Planetary Science Letters, 479, 71-82. https://doi.org/10.1016/j.epsl.2017.09.011

Kopp, R. E., Schumann, D., Raub, T. D., Powars, D. S., Godfrey, L. V., Swanson-Hysell, N. L., et al. (2009). An Appalachian Amazon? Magne-
tofossil evidence for the development of a tropical river-like system in the mid-Atlantic United States during the Paleocene-Eocene thermal
maximum. Paleoceanography, 24, PA4211. https://doi.org/10.1029/2009PA001783

Kurtz, A. C., Kump, L. R., Arthur, M. A., Zachos, J. C., & Paytan, A. (2003). Early Cenozoic decoupling of the global carbon and sulfur cycles.
Paleoceanography, 18(4), 1090. https://doi.org/10.1029/2003PA000908

Laws, E. A., Falkowski, P. G., Smith, W. O., Jr., Ducklow, H., & McCarthy, J. J. (2000). Temperature effects on export production in the open
ocean. Global Biogeochemical Cycles, 14(4), 1231-1246. https://doi.org/10.1029/1999GB001229

Lenstra, W. K., Hermans, M., Séguret, M. J., Witbaard, R., Behrends, T., Dijkstra, N., et al. (2019). The shelf-to-basin iron shuttle in the Black
Sea revisited. Chemical Geology, 511, 314-341. https://doi.org/10.1016/j.chemgeo.2018.10.024

Lunt, D. J., Ridgwell, A., Sluijs, A., Zachos, J., Hunter, S., & Haywood, A. (2011). A model for orbital pacing of methane hydrate destabilization
during the Palacogene. Nature Geoscience, 4(11), 775-778. https://doi.org/10.1038/ngeo 1266

Lyons, S. L., Baczynski, A. A., Babila, T. L., Bralower, T. J., Hajek, E. A., Kump, L. R., et al. (2019). Palacocene-Eocene Thermal Maximum
prolonged by fossil carbon oxidation. Nature Geoscience, 12(1), 54—60. https://doi.org/10.1038/s41561-018-0277-3

Ma, Z., Gray, E., Thomas, E., Murphy, B., Zachos, J., & Paytan, A. (2014). Carbon sequestration during the Palacocene-Eocene thermal maxi-
mum by an efficient biological pump. Nature Geoscience, 7(5), 382-388. https://doi.org/10.1038/nge02139

Markwick, P. J. (2007). The palacogeographic and palaeoclimatic significance of climate proxies for data-model comparisons. In M. Williams,
A. M. Haywood, F. J. Gregory & D. N. Schmidt (Eds.), Deep-time perspectives on climate change: Marrying the signal from computer models
and biological proxies (pp. 251-312). Geological Society.

Mclnerney, F. A., & Wing, S. L. (2011). The Paleocene-Eocene thermal maximum: A perturbation of carbon cycle, climate, and biosphere with
implications for the future. Annual Review of Earth and Planetary Sciences, 39,489-516. https://doi.org/10.1146/annurev-earth-040610-133431

Miller, K. G., Browning, J. V., Schmelz, W. J., Kopp, R. E., Mountain, G. S., & Wright, J. D. (2020). Cenozoic sea-level and cryospheric evolution
from deep-sea geochemical and continental margin records. Science Advances, 6(20), 1346. https://doi.org/10.1126/sciadv.aaz1346

Murphy, B. H., Farley, K. A., & Zachos, J. C. (2010). An extraterrestrial 3He-based timescale for the Paleocene-Eocene thermal maximum (PETM)
from Walvis Ridge, IODP site 1266. Geochimica et Cosmochimica Acta, 74(17), 5098-5108. https://doi.org/10.1016/j.gca.2010.03.039

Mutterlose, J., Linnert, C., & Norris, R. (2007). Calcareous nannofossils from the Paleocene-Eocene thermal maximum of the equatorial Atlantic
(ODPssite 1260B): Evidence for tropical warming. Marine Micropaleontology, 65(1-2), 13-31. https://doi.org/10.1016/j.marmicro.2007.05.004

Nicolo, M. J., Dickens, G. R., & Hollis, C. J. (2010). South Pacific intermediate water oxygen depletion at the onset of the Paleocene-Eocene
thermal maximum as depicted in New Zealand margin sections. Paleoceanography, 25, PA4210. https://doi.org/10.1029/2009PA001904

Pagani, M., Pedentchouk, N., Huber, M., Sluijs, A., Schouten, S., Brinkhuis, H., et al. (2006). Arctic hydrology during global warming at the
Palaeocene/Eocene thermal maximum. Nature, 442(7103), 671-675. https://doi.org/10.1038/nature05043

Pilike, C., Delaney, M. L., & Zachos, J. C. (2014). Deep-sea redox across the Paleocene-Eocene thermal maximum. Geochemistry, Geophysics,
Geosystems, 15, 1038—1053 https://doi.org/10.1002/2013GC005074

PAPADOMANOLAKI ET AL.

18 of 23


https://doi.org/10.1073/pnas.1603348113
https://doi.org/10.1073/pnas.1603348113
https://doi.org/10.1130/g22381.1
https://doi.org/10.1130/g22381.1
https://doi.org/10.1130/b25994.1
https://doi.org/10.1038/nature23646
https://doi.org/10.1016/j.epsl.2010.12.043
https://doi.org/10.1016/j.epsl.2010.12.043
https://doi.org/10.1016/j.marchem.2012.03.003
https://doi.org/10.1016/j.marchem.2012.03.003
https://doi.org/10.1016/0016-7037(93)90433-w
https://doi.org/10.1029/2007PA001465
https://doi.org/10.1038/s41467-018-05486-w
https://doi.org/10.1029/2005PA001163
https://doi.org/10.1029/2005PA001163
https://doi.org/10.1016/j.palaeo.2015.04.003
https://doi.org/10.1016/j.palaeo.2015.04.003
https://doi.org/10.1098/rsta.2017.0082
https://doi.org/10.1029/2007PA001455
https://doi.org/10.1038/358319a0
https://doi.org/10.1016/j.epsl.2017.09.011
https://doi.org/10.1029/2009PA001783
https://doi.org/10.1029/2003PA000908
https://doi.org/10.1029/1999GB001229
https://doi.org/10.1016/j.chemgeo.2018.10.024
https://doi.org/10.1038/ngeo1266
https://doi.org/10.1038/s41561-018-0277-3
https://doi.org/10.1038/ngeo2139
https://doi.org/10.1146/annurev-earth-040610-133431
https://doi.org/10.1126/sciadv.aaz1346
https://doi.org/10.1016/j.gca.2010.03.039
https://doi.org/10.1016/j.marmicro.2007.05.004
https://doi.org/10.1029/2009PA001904
https://doi.org/10.1038/nature05043
https://doi.org/10.1002/2013GC005074

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Paleoceanography and Paleoclimatology 10.1029/2021PA004232

