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The Paleocene-Eocene Thermal Maximum (PETM) (~56 Ma) was
a ~170,000-y (~170-kyr) period of global warming associated
with rapid and massive injections of '>C-depleted carbon into
the ocean-atmosphere system, reflected in sedimentary compo-
nents as a negative carbon isotope excursion (CIE). Carbon cycle
modeling has indicated that the shape and magnitude of this CIE
are generally explained by a large and rapid initial pulse, followed
by ~50 kyr of '>C-depleted carbon injection. Suggested sources
include submarine methane hydrates, terrigenous organic matter,
and thermogenic methane and CO, from hydrothermal vent com-
plexes. Here, we test for the contribution of carbon release asso-
ciated with volcanic intrusions in the North Atlantic Igneous
Province. We use dinoflagellate cyst and stable carbon isotope
stratigraphy to date the active phase of a hydrothermal vent sys-
tem and find it to postdate massive carbon release at the onset of
the PETM. Crucially, however, it correlates to the period within
the PETM of longer-term *C-depleted carbon release. This finding
represents actual proof of PETM carbon release from a particular res-
ervoir. Based on carbon cycle box model [i.e., Long-Term Ocean-
Atmosphere-Sediment Carbon Cycle Reservoir (LOSCAR) model]
experiments, we show that 4-12 pulses of carbon input from vent
systems over 60 kyr with a total mass of 1,500 Pg of C, consistent
with the vent literature, match the shape of the CIE and pattern of
deep ocean carbonate dissolution as recorded in sediment records.
We therefore conclude that CH, from the Norwegian Sea vent
complexes was likely the main source of carbon during the PETM,
following its dramatic onset.
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he Paleocene-Eocene Thermal Maximum (PETM) (56 Ma)

was a period of rapid global warming (1) associated with
massive injections of '*C-depleted carbon into the global exo-
genic carbon pool and extensive environmental upheaval, in-
cluding ocean acidification (2), global expansion of oxygen
minimum zones, local photic zone euxinia, sea level rise (3),
species migrations (4), and an accelerated hydrological cycle (5).
The carbon injection is recognized as a negative carbon isotope
excursion (CIE) averaging 3-4%o in marine sedimentary com-
ponents (6). The CIE associated with the PETM as recorded in
sedimentary records typically has a rapid onset, likely in the
order of millennia, followed by 70,000-100,000 y (70-100 kyr) of
stable values, referred to as the “body” of the CIE, and a re-
covery phase (50-100 kyr) (7-10). This shape, in particular the
body, distinguishes it from other early Eocene transient carbon
cycle perturbations (11). It is generally explained by rapid and
massive additions of *C-depleted carbon at the onset (12, 13),
slow continuous release across the body and subsequent se-
questration (14, 15). Several mechanisms have been proposed
to explain the CIE, either in combination or alone, including
enhanced volcanism in the North Atlantic Igneous Province
(NAIP) (16, 17), the dissociation of gas hydrates (18, 19) and
organic matter oxidation (20), possibly from permafrost thawing
(21). However, no field data show that carbon was released from
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any of these proposed source reservoirs during the PETM that
might explain its onset and long duration.

A link between Paleocene—Eocene climate change and NAIP
was first proposed in the early 90’s (16) and discussion has
subsequently focused on volcanic degassing impacting long-term
climate evolution as well as triggering the PETM (Fig. S1).
Storey et al. (17) provide estimates of magma production rates
across the late Paleocene and Eocene and show that sufficient
masses of CO, were generated to affect the global carbon cycle.
Because magmatic CO, is relatively *C-enriched (about —5%o),
it represents an improbable cause for a CIE in the global exo-
genic carbon cycle (22).

However, two pathways have been proposed linking this pe-
riod of intense volcanism in the NAIP directly to release of
substantial masses of *C-depleted carbon during the PETM.
First, Svensen et al. (23) proposed the release of ~300-3,000 Pg
of carbon - the latest conservative estimate is 1,100 Pg (24) - in
the shape of thermogenic methane (CH,) from the Norwegian
Sea as a possible trigger and carbon source for the PETM. The
validity of this hypothesis strongly depends on the timing of sill-
intrusions in the Vgring and Mgre basins. These sills are exten-
sive (2 x 10° km?) and partly emplaced in organic rich rocks (25)
and roughly coincide with the PETM based on radiometric
dating (26, 27). Numerous (>700) hydrothermal vents (Fig. 1)
are directly linked to the sill intrusions and provide evidence for
large-scale degassing (Figs. S2 and S3). Furthermore, 95% of the
vents terminate at a seismic reflector regionally interpreted to
represent the top of the Paleocene (25). Apectodinium augustum,
a dinoflagellate cyst marker species that is diagnostic for the
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Fig. 1. Map showing the location of wildcat 6607/12-1 (red rectangle) and
other vent complexes (black dots and white triangles) and volcanics in the
Vgring and Mgre basins, redrawn from Svensen et al. (23).