Panchuk, K., Ridgwell, A., & Kump, L. R. (2008). Sedimentary response to Paleocene-Eocene thermal maximum carbon release: A model-data
comparison. Geology, 36(4), 315-318. https://doi.org/10.1130/g24474a.1

Raiswell, R., Hardisty, D. S., Lyons, T. W., Canfield, D. E., Owens, J. D., Planavsky, N. J., et al. (2018). The iron paleoredox proxies: A guide to
the pitfalls, problems and proper practice. American Journal of Science, 318(5), 491-526. https://doi.org/10.2475/05.2018.03

Ravizza, G., Norris, R. N., Blusztajn, J., & Aubry, M. P. (2001). An osmium isotope excursion associated with the late Paleocene thermal maxi-
mum: Evidence of intensified chemical weathering. Paleoceanography, 16(2), 155-163. https://doi.org/10.1029/2000PA000541

Rohl, U., Westerhold, T., Bralower, T.J., & Zachos, J. C. (2007). On the duration of the Paleocene-Eocene thermal maximum (PETM). Geochem-
istry, Geophysics, Geosystems, 8, Q12002. https://doi.org/10.1029/2007GC001784

Roychoudhury, A. N., Kostka, J. E., & Van Cappellen, P. (2003). Pyritization: A palaecoenvironmental and redox proxy reevaluated. Estuarine,
Coastal and Shelf Science, 57(5-6), 1183-1193. https://doi.org/10.1016/s0272-7714(03)00058-1

Ruttenberg, K. C., & Goni, M. A. (1997). Phosphorus distribution, C: N: P ratios, and §13Coc in arctic, temperate, and tropical coastal sediments:
Tools for characterizing bulk sedimentary organic matter. Marine Geology, 139(1-4), 123-145. https://doi.org/10.1016/s0025-3227(96)00107-7

Ruvalcaba Baroni, 1., Topper, R. P. M., Van Helmond, N. A. G. M., Brinkhuis, H., & Slomp, C. P. (2014). Biogeochemistry of the north Atlan-
tic during oceanic anoxic event 2: Role of changes in ocean circulation and phosphorus input. Biogeosciences, 11(4), 977-993. https://doi.
org/10.5194/bg-11-977-2014

Sarmiento, J. L., & Gruber, N. (2006). Ocean biogeochemical dynamics. Princeton University Press.

Savrda, C. E., & Bottjer, D. J. (1991). Oxygen-related biofacies in marine strata: An overview and update. Geological Society, London, Special
Publications, 58(1), 201-219. https://doi.org/10.1144/gsl.sp.1991.058.01.14

Schmitz, B., Asaro, F., Molina, E., Monechi, S., von Salis, K., & Speijer, R. P. (1997a). High-resolution iridium, 8'*C, §'%0, foraminifera and
nannofossil profiles across the latest Paleocene benthic extinction event at Zumaya, Spain. Palaeogeography, Palaeoclimatology, Palaeoecol-
ogy, 133(1-2), 49-68. https://doi.org/10.1016/s0031-0182(97)00024-2

Schmitz, B., Charisi, S. D., Thompson, E. I, & Speijer, R. P. (1997b). Barium, SiO, (excess), and P,0O; as proxies of biological produc-
tivity in the Middle East during the Palacocene and the latest Palacocene benthic extinction event. Terra Nova, 9(2), 95-99. https://doi.
org/10.1111/j.1365-3121.1997.tb0001 1.x

Schmitz, B., & Pujalte, V. (2007). Abrupt increase in seasonal extreme precipitation at the Paleocene-Eocene boundary. Geology, 35(3), 215-218.
https://doi.org/10.1130/g23261a.1

Scott, C., & Lyons, T. W. (2012). Contrasting molybdenum cycling and isotopic properties in euxinic versus non-euxinic sediments and sedimen-
tary rocks: Refining the paleoproxies. Chemical Geology, 324, 19-27. https://doi.org/10.1016/j.chemgeo.2012.05.012

Sluijs, A., & Brinkhuis, H. (2009). A dynamic climate and ecosystem state during the Paleocene-Eocene thermal maximum: Inferences from
dinoflagellate cyst assemblages on the New Jersey shelf. Biogeosciences, 6, 1755—-1781. https://doi.org/10.5194/bg-6-1755-2009

Sluijs, A., Brinkhuis, H., Crouch, E. M., John, C. M., Handley, L., Munsterman, D., et al. (2008a). Eustatic variations during the Paleocene-Eo-
cene greenhouse world. Paleoceanography, 23, PA4216. https://doi.org/10.1029/2008PA001615

Sluijs, A., Brinkhuis, H., Schouten, S., Bohaty, S. M., John, C. M., Zachos, J. C., et al. (2007). Environmental precursors to rapid light carbon
injection at the Palacocene/Eocene boundary. Nature, 450(7173), 1218-1221. https://doi.org/10.1038/nature06400

Sluijs, A., Rohl, U., Schouten, S., Brumsack, H. J., Sangiorgi, F., Damsté, J. S. S., & Brinkhuis, H. (2008b). Arctic late Paleocene-early Eocene
paleoenvironments with special emphasis on the Paleocene-Eocene thermal maximum (Lomonosov Ridge, Integrated Ocean Drilling Program
Expedition 302). Paleoceanography, 23, PA1S11. https://doi.org/10.1029/2007PA001495

Sluijs, A., Schouten, S., Pagani, M., Woltering, M., Brinkhuis, H., Damsté, J. S. S., et al. (2006). Subtropical Arctic Ocean temperatures during
the Palaeocene/Eocene thermal maximum. Nature, 441(7093), 610-613. https://doi.org/10.1038/nature04668

Sluijs, A., van Roij, L., Harrington, G. J., Schouten, S., Sessa, J. A., LeVay, L. J., et al. (2014). Warming, euxinia and sea level rise during the
Paleocene-Eocene thermal maximum on the Gulf Coastal Plain: Implications for ocean oxygenation and nutrient cycling. Climate of the Past,
10(4), 1421-1439. https://doi.org/10.5194/cp-10-1421-2014

Soliman, M. F., Aubry, M. P., Schmitz, B., & Sherrell, R. M. (2011). Enhanced coastal paleoproductivity and nutrient supply in Upper Egypt
during the Paleocene/Eocene Thermal Maximum (PETM): Mineralogical and geochemical evidence. Palaeogeography, Palaeoclimatology,
Palaeoecology, 310(3—4), 365-377. https://doi.org/10.1016/j.palaeo.2011.07.027

Stein, R., Boucsein, B., & Meyer, H. (2006). Anoxia and high primary production in the Paleogene central Arctic Ocean: First detailed records
from Lomonosov Ridge. Geophysical Research Letters, 33, L18606. https://doi.org/10.1029/2006GL026776

Svensen, H., Planke, S., Malthe-Sgrenssen, A., Jamtveit, B., Myklebust, R., Eidem, T. R., & Rey, S. S. (2004). Release of methane from a volcanic
basin as a mechanism for initial Eocene global warming. Nature, 429(6991), 542-545. https://doi.org/10.1038/nature02566

Thomas, D. J., Zachos, J. C., Bralower, T. J., Thomas, E., & Bohaty, S. (2002). Warming the fuel for the fire: Evidence for the thermal dissociation
of methane hydrate during the Paleocene-Eocene thermal maximum. Geology, 30(12), 1067-1070. https://doi.org/10.1130/0091-7613(2002)
030<1067:wtfftf>2.0.co;2

Tsandev, 1., & Slomp, C. P. (2009). Modeling phosphorus cycling and carbon burial during Cretaceous oceanic anoxic events. Earth and Plane-
tary Science Letters, 286(1-2), 71-79. https://doi.org/10.1016/j.eps1.2009.06.016

Tsandev, 1., Slomp, C. P., & Van Cappellen, P. (2008). Glacial-interglacial variations in marine phosphorus cycling: Implications for ocean
productivity. Global Biogeochemical Cycles, 22 GB4004. https://doi.org/10.1029/2007GBb003054

Tyrrell, T. (1999). The relative influences of nitrogen and phosphorus on oceanic primary production. Nature, 400(6744), 525-531. https://doi.
org/10.1038/22941

Van Cappellen, P., & Ingall, E. D. (1994). Benthic phosphorus regeneration, net primary production, and ocean anoxia: A model of the coupled
marine biogeochemical cycles of carbon and phosphorus. Paleoceanography, 9(5), 677-692. https://doi.org/10.1029/94PA01455

Walker, J. C., & Kasting, J. F. (1992). Effects of fuel and forest conservation on future levels of atmospheric carbon dioxide. Global and Planetary
Change, 5(3), 151-189. https://doi.org/10.1016/0921-8181(92)90009-y

Yao, W., Paytan, A., & Wortmann, U. G. (2018). Large-scale ocean deoxygenation during the Paleocene-Eocene thermal maximum. Science,
361(6404), 804-806. https://doi.org/10.1126/science.aar8658

Zachos, J. C., Rohl, U., Schellenberg, S. A., Sluijs, A., Hodell, D. A., Kelly, D. C., et al. (2005). Rapid acidification of the ocean during the Pale-
ocene-Eocene thermal maximum. Science, 308(5728), 1611-1615. https://doi.org/10.1126/science.1109004

Zeebe, R. E. (2013). What caused the long duration of the Paleocene-Eocene thermal maximum? Paleoceanography, 28(3), 440-452. https://doi.
org/10.1002/palo.20039

Zeebe, R. E., & Lourens, L. J. (2019). Solar System chaos and the Paleocene-Eocene boundary age constrained by geology and astronomy.
Science, 365(6456), 926-929. https://doi.org/10.1126/science.aax0612

Zeebe, R. E., Zachos, J. C., & Dickens, G. R. (2009). Carbon dioxide forcing alone insufficient to explain Palaeocene-Eocene Thermal Maximum
warming. Nature Geoscience, 2(8), 576-580. https://doi.org/10.1038/ngeo578

PAPADOMANOLAKI ET AL.

19 of 23


https://doi.org/10.1130/g24474a.1
https://doi.org/10.2475/05.2018.03
https://doi.org/10.1029/2000PA000541
https://doi.org/10.1029/2007GC001784
https://doi.org/10.1016/s0272-7714(03)00058-1
https://doi.org/10.1016/s0025-3227(96)00107-7
https://doi.org/10.5194/bg-11-977-2014
https://doi.org/10.5194/bg-11-977-2014
https://doi.org/10.1144/gsl.sp.1991.058.01.14
https://doi.org/10.1016/s0031-0182(97)00024-2
https://doi.org/10.1111/j.1365-3121.1997.tb00011.x
https://doi.org/10.1111/j.1365-3121.1997.tb00011.x
https://doi.org/10.1130/g23261a.1
https://doi.org/10.1016/j.chemgeo.2012.05.012
https://doi.org/10.5194/bg-6-1755-2009
https://doi.org/10.1029/2008PA001615
https://doi.org/10.1038/nature06400
https://doi.org/10.1029/2007PA001495
https://doi.org/10.1038/nature04668
https://doi.org/10.5194/cp-10-1421-2014
https://doi.org/10.1016/j.palaeo.2011.07.027
https://doi.org/10.1029/2006GL026776
https://doi.org/10.1038/nature02566
https://doi.org/10.1130/0091-7613(2002)030%3C1067:wtfftf%3E2.0.co;2
https://doi.org/10.1130/0091-7613(2002)030%3C1067:wtfftf%3E2.0.co;2
https://doi.org/10.1016/j.epsl.2009.06.016
https://doi.org/10.1029/2007GBb003054
https://doi.org/10.1038/22941
https://doi.org/10.1038/22941
https://doi.org/10.1029/94PA01455
https://doi.org/10.1016/0921-8181(92)90009-y
https://doi.org/10.1126/science.aar8658
https://doi.org/10.1126/science.1109004
https://doi.org/10.1002/palo.20039
https://doi.org/10.1002/palo.20039
https://doi.org/10.1126/science.aax0612
https://doi.org/10.1038/ngeo578

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Paleoceanography and Paleoclimatology 10.1029/2021PA004232

References From the Supporting Information

Abulaitijiang, A., Andersen, O. B., & Sandwell, D. (2019). Improved Arctic Ocean bathymetry derived from DTU17 gravity model. Earth and
Space Science, 6(8), 1336—1347. https://doi.org/10.1029/2018EA000502

Aze, T., Pearson, P. N., Dickson, A. J., Badger, M. P., Bown, P. R., Pancost, R. D., et al. (2014). Extreme warming of tropical waters during the
Paleocene-Eocene thermal maximum. Geology, 42(9), 739-742. https://doi.org/10.1130/g35637.1

Bak, K. (2004). Deep-water agglutinated foraminiferal changes across the Cretaceous/Tertiary and Paleocene/Eocene transitions in the deep
flysch environment; eastern Outer Carpathians (Bieszczady Mts, Poland). In Proceedings of the sixth international workshop on agglutinated
Sforaminifera. Grzybowski Foundation special Publication (Vol. 8, pp. 1-56). Grzybowski Foundation.

Berggren, W. A., & Aubert, J. (1983). Paleogene benthonic foraminiferal biostratigraphy and bathymetry of the Central Coast Ranges of Cali-
fornia. American Association.

Bindoff, N. L., Cheung, W. W. L., Kairo, J. G., Aristegui, J., Guinder, V. A., Hallberg, R., et al. (2019). Changing ocean, marine ecosystems, and
dependent communities. In D. C. Roberts, V. Masson-Delmotte, P. Zhai, M. Tignor, E. Poloczanska, K. Mintenbeck, et al. (Eds.), IPCC 2019:
Special Report on the Ocean and Cryosphere in a changing climate.

Bolle, M. P, Tantawy, A. A., Pardo, A., Adatte, T., Burns, S., & Kassab, A. (2000). Climatic and environmental changes documented in the upper
Paleocene to lower Eocene of Egypt. Eclogae Geologicae Helvetiae, 93(1), 33-52.