PETM CIE in the North Atlantic (28-30), was found in the only
drilled hydrothermal vent complex (Fig. 2).

Second, Rampino (31) suggested that the melting of organic
rich sediments may have generated even more CH, and CO,
than was calculated by Svensen et al. (23) and inferred that
3,000-6,000 Pg of carbon was released based on volumetric
calculations of igneous deposits and intrusions across the North
Atlantic. Rampino (31) correlated between deposits by radio-
metric dating and identified the PETM using dinoflagellate cyst
biostratigraphy, most notably the presence of A. augustum in
sediments interbedded in a basalt sequence at Ocean Drilling
Program Hole 642E (32). However, recent chemostratigraphic
analyses excluded the presence of the CIE at Hole 642E, im-
plying that the specimens of A. augustum are reworked into early
Eocene sediments (33).

To test for a causal link between sill emplacement, generation
of thermogenic methane and the PETM, we analyzed samples
recovered in the wildcat 6607/12-1 borehole, drilled in 1986 at
390-m water depth reaching 3,521 m below sea surface (mbss) in
the central part of a hydrothermal vent complex in the Vgring
Basin (34) (Fig. 2). Based on seismic data, the vent complex is
characterized by a 2-km wide-eye-shaped upper part, representing
the crater and mound, at the top of the Paleocene series, overlying
a zone of disrupted sediments, interpreted to reflect a chimney
structure (23) (Figs. S2 and S3). The upper part of the chimney
has low to intermediate organic maturity and the lower part high
maturity, based on vitrinite reflectance (Fig. 2). The chimney
connects the upper part of the vent complex to the termination of
a high-amplitude seismic event at 5.0 s two way travel time, re-
gionally interpreted as a sill intrusion (Fig. S2). The strata above
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the vent complex are domed as a result of differential compaction
postdating the vent formation.

We performed detailed analysis of palynology, stable carbon
isotope ratios of palynological residue (613Cpaly), Rock-Eval, and
vitrinite reflectance on 22 cutting samples from the chimney and
eye structure (1,640-1,745 mbss) at 6607/12-1.

Dinoflagellate cyst and pollen assemblages in borehole 6607/
12-1 are typical for the early Eocene of the Nordic Seas (SI Text,
Fig. S4). We correlate our dinocyst biostratigraphy to a regional
dinoflagellate cyst zonation (35), which confirms an earliest
Eocene age for all studied samples (Fig. 3C and ST Text). We also
record the presence and abundance of 4. augustum. Crucially,
613Cpaly values are extremely low at —31%o in between 1,710 and
1,745 mbss, during the Apectodinium acme, and subsequently
rise to —27%o at 1,660 mbss, which is consistent with the presence
of the PETM CIE. However, changes in organic matter sources,
here represented by the fractions of marine and terrestrial
palynomorphs, could result in variations in 613Cpa]y values (36,
37). Indeed, palynological assemblages are dominated by pollen
grains, with variable marine contributions (5-30%; Fig. 3B). We
correct for this potential bias using end-member modeling of
terrestrial and marine organic matter 8'°C and the relative
abundance of terrestrial and marine contributions to the paly-
nological assemblages (38) (SI Text). The correction leads to a
synthetic §'3C record of terrestrial palynomorphs (613 Chpolien, Fig. 3
A and B). The trends in this record follow those of the 613Cpajy re-
cord, although the thickness of the body of the PETM CIE is re-
duced. Collectively, biostratigraphy and carbon isotope stratigraphy
imply the presence of the body of the PETM CIE, down to at least
1,745 mbss, within the disrupted sedimentary material in the
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Fig. 2. Schematic view of vent structures. Ages of important regional sed-
imentary formations are indicated on the left and maturity of the organic
matter on the right. Note that the base of the vent complex is at 1,730 mbss,
~30 m lower than the average depth of the Top Paleocene horizon outside
the vent complex. TD, total depth.
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Fig. 3. Stratigraphy of the 6607/12-1 borehole. (A) Isotope records of iso-
lated palynological residue (5'3C pay) and pollen (8'3C pojien). (B) Fraction of
marine palynomorphs calculated as marine/marine plus terrestrial [M/AT+M)].
(C) Dinocyst zonation is based on Bujak and Mudge (B&M) (35) and strati-
graphically important dinocyst events.

chimney, continuing within the undisturbed sediments above
the base of the vent, up to ~1,715 mbss (Fig. 34).