Bouttes, N., Roche, D. M., & Paillard, D. (2009). Impact of strong deep ocean stratification on the glacial carbon cycle. Paleoceanography, 24,
PA3203. https://doi.org/10.1029/2008PA001707

Bown, P., & Pearson, P. (2009). Calcareous plankton evolution and the Paleocene/Eocene thermal maximum event: New evidence from Tanzania.
Marine Micropaleontology, 71(1-2), 60-70. https://doi.org/10.1016/j.marmicro.2009.01.005

Bralower, T. J. (2002). Evidence of surface water oligotrophy during the Paleocene-Eocene thermal maximum: Nannofossil assemblage data from
Ocean Drilling Program site 690, Maud rise, Weddell sea. Paleoceanography, 17(2), 13-21. https://doi.org/10.1029/2001PA000662

Burdige, D. J. (2007). Preservation of organic matter in marine sediments: Controls, mechanisms, and an imbalance in sediment organic carbon
budgets? Chemical Reviews, 107(2), 467-485. https://doi.org/10.1021/cr050347q

Canudo, J., Keller, G., Molina, E., & Ortiz, N. (1995). Planktic foraminiferal turnover and &'3C isotopes across the Paleocene-Eo-
cene transition at Caravaca and Zumaya, Spain. Palaeogeography, Palaeoclimatology, Palaeoecology, 114(1), 75-100. https://doi.
org/10.1016/0031-0182(95)00073-u

Colosimo, A. B., Bralower, T., & Zachos, J. C. (2005). Evidence for lysocline shoaling at the Paleocene/Eocene thermal maximum on Shatsky
Rise, northwest Pacific. In Proceedings of the Ocean Drilling Program: Scientific Results (Vol. 198). Texas A & M University.

Cramer, B. S., Aubry, M. P, Miller, K. G., Olsson, R. K., Wright, J. D., & Kent, D. V. (1999). An exceptional chronologic, isotopic, and clay
mineralogic record of the latest Paleocene thermal maximum, Bass River, NJ, ODP 174AX. Bulletin de la Societe Geologique de France,
170(6), 883-897.

Cramwinckel, M. J., Huber, M., Kocken, I. J., Agnini, C., Bijl, P. K., Bohaty, S. M., & Peterse, F. (2018). Synchronous tropical and polar temper-
ature evolution in the Eocene. Nature, 559(7714), 382-386.

Crouch, E. M., & Brinkhuis, H. (2005). Environmental change across the Paleocene-Eocene transition from eastern New Zealand: A marine
palynological approach. Marine Micropaleontology, 56(3—4), 138-160. https://doi.org/10.1016/j.marmicro.2005.05.002

de Graciansky, P. C., Poag, C. W., Cunningham, R., Loubere, P., Masson, D. G., Mazzullo, J. M., et al. (1985). Site 549. In Initial Reports of the
Deep Sea Drilling Program, 80. Washington, DC U.S. Govt. Printing Office.

Dypvik, H., Riber, L., Burca, F., Riither, D., Jargvoll, D., Nagy, J., & Jochmann, M. (2011). The Paleocene-Eocene thermal maximum (PETM)
in Svalbard—Clay mineral and geochemical signals. Palaeogeography, Palaeoclimatology, Palaeoecology, 302(3—4), 156-169. https://doi.
org/10.1016/j.palae0.2010.12.025

Egger, H., Fenner, J., Heilmann-Clausen, C., Rogl, F., Sachsenhofer, R. F., & Schmitz, B. (2003). Paleoproductivity of the northwestern Tethyan
margin (Anthering section, Austria) across the Paleocene-Eocene transition. Geological Society of America Special Paper, 369, 133-146.
https://doi.org/10.1130/0-8137-2369-8.133

Egger, H., Homayoun, M., Huber, H., Rogl, F., & Schmitz, B. (2005). Early Eocene climatic, volcanic, and biotic events in the northwestern
Tethyan Untersberg section, Austria. Palaeogeography, Palaeoclimatology, Palaeoecology, 217(3-4), 243-264. https://doi.org/10.1016/j.
palae0.2004.12.006

Ernst, S. R., Guasti, E., Dupuis, C., & Speijer, R. P. (2006). Environmental perturbation in the southern Tethys across the Paleocene/Eocene
boundary (Dababiya, Egypt): Foraminiferal and clay mineral records. Marine Micropaleontology, 60(1), 89—111. https://doi.org/10.1016/j.
marmicro.2006.03.002

Frieling, J., Gebhardt, H., Huber, M., Adekeye, O. A., Akande, S. O., Reichart, G. J., & Sluijs, A. (2017). Extreme warmth and heat-stressed plank-
ton in the tropics during the Paleocene-Eocene Thermal Maximum. Science Advances, 3(3), e1600891. https://doi.org/10.1126/sciadv.1600891

Frieling, J., Iakovleva, A. I, Reichart, G. J., Aleksandrova, G. N., Gnibidenko, Z. N., Schouten, S., & Sluijs, A. (2014). Paleocene-Eocene warm-
ing and biotic response in the epicontinental west Siberian sea. Geology, 42(9), 767-770. https://doi.org/10.1130/g35724.1

Frieling, J., Reichart, G. J., Middelburg, J. J., R6hl, U., Westerhold, T., Bohaty, S. M., & Sluijs, A. (2018). Tropical Atlantic climate and ecosys-
tem regime shifts during the Paleocene-Eocene thermal maximum. Climate of the Past, 14(1), 39-55. https://doi.org/10.5194/cp-14-39-2018

Garcia, H. E., Weathers, K., Paver, C. R., Smolyar, 1., Boyer, T. P., Locarnini, R. A., et al. (2018a). World ocean Atlas 2018, volume 3: Dissolved
oxygen, apparent oxygen utilization, and oxygen saturation. In A. Mishonov Technical (Ed.), NOAA Atlas NESDIS (Vol. 83, p. 38).

Garcia, H. E., Weathers, K., Paver, C. R., Smolyar, L., Boyer, T. P., Locarnini, R. A., et al. (2018b). World ocean Atlas 2018, volume 4: Dissolved
inorganic nutrients (phosphate, nitrate and nitrate+nitrite, silicate). In A. Mishonov Technical (Ed.), NOAA Atlas NESDIS (Vol. 84, p. 35).
Gavrilov, Y. O., Shcherbinina, E. A., & Oberhansli, H. (2003). Paleocene-Eocene boundary events in the northeastern Peri-Tethys. Special

Papers—Geological Society of America, 147-168. https://doi.org/10.1130/0-8137-2369-8.147

Giusberti, L., Boscolo Galazzo, F., & Thomas, E. (2016). Variability in climate and productivity during the Paleocene-Eocene thermal maximum
in the western Tethys (Forada section). Climate of the Past, 12(2), 213-240. https://doi.org/10.5194/cp-12-213-2016

Hancock, H. J., Dickens, G. R., Strong, C. P., Hollis, C. J., & Field, B. D. (2003). Foraminiferal and carbon isotope stratigraphy through the Pale-
ocene-Eocene transition at dee Stream, Marlborough, New Zealand. New Zealand Journal of Geology and Geophysics, 46(1), 1-19. https://
doi.org/10.1080/00288306.2003.9514992

Hollis, C. J., Dickens, G. R., Field, B. D., Jones, C. M., & Strong, C. P. (2005). The Paleocene-Eocene transition at Mead Stream, New Zealand:
A southern Pacific record of early Cenozoic global change. Palaeogeography, Palaeoclimatology, Palaeoecology, 215(3—4), 313-343. https://
doi.org/10.1016/j.palae0.2004.09.011

Jenkyns, H. C. (2010). Geochemistry of oceanic anoxic events. Geochemistry, Geophysics, Geosystems, 11, Q03004.
https://doi.org/10.1029/2009GC002788

PAPADOMANOLAKI ET AL.

20 of 23


https://doi.org/10.1029/2018EA000502
https://doi.org/10.1130/g35637.1
https://doi.org/10.1029/2008PA001707
https://doi.org/10.1016/j.marmicro.2009.01.005
https://doi.org/10.1029/2001PA000662
https://doi.org/10.1021/cr050347q
https://doi.org/10.1016/0031-0182(95)00073-u
https://doi.org/10.1016/0031-0182(95)00073-u
https://doi.org/10.1016/j.marmicro.2005.05.002
https://doi.org/10.1016/j.palaeo.2010.12.025
https://doi.org/10.1016/j.palaeo.2010.12.025
https://doi.org/10.1130/0-8137-2369-8.133
https://doi.org/10.1016/j.palaeo.2004.12.006
https://doi.org/10.1016/j.palaeo.2004.12.006
https://doi.org/10.1016/j.marmicro.2006.03.002
https://doi.org/10.1016/j.marmicro.2006.03.002
https://doi.org/10.1126/sciadv.1600891
https://doi.org/10.1130/g35724.1
https://doi.org/10.5194/cp-14-39-2018
https://doi.org/10.1130/0-8137-2369-8.147
https://doi.org/10.5194/cp-12-213-2016
https://doi.org/10.1080/00288306.2003.9514992
https://doi.org/10.1080/00288306.2003.9514992
https://doi.org/10.1016/j.palaeo.2004.09.011
https://doi.org/10.1016/j.palaeo.2004.09.011
https://doi.org/10.1029/2009GC002788

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Paleoceanography and Paleoclimatology 10.1029/2021PA004232

Kaiho, K. (1988). Uppermost Cretaceous to Paleogene bathyal benthic foraminiferal biostratigraphy of Japan and New Zealand: Latest Pale-
ocene-middle Eocene benthic foraminiferal species turnover. Revue de paléobiologie, 2, 553-559.

Kaiho, K., Arinobu, T., Ishiwatari, R., Morgans, H. E., Okada, H., Takeda, N., et al. (1996). Latest Paleocene benthic foraminiferal extinction and
environmental changes at Tawanui, New Zealand. Paleoceanography, 11(4), 447-465. https://doi.org/10.1029/96PA01021

Kaiho, K., Takeda, K., Petrizzo, M. R., & Zachos, J. C. (2006). Anomalous shifts in tropical Pacific planktonic and benthic foraminiferal test
size during the Paleocene-Eocene thermal maximum. Palaeogeography, Palaeoclimatology, Palaeoecology, 237(2—4), 456-464. https://doi.
org/10.1016/j.palaeo.2005.12.017

Kalinin, G. P., & Shiklomanov, I. A. (1974). Exploitation of the Earth's water resources. In World water balance and water resources of the Earth
(in Russian) (pp. 575-606). St. Petersburg. Russia: Gidrometeoizdat.

Kelly, C. D., Bralower, T. J., Zachos, J. C., Silva, I. P, & Thomas, E. (1996). Rapid diversification of planktonic foraminif-
era in the tropical Pacific (ODP Site 865) during the late Paleocene thermal maximum. Geology, 24(5), 423-426. https:/doi.
org/10.1130/0091-7613(1996)024<0423:RDOPFI>2.3.CO;2

Kelly, D. C. (2002). Response of Antarctic (ODP site 690) planktonic foraminifera to the Paleocene-Eocene thermal maximum: Faunal evidence
for ocean/climate change. Paleoceanography, 17(4), 23-31. https://doi.org/10.1029/2002PA000761

Kender, S., Stephenson, M. H., Riding, J. B., Leng, M. J., Knox, R. W. B., Peck, V. L., et al. (2012). Marine and terrestrial environmental changes
in NW Europe preceding carbon release at the Paleocene-Eocene transition. Earth and Planetary Science Letters, 353, 108—120. https://doi.
org/10.1016/j.eps1.2012.08.011

Khozyem, H., Adatte, T., Spangenberg, J. E., Tantawy, A. A., & Keller, G. (2013). Palacoenvironmental and climatic changes during the Palaeo-
cene-Eocene thermal maximum (PETM) at the Wadi Nukhul section, Sinai, Egypt. Journal of the Geological Society, 170(2), 341-352. https://
doi.org/10.1144/jgs2012-046

Knox, R. W. O. B., Aubry, M. P., Berggren, W. A., Dupuis, C., Ouda, K., Magioncalda, R., & Soliman, M. (2003). The Qreiya section at
Gebel Abu Had: Lithostratigraphy, clay mineralogy, geochemistry and biostratigraphy. Micropaleontology, 49(Suppl 1), 93—-104. https://doi.
org/10.2113/49.suppl _1.93

Laws, E. A., D'Sa, E., & Naik, P. (2011). Simple equations to estimate ratios of new or export production to total production from satellite-de-
rived estimates of sea surface temperature and primary production. Limnology and Oceanography: Methods, 9(12), 593-601. https://doi/
org/10.4319/1om.2011.9.593

Lippert, P. C., & Zachos, J. C. (2007). A biogenic origin for anomalous fine-grained magnetic material at the Paleocene-Eocene boundary at
Wilson Lake, New Jersey. Paleoceanography, 22, PA4104. https://doi.org/10.1029/2007PA001471

Lu, G., & Keller, G. (1993). The Paleocene-Eocene transition in the Antarctic Indian ocean: Inference from planktic foraminifera. Marine
Micropaleontology, 21(1-3), 101-142. https://doi.org/10.1016/0377-8398(93)90012-m

Luciani, V., Giusberti, L., Agnini, C., Backman, J., Fornaciari, E., & Rio, D. (2007). The Paleocene-Eocene thermal maximum as recorded by
Tethyan planktonic foraminifera in the Forada section (northern Italy). Marine Micropaleontology, 64(3—4), 189-214. https://doi.org/10.1016/j.
marmicro.2007.05.001

Luo, Y., Boudreau, B. P,, Dickens, G. R., Sluijs, A., & Middelburg, J. J. (2016). An alternative model for CaCO, over-shooting during the PETM:
Biological carbonate compensation. Earth and Planetary Science Letters, 453, 223-233. https://doi.org/10.1016/j.epsl.2016.08.012

Middelburg, . J. (2019). Marine carbon biogeochemistry: A primer for earth system scientists (p. 118). Springer Nature.