The new stratigraphic constraints indicate that both A. augustum
and the CIE are prevalent from below the base of the vent sys-
tem at 1,730 mbss. Moreover, the previously recorded thermally
mature specimens of A. augustum (23) suggest that the vent
system blew through PETM sediments. In addition, a simple
sedimentation rate model supports the inference that vent ac-
tivity at this site was limited to a short period during the body of
the CIE (SI Text). Collectively, all available evidence indicates
that this vent blew well within the body of the CIE rather than at
its onset.

To test whether pulsed release of thermogenic CH, could have
produced the prolonged period of stable 8'°C values in the
sedimentary record (the body of the CIE), we conducted simu-
lations with the Long-Term Ocean—-Atmosphere-Sediment Car-
bon Cycle Reservoir (LOSCAR) model (39). This model was used
by Zeebe et al. (14) to explore carbon injection scenarios for the
onset and body of the PETM.

To constrain the model simulations, assumptions regarding
the 8"°C of methane and emission scenarios must be made. The
sills were emplaced in a few phases (4—12) (23), as high volume
injections during a relatively short period (25). This scenario is
consistent with seismic data and interpretations from other
Large Igneous Provinces, showing that (i) vents are formed from
the contact aureoles of sills (40) and (ii) single sills may repre-
sent injection of >3,000 km® of melt, suggesting that even large
volumes of melt in a sedimentary basin may have been derived
from a few emplacement events or “pulses.” The gas generated
from heating of marine organic matter in the contact aureoles is
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dominated by CH4 at high temperatures (41). The range of
published values for natural thermogenic CH, is —30 to —65%o0
(42). In case of near-complete conversion to CH, and CO,, it is
likely that the 8'C of released carbon approaches that of sedi-
mentary organic carbon (—25 to —35%o).

For our simulations, we force the onset of the 3-4%o0 CIE
identically to the scenario of Zeebe et al. (14), which includes an
initial carbon injection of 3,000 Pg with a §'"*C of —50%o over
5,000 y and a circulation change to reproduce the recorded
patterns in calcite compensation depth (CCD) change (SI Text).
For the body of the CIE, after the initial carbon injection, we test
scenarios with different 8'°C of thermogenic CH,, (—30 and —45%o),
variable carbon input (300, 1,500, and 3,000 Pg), number of pulses
(4, 8, 12), proportion of C released directly into the atmosphere,
and additional CH, bleeding from hydrates (SI Text, Fig. 4, Figs.
S5-S8, and Table S1).

As expected, our results regarding changes in CCD and overall
8'°C trends are similar to the scenario explored by Zeebe et al.
(14), as we use the same background changes and initial massive
carbon release (SI Text). Our scenarios, hence, do not improve
the fit between modeled and proxy-based magnitude of initial
pH and §'°C excursions, compared with other studies (43), but
here we focus solely on the effect of pulsed carbon input during
the body of the PETM.

The forcing with pulsed carbon input results in a stable plateau
of 8'3C values of marine dissolved inorganic carbon in all ocean
boxes, with superimposed short-lived, distinct spikes (Fig. 4).
Ocean-mixing time dampens these spikes in the deep basins, and,
even in most shallow marine sites, bioturbation is expected to
remove most millennial scale §'°C fluctuations from isotope
records (13). Intriguingly, some high-resolution terrestrial (44)
and laminated marine sections (45) record high-frequency vari-
ability during the body of the CIE, which may be consistent with
our scenarios.

From our different scenarios for the body of the CIE, we find
that the highest (3,000 Pg) and lowest (300 Pg) carbon releases
from the vent systems cannot reproduce the body of the CIE,
given the C value of the released carbon in these scenarios
(—45%0). The 4, 8, and 12 pulse scenarios are qualitatively
similar and results are insensitive to changes in the proportion of
carbon injected to the atmosphere directly versus into the ocean
(SI Text). We also find that carbon input in >12 pulses (Fig. S7)
produces results that are practically indistinguishable from those
obtained from continuous input scenarios. We find that 2,250 Pg
of C is required to produce the same 8'°C trend if we assume a
8'3Ccpq closer to that of sedimentary organic matter (—30%o),
and this scenario also properly simulates CCD patterns (Fig. S5
and SI Text). Based on these explored scenarios, we conclude
that the release of 1,500-2,250 Pg of thermogenic CH, with an
isotopic signature of —30 to —45%o in greater than four pulses
is a plausible explanation for stable 8'*C values during the body
of the CIE.