Miller, K. G., Sugarman, P. J., Browning, J. V., Kominz, M. A., Olsson, R. K., Feigenson, M. D., & Hernédndez, J. C. (2004). Upper Cretaceous
sequences and sea-level history, New Jersey coastal plain. GSA Bulletin, 116(3—4), 368-393. https://doi.org/10.1130/B25279.1

Miller, K. G., Sugarman, P. J., Browning, J. V., Olsson, R. K., Pekar, S. F., Reilly, T. J., & Stewart, M. (1998). Bass river site. In K. G. Miller,
P.J. Sugarman, J. V. Browning, et al. (Eds.), Proc. ODP, Init. Repts (Vol. 174AX, pp. 5-43). College Station, TX: Ocean Drilling Program.

Milliman, J. D., & Farnsworth, K. L. (2013). River discharge to the coastal ocean: A global synthesis. Cambridge University Press.

Morsi, A. M. M., Speijer, R. P., Stassen, P., & Steurbaut, E. (2011). Shallow marine ostracode turnover in response to environmental change
during the Paleocene-Eocene thermal maximum in northwest Tunisia. Journal of African Earth Sciences, 59(2-3), 243-268. https://doi.
org/10.1016/j.jafrearsci.2010.11.001

Miiller, R. D., Sdrolias, M., Gaina, C., Steinberger, B., & Heine, C. (2008). Long-term sea-level fluctuations driven by ocean basin dynamics.
Science, 319(5868), 1357-1362. https://doi.org/10.1126/science.1151540

Nagy, J., Jargvoll, D., Dypvik, H., Jochmann, M., & Riber, L. (2013). Environmental changes during the Paleocene-Eocene thermal maximum in
Spitsbergen as reflected by benthic foraminifera. Polar Research, 32(1), 19737. https://doi.org/10.3402/polar.v32i0.19737

Nomura, R., Takata, H., Wilson, P. A., Lyle, M., & Firth, J. V. (2005). Data report: Paleocene/Eocene benthic foraminifers, ODP Leg 199 sites
1215, 1220, and 1221, equatorial central Pacific Ocean. In Proceedings of the Ocean Drilling Program, Scientific Results, 199, 1-34. College
Station, TX: Ocean Drilling Program. https://doi.org/10.2973/odp.proc.sr.199.223.2005

Norris, R. D., Wilson, P. A., Blum, P., Fehr, A., Agnini, C., Bornemann, A., et al. (2014). Site U1403. In R. D. Norris, P. A. Wilson, & P. Blum
(Eds.), The Expedition 342 Scientists, Proc. IODP (Vol. 342). College, TX: Integrated Ocean Drilling Program.

Pak, D. K., & Miller, K. G. (1992). Paleocene to Eocene benthic foraminiferal isotopes and assemblages: Implications for deepwater circulation.
Paleoceanography, 7(4), 405-422. https://doi.org/10.1029/92PA01234

Penman, D. E., Turner, S. K., Sexton, P. F., Norris, R. D., Dickson, A.J., Boulila, S., et al. (2016). An abyssal carbonate compensation depth over-
shoot in the aftermath of the Palaecocene-Eocene Thermal Maximum. Nature Geoscience, 9(8), 575-580. https://doi.org/10.1038/ngeo2757

Petrizzo, M. R. (2007). The onset of the Paleocene-Eocene thermal maximum (PETM) at sites 1209 and 1210 (Shatsky rise, Pacific Ocean) as
recorded by planktonic foraminifera. Marine Micropaleontology, 63(3—4), 187-200. https://doi.org/10.1016/j.marmicro.2006.11.007

Pierrechumbert, R. T. (2002). The hydrologic cycle in deep-time climate problems. Nature, 419(6903), 191-198. https://doi.org/10.1038/
nature(01088

Prasad, V., Garg, R., Khowaja-Ateequzzaman, S. I., & Joachimski, M. (2006). Apectodinium acme and the palynofacies characteristics in the
latest Palaeocene-earliest Eocene of northeastern India: Biotic response to Palacocene-Eocene Thermal maxima (PETM) in low latitude.
Journal of the Palaeontological Society of India, 51(7), 75-91.

Raffi, 1., & De Bernardi, B. (2008). Response of calcareous nannofossils to the Paleocene-Eocene thermal maximum: Observations on compo-
sition, preservation and calcification in sediments from ODP site 1263 (Walvis Ridge—SW Atlantic). Marine Micropaleontology, 69(2),
119-138. https://doi.org/10.1016/j.marmicro.2008.07.002

Rodriguez-Tovar, F. J., Uchman, A., Alegret, L., & Molina, E. (2011). Impact of the Paleocene-Eocene thermal maximum on the macrobenthic
community: Ichnological record from the Zumaia section, northern Spain. Marine Geology, 282(3-4), 178-187. https://doi.org/10.1016/j.
margeo.2011.02.009

Rohl, U., Brinkhuis, H., Fuller, M. D., Schellenberg, S. A., Stickley, C. E., & Williams, G. L. (2004). Cyclostratigraphy of middle and late Eocene
sediments drilled on the east Tasman plateau (site 1172). In N. F. Exon, J. P. Kennett, & M. J. Malone (Eds.), The Cenozoic Southern Ocean:

PAPADOMANOLAKI ET AL.

21 of 23


https://doi.org/10.1029/96PA01021
https://doi.org/10.1016/j.palaeo.2005.12.017
https://doi.org/10.1016/j.palaeo.2005.12.017
https://doi.org/10.1130/0091-7613(1996)024%3C0423:RDOPFI%3E2.3.CO;2
https://doi.org/10.1130/0091-7613(1996)024%3C0423:RDOPFI%3E2.3.CO;2
https://doi.org/10.1029/2002PA000761
https://doi.org/10.1016/j.epsl.2012.08.011
https://doi.org/10.1016/j.epsl.2012.08.011
https://doi.org/10.1144/jgs2012-046
https://doi.org/10.1144/jgs2012-046
https://doi.org/10.2113/49.suppl_1.93
https://doi.org/10.2113/49.suppl_1.93
https://doi/org/10.4319/lom.2011.9.593
https://doi/org/10.4319/lom.2011.9.593
https://doi.org/10.1029/2007PA001471
https://doi.org/10.1016/0377-8398(93)90012-m
https://doi.org/10.1016/j.marmicro.2007.05.001
https://doi.org/10.1016/j.marmicro.2007.05.001
https://doi.org/10.1016/j.epsl.2016.08.012
https://doi.org/10.1130/B25279.1
https://doi.org/10.1016/j.jafrearsci.2010.11.001
https://doi.org/10.1016/j.jafrearsci.2010.11.001
https://doi.org/10.1126/science.1151540
https://doi.org/10.3402/polar.v32i0.19737
https://doi.org/10.2973/odp.proc.sr.199.223.2005
https://doi.org/10.1029/92PA01234
https://doi.org/10.1038/ngeo2757
https://doi.org/10.1016/j.marmicro.2006.11.007
https://doi.org/10.1038/nature01088
https://doi.org/10.1038/nature01088
https://doi.org/10.1016/j.marmicro.2008.07.002
https://doi.org/10.1016/j.margeo.2011.02.009
https://doi.org/10.1016/j.margeo.2011.02.009

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Paleoceanography and Paleoclimatology 10.1029/2021PA004232

Tectonics, Sedimentation and climate change between Australia and Antarctica (Vol. 151, pp. 127-151). Am. Geophys. Union, Geophys.
Monogr.

Ruttenberg, K. C. (2003). The global phosphorus cycle. Treatise on Geochemistry, 8, 682.

Schneider, L. J., Bralower, T. J., Kump, L. R., & Patzkowsky, M. E. (2013). Calcareous nannoplankton ecology and community change across the
Paleocene-Eocene Thermal Maximum. Paleobiology, 39(4), 628-647. https://doi.org/10.1666/12050

Schoon, P. L., Heilmann-Clausen, C., Schultz, B. P., Damste, J. S. S., & Schouten, S. (2015). Warming and environmental changes in the eastern
North Sea basin during the Palacocene—Eocene thermal maximum as revealed by biomarker lipids. Organic Geochemistry, 78, 719-88. https://
doi.org/10.1016/j.orggeochem.2014.11.003

Schulte, P., Schwark, L., Stassen, P., Kouwenhoven, T. J., Bornemann, A., & Speijer, R. P. (2013). Black shale formation during the latest Danian
event and the Paleocene-Eocene thermal maximum in central Egypt: Two of a kind? Palaeogeography, Palaeoclimatology, Palaeoecology,
371, 9-25. https://doi.org/10.1016/j.palaeo.2012.11.027

Self-Trail, J. M., Robinson, M. M., Bralower, T. J., Sessa, J. A., Hajek, E. A., Kump, L. R., & Wandless, G. A. (2017). Shallow marine response to
global climate change during the Paleocene-Eocene thermal maximum, Salisbury Embayment, USA. Paleoceanography, 32, 710-728. https://
doi.org/10.1002/2017PA003096

Seto, K., Nomura, R., & Niitsuma, N. (1991). Data report: Oxygen and carbon isotope records of the upper Maestrichtian to lower Eocene benthic
foraminifers at site 752 in the eastern Indian ocean. In J. Weissel, J. Peirce, E. Taylor, J. Alt, et al. (Eds.), Proceeding of the Ocean Drilling
Program, Scientific Results (Vol. 121, pp. 885-889). College TX: Ocean Drilling Program.

Seton, M., Miiller, R. D., Zahirovic, S., Gaina, C., Torsvik, T., Shephard, G., et al. (2012). Global continental and ocean basin reconstructions
since 200 Ma. Earth-Science Reviews, 113(3—4), 212-270. https://doi.org/10.1016/j.earscirev.2012.03.002

Shcherbinina, E., Gavrilov, Y., Iakovleva, A., Pokrovsky, B., Golovanova, O., & Aleksandrova, G. (2016). Environmental dynamics during
the Paleocene-Eocene thermal maximum (PETM) in the northeastern Peri-Tethys revealed by high-resolution micropalaeontological and
geochemical studies of a Caucasian key section. Palaeogeography, Palaeoclimatology, Palaeoecology, 456, 60-81. https://doi.org/10.1016/;.
palae0.2016.05.006

Shipboard Scientific Party. (1989a). Site 738. In J. Barron, B. Larsen, et al. (Eds.), Proceedings of the Ocean Drilling Program, Initial Reports
(Vol. 119, pp. 229-288). College Station, TX: Ocean Drilling Program.

Shipboard Scientific Party. (1989b). Site 752. InJ. Peirce, J. Weissel, et al. (Eds.), Proceeding of the Ocean Drilling Program, Initial Repors (Vol.
121, pp. 111-169). College TX: Ocean Drilling Program.

Shipboard Scientific Party. (2001). Site 1172. In N. F. Exon, J. P. Kennett, M. J. Malone, et al. (Eds.), Proceeding of the Ocean Drilling Program,
Initial Reports (Vol. 189, pp. 1-98). College Station, TX Ocean Drilling Program.

Shipboard Scientific Party. (2002). Site 1215. In M. W. Lyle, P. A. Wilson, T. R. Janecek, et al. (Eds.), Proceedings of the Ocean Drilling
Program, Initial Reports (Vol. 199, pp. 1-87). College Station TX: Ocean Drilling Program.

Shipboard Scientific Party. (2004). Site 1260. In J. Erbacher, D. C. Mosher, M. J. Malone, et al. (Eds.), Proceedings of the Ocean Drilling
Program, Initial Reports (Vol. 207, pp. 1-113). College Station TX: Ocean Drilling Program.

Slomp, C. P., & Cappellen, P. V. (2007). The global marine phosphorus cycle: Sensitivity to oceanic circulation. Biogeosciences, 4(2), 155-171.
https://doi.org/10.5194/bg-4-155-2007

Stassen, P., Thomas, E., & Speijer, R. P. (2012). Integrated stratigraphy of the Paleocene-Eocene thermal maximum in the New Jersey
Coastal Plain: Toward understanding the effects of global warming in a shelf environment. Paleoceanography, 27, PA4210. https://doi.
org/10.1029/2012PA002323

Soliman, M. F. (2003). Chemostratigraphy of the Paleocene/Eocene (P/E) boundary sediments at Gabal el-Qreiya, nile valley, Egypt. Micropale-
ontology, 49(Suppl 1), 123-138. https://doi.org/10.2113/49.suppl_1.123

Speijer, R. P., & Schmitz, B. (1998). A benthic foraminiferal record of Paleocene sea level and trophic/redox conditions at Gebel Aweina, Egypt.
Palaeogeography, Palaeoclimatology, Palaeoecology, 137(1-2), 79-101. https://doi.org/10.1016/s0031-0182(97)00107-7

Speijer, R. P., Schmitz, B., & vander Zwaan, G. J. (1997). Benthic foraminiferal extinction and repopulation in response to latest Paleocene Teth-
yan anoxia. Geology, 25(8), 683-686. https://doi.org/10.1130/0091-7613(1997)025<0683:BFEARI>2.3.CO;2

Speijer, R. P., Van der Zwaan, G. J., & Schmitz, B. (1996). The impact of Paleocene/Eocene boundary events on middle neritic benthic foraminif-
eral assemblages from Egypt. Marine Micropaleontology, 28(2), 99—132. https://doi.org/10.1016/0377-8398(95)00079-8

Speijer, R., & Wagner, T. (2002). Sea-level changes and black shales associated with the late Paleocene thermal maximum: Organic-geochemical
and micropaleontologic evidence from the southern Tethyan margin (Egypt-Israel). Catastrophic Events and Mass Extinctions: Impacts, 356,
533-549. https://doi.org/10.1130/0-8137-2356-6.533