Zeebe (15) suggested that carbon emissions forcing the body
of the CIE came from slow injections of biogenic methane from
submarine hydrates, representing a positive feedback to cata-
strophic carbon release at the onset of the event. Although not
mutually exclusive from our scenario (SI Text and Fig. S8), we
stress that this hypothesis is purely theoretical, whereas our
scenario is supported by the data presented here. Moreover, the
hydrate scenario requires much of the C input to take place near
the beginning of hydrate dissociation and negligible masses of C
are released after ~40 kyr into the CIE (15), which only repre-
sents about half of the duration of the body. Although carbon
cycle feedbacks to warming are expected during the PETM (15,
19), carbon input from hydrothermal vents presently provides a
more complete explanation for the body of the CIE.

Could the activity of hydrothermal vent complexes have caused
precursor events (46) and the onset of the CIE, in addition to the
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body? Activity in some of the hydrothermal vent complexes in the
Vgring and Mgre basin or elsewhere in the NAIP close to the
onset of the PETM cannot be excluded. However, we note that
the amount of carbon needed to force the entire onset of the
CIE (>2,500 Pg) is close to the upper estimate for the hydro-
thermal vents in total (19) (3,000 Pg). This scenario also implies
that all this carbon was released within millennia (12, 13), which
seems improbable.

Collectively, we conclude that carbon release from this par-
ticular vent system cannot have triggered the PETM. Most im-
portantly, we conclude that the pulsed release of thermogenic
methane from these vent complexes is a plausible explanation
for long duration of the body of the CIE, as well as environ-
mental effects such as warming and ocean acidification during
the PETM.

Sampling and Methods

Drilling chips from borehole 6607/12-1 were originally collected and grouped
from 5-mintervals during drilling. For this study, we focus on 22 samples from
the 1,640- to 1,770-m interval, from the Maastrichtian-Paleocene uncon-
formity to the top of the eye structure. We carefully subsampled washed chips
and hand-picked them for bulk rock total organic carbon (TOC), Rock-Eval,
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and vitrinite reflectivity measurements at the Norwegian Petroleum Direc-
torate in Stavanger, Norway.

Rock-Eval and Vitrinite Reflectance. TOC contents, Rock-Eval, and vitrinite
reflectance (%Ro) analyses were carried out on powdered samples using a
Rock-Eval 6 instrument at Applied Petroleum Technology (APT), Kjeller,
Norway. Rock-Eval pyrolysis is used to identify the type and maturity of
organic matter. The TOC and Rock-Eval analyses are performed at temper-
atures between 300 °C and 850 °C over 25 min. The vitrinite reflectance is a
widely used parameter to define the thermal maturity of organic matter in
shales and coals. The vitrinite reflectance was determined at APT from
polished slabs analyzed on a Zeiss Standard Universal research microscope
photometer (MPMO01K) equipped with a tungsten-halogen lamp (12 V; 100 W)
and an Epiplan-Neofluar 40/0.90 oil objective. Quality ratings reported in
Dataset S1 are based on various important aspects which may affect the
measurements, such as the abundance of vitrinite, uncertainties in the
identification of indigenous vitrinite, type of vitrinite, particle size, and
particle surface quality.

Palynology. Of each sample, 5-15 g was oven-dried and processed for paly-
nology, using standard procedures (47), including the addition of one Ly-
copodium spore tablet (n = 18,583 + 764) (48) for absolute quantitative
analyses and treatment with HCl and HF. Afterward, samples were sieved
with water over a 250-um and a 15-um sieve to remove large and small
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particles, respectively. Residues were concentrated in glycerine water and
mounted on microscope slides using glycerine jelly. Slides were analyzed at
400x magnification to a minimum of 200 dinocysts, where possible. We
follow dinocyst taxonomy of Fensome et al. (49). All material is stored in the
collection of the Laboratory of Paleobotany and Palynology, Utrecht University.

Stable Carbon Isotope Analysis of Palynological Residues. Palynological resi-
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(>1,000 m) boxes. The surface ocean boxes are in contact with one atmo-
spheric box. Thermohaline circulation and ocean mixing are prescribed. For
our simulations, we use default parameter settings (39) and alter selected
background conditions during the PETM identically to Zeebe et al. (14). Si-
multaneous with our initial carbon release the following background changes
are applied. (i) Southern Ocean deep-water formation is decreased, com-
plemented by increased formation of North Pacific deep water (51). (ii) The
locus of CaCOj3 deposition is shifted from the deep ocean to the continental
shelf, consistent with records of PETM sea level rise (52) and CaCOs; accumu-
lation (53). These first two assumptions greatly improve the fit between
simulated and recorded changes in Atlantic and Pacific CCD (54, 55). (iii) In
addition, a PETM whole ocean temperature change of +4 °C was prescribed,
as currently accepted values for climate sensitivity (1.5-4.5 °C per doubling of
pCO,) would result in underestimated temperature change compared with
the records (14).
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