Stassen, P., Dupuis, C., Steurbaut, E., Yans, J., & Speijer, R. P. (2012). Perturbation of a Tethyan coastal environment during the Paleocene-Eo-
cene thermal maximum in Tunisia (Sidi Nasseur and Wadi Mezaz). Palaeogeography, Palaeoclimatology, Palaeoecology, 317, 66-92. https://
doi.org/10.1016/j.palae0.2011.12.011

Stassen, P., Thomas, E., & Speijer, R. P. (2015). Paleocene-Eocene thermal maximum environmental change in the New Jersey Coastal Plain:
Benthic foraminiferal biotic events. Marine Micropaleontology, 115, 1-23. https://doi.org/10.1016/j.marmicro.2014.12.001

Stoll, H. M., & Bains, S. (2003). Coccolith Sr/Ca records of productivity during the Paleocene-Eocene thermal maximum from the Weddell sea.
Paleoceanography, 18(2), 1049. https://doi.org/10.1029/2002PA000875

Stoll, H. M., Shimizu, N., Archer, D., & Ziveri, P. (2007). Coccolithophore productivity response to greenhouse event of the Paleocene-Eocene
thermal maximum. Earth and Planetary Science Letters, 258(1-2), 192-206. https://doi.org/10.1016/j.eps1.2007.03.037

Takeda, K., & Kaiho, K. (2007). Faunal turnovers in central Pacific benthic foraminifera during the Paleocene-Eocene thermal maximum. Palae-
ogeography, Palaeoclimatology, Palaeoecology, 251(2), 175-197. https://doi.org/10.1016/j.palae0.2007.02.026

Thomas, D. J., Bralower, T. J., & Jones, C. E. (2003). Neodymium isotopic reconstruction of late Paleocene-early Eocene thermohaline circula-
tion. Earth and Planetary Science Letters, 209(3—4), 309-322. https://doi.org/10.1016/s0012-821x(03)00096-7

Thomas, E. (1989). Development of Cenozoic deep-sea benthic foraminiferal faunas in Antarctic waters. Geological Society, London, Special
Publications, 47(1), 283-296. https://doi.org/10.1144/gsl.sp.1989.047.01.21

Thomas, E., & Shackleton, N. J. (1996). The— Paleocene-Eocene benthic foraminiferal extinction and stable isotope anomalies. Geological Soci-
ety, London, Special Publications, 101(1), 401-441. https://doi.org/10.1144/gsl.sp.1996.101.01.20

Torfstein, A., Winckler, G., & Tripati, A. (2010). Productivity feedback did not terminate the Paleocene-Eocene Thermal Maximum (PETM).
Climate of the Past, 6(2), 265-272. https://doi.org/10.5194/cp-6-265-2010

Tremolada, F., & Bralower, T. J. (2004). Nannofossil assemblage fluctuations during the Paleocene-Eocene thermal maximum at sites
213 (Indian ocean) and 401 (North Atlantic ocean): Palacoceanographic implications. Marine Micropaleontology, 52(1-4), 107-116.
https://doi.org/10.1016/j.marmicro.2004.04.002

PAPADOMANOLAKI ET AL.

22 of 23


https://doi.org/10.1666/12050
https://doi.org/10.1016/j.orggeochem.2014.11.003
https://doi.org/10.1016/j.orggeochem.2014.11.003
https://doi.org/10.1016/j.palaeo.2012.11.027
https://doi.org/10.1002/2017PA003096
https://doi.org/10.1002/2017PA003096
https://doi.org/10.1016/j.earscirev.2012.03.002
https://doi.org/10.1016/j.palaeo.2016.05.006
https://doi.org/10.1016/j.palaeo.2016.05.006
https://doi.org/10.5194/bg-4-155-2007
https://doi.org/10.1029/2012PA002323
https://doi.org/10.1029/2012PA002323
https://doi.org/10.2113/49.suppl_1.123
https://doi.org/10.1016/s0031-0182(97)00107-7
https://doi.org/10.1130/0091-7613(1997)025%3C0683:BFEARI%3E2.3.CO;2
https://doi.org/10.1016/0377-8398(95)00079-8
https://doi.org/10.1130/0-8137-2356-6.533
https://doi.org/10.1016/j.palaeo.2011.12.011
https://doi.org/10.1016/j.palaeo.2011.12.011
https://doi.org/10.1016/j.marmicro.2014.12.001
https://doi.org/10.1029/2002PA000875
https://doi.org/10.1016/j.epsl.2007.03.037
https://doi.org/10.1016/j.palaeo.2007.02.026
https://doi.org/10.1016/s0012-821x(03)00096-7
https://doi.org/10.1144/gsl.sp.1989.047.01.21
https://doi.org/10.1144/gsl.sp.1996.101.01.20
https://doi.org/10.5194/cp-6-265-2010
https://doi.org/10.1016/j.marmicro.2004.04.002

| Yell .
A\ Paleoceanography and Paleoclimatology 10.1029/2021PA004232

Van Santvoort, P.J. M., De Lange, G. J., Thomson, J., Colley, S., Meysman, F. J. R., & Slomp, C. P. (2002). Oxidation and origin of organic matter
in surficial Eastern Mediterranean hemipelagic sediments. Aquatic Geochemistry, 8(3), 153—175. https://doi.org/10.1023/A:1024271706896

Weiss, R. F. (1970). The solubility of nitrogen, oxygen and argon in water and seawater. Deep Sea Research and Oceanographic Abstracts, 17(4),
721-735.

Zeebe, R. E. (2012). Loscar: Long-term ocean-atmosphere-sediment carbon cycle reservoir model v2. 0.4. Geoscientific Model Development,
5(1), 149. https://doi.org/10.5194/gmd-5-149-2012

Zeebe, R. E., & Zachos, J. C. (2007). Reversed deep-sea carbonate ion basin gradient during Paleocene-Eocene thermal maximum. Paleoceanog-
raphy, 22, PA3201. https://doi.org/10.1029/2006PA001395

PAPADOMANOLAKI ET AL. 23 of 23


https://doi.org/10.1023/A:1024271706896
https://doi.org/10.5194/gmd-5-149-2012
https://doi.org/10.1029/2006PA001395

	Eutrophication and Deoxygenation Forcing of Marginal Marine Organic Carbon Burial During the PETM
	Abstract
	1. Introduction
	2. Materials and Methods
	2.1. Data Compilation
	2.2. Model Description
	2.3. Simulation Setup
	2.4. LOSCAR δ 13C Simulations

	3. Results
	3.1. Geochemical Data
	3.2. Data Compilation
	3.3. Modeling Results
	3.3.1. Z09 Simulation
	3.3.2. Excess Corg Burial

	3.4. LOSCAR δ 13C Simulations

	4. Discussion
	4.1. Primary Production
	4.2. Deoxygenation
	4.3. Phosphorus Recycling
	4.4. Organic Carbon Burial
	4.5. Can Corg Burial Explain the Shape of the CIE?

	5. Conclusions
	Data Availability Statement
	References
	References From the Supporting Information


