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Eocene global warming events driven by ventilation
of oceanic dissolved organic carbon
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‘Hyperthermals’ are intervals of rapid, pronounced global warming
known from six episodes within the Palaeocene and Eocene epochs
(~65-34 million years (Myr) ago)'~**. The most extreme hyperther-
mal was the ~170 thousand year (kyr) interval® of 5-7 °C global
warming® during the Palaeocene-Eocene Thermal Maximum
(PETM, 56 Myr ago). The PETM is widely attributed to massive
release of greenhouse gases from buried sedimentary carbon reser-
voirs"**'1*17 and other, comparatively modest, hyperthermals
have also been linked to the release of sedimentary carbon>®'"'¢"7,
Here we show, using new 2.4-Myr-long Eocene deep ocean records,
that the comparatively modest hyperthermals are much more
numerous than previously documented, paced by the eccentricity
of Earth’s orbit and have shorter durations (~40 kyr) and more rapid
recovery phases than the PETM. These findings point to the opera-
tion of fundamentally different forcing and feedback mechanisms
than for the PETM, involving redistribution of carbon among
Earth’s readily exchangeable surface reservoirs rather than carbon
exhumation from, and subsequent burial back into, the sedimentary
reservoir. Specifically, we interpret our records to indicate repeated,
large-scale releases of dissolved organic carbon (at least 1,600 giga-
tonnes) from the ocean by ventilation (strengthened oxidation) of
the ocean interior. The rapid recovery of the carbon cycle following
each Eocene hyperthermal strongly suggests that carbon was re-
sequestered by the ocean, rather than the much slower process of
silicate rock weathering proposed for the PETM"’. Our findings
suggest that these pronounced climate warming events were driven
not by repeated releases of carbon from buried sedimentary
sources>>'"'%"7, but, rather, by patterns of surficial carbon redis-
tribution familiar from younger intervals of Earth history.

Earth’s climate attained its warmest state of the past 80 Myr during
the early Palacogene period (~45-65Myr ago) (Fig. la). Centred
within this interval at 56 Myr ago, the PETM marks a rapid excursion
of 2.5%o to >3.0%o in the carbon isotope composition (§'°C) of marine
carbonates™® and terrestrial organic matter concurrent with wide-
spread dissolution of carbonate sediments"* and deep ocean warming
by 6-7 °C (ref. 3). The source of carbon triggering this large perturba-
tion to the exchangeable carbon reservoirs at Earth’s surface (ocean,
atmosphere and biosphere) is widely acknowledged to have come from
an ‘external’ sedimentary reservoir(s)">*'"'*"". A long-standing hypo-
thesis attributes this event to the release of massive amounts of methane
from sedimentary gas hydrate deposits**'"**"'°, with attendant oxida-
tion to CO, causing climate warming through a greenhouse feedback’.
Because of the relative rapidity of its onset, and the estimated quantity of
sedimentary-sourced carbon involved, the PETM has attracted interest
as a natural analogue to the current anthropogenic perturbation to
Earth’s surficial carbon cycle.

In recent years, six transient warming events comparable in character
to the PETM, but less extreme in magnitude and duration, have been
discovered throughout the early Palacogene (at about 65.2, 58.2, 53.7,
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Figure 1 | High-resolution records across the early Eocene to middle Eocene
transition from ODP Site 1258, Demerara rise, tropical Atlantic. a, Deep sea
benthic foraminifer composite 5'*0 data for the past 80 Myr from multiple
sites™*'? (full list of data sources in Supplementary Note 1). PETM, Palaeocene—
Eocene Thermal Maximum. Light grey shaded area, early Palaeogene period
(45-65 Myr ago). Dark grey shaded box, study interval for this work. §'*0-
temperature scale is for ice-free conditions® (—1.27%o VPDB). b-d, Data from
ODP Site 1258, Demerara rise, with an astronomically calibrated age model
(Methods). b, Benthic foraminifer 5'%0 and calculated palacotemperatures
(Methods). All benthic 8'®0 data in a and b are corrected to equilibrium calcite.
¢, Benthic foraminifer §">C. Note the repeated, rapid excursions to lower values.
Events numbered (according to the magnetochron within which they occur)
are those with a 3'"°C excursion exceeding 0.7%o. Black arrows mark the
stratigraphic positions of clay-rich CaCOj; dissolution horizons (1 = 18) made
visible by their brown colour in the Demerara rise sedimentary sequence, 13 of
which correspond precisely to the numbered, rapid excursions to lower benthic
3"C values in c. The remaining 5 clay layers are also associated with trends to
lower 8'3C, but of noticeably smaller magnitude. d, Estimated CaCO3 content
of sediment. Asterisks denote individual ‘hyperthermal’ events shown in more
detail in Fig. 2.
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53.2,52.5 and 41.8 Myr ago* ™). These ‘hyperthermals™ have not been
found during the later and cooler part of the Eocene (after ~40 Myr
ago) (Fig. 1a). The number of these hyperthermals, and the relative
temporal spacing between some of them, is suggestive of the operation
of common mechanisms>*"". Although various mechanisms have been
proposed for the origin of these comparatively modest events®”'?, it is
widely considered that they too were triggered by large-scale releases of
carbon from sedimentary reservoirs**'"'", probably methane
hydrates**'*1°, Yet, the typical magnitude of the 5'°C anomalies across
known hyperthermals (up to ~1.0%o) is not unusual for 8'3C records
from the better chronicled Neogene period and, more importantly,
these anomalies are not so large that they necessitate a source of carbon
that is as extremely isotopically depleted as methane hydrate
(8"°C = —60%o).

A new 2.4-Myr-long benthic foraminifer stable isotope record (Sup-
plementary Discussion) from Demerara rise in the tropical western
Atlantic Ocean (Ocean Drilling Program Site 1258) shows that events
exhibiting the characteristics of previously identified hyperthermals
are abundant in the Palaeogene deep-sea palaecoceanographic record.
Spanning the early Eocene to middle Eocene transition (47.6-50.0 Myr
ago), these records indicate that average temperatures in the early
Eocene equatorial Atlantic were 12-14 °C at about 3,000 m (ref. 8)
palaeo-water depth (Fig. 1b). This warm deep ocean state is punctuated
by 13 excursions to lower 5'®0 values indicative of short-term warm-
ing by ~2-4°C (Figs 1b, 2; events numbered in Fig. 1¢), each lasting
about 40kyr and spaced about 100-400 kyr apart (Supplementary
Discussion). These transient warming events develop very rapidly
(<5-10kyr) and decay to ‘background’ temperatures more slowly
(over ~30kyr) (Fig. 2).

Our accompanying benthic foraminifer 5'°C record shows that
each warming event is marked by an excursion to lower §'°C values
by 0.7-1.0%o (Fig. 1c). Where planktic records are available for the
most prominent negative excursions in the benthic §'"°C record, these
also reveal negative 5'°C excursions of 0.6-0.9 %o (Fig. 2), suggesting
that these events represent whole-ocean decreases in 8'°C of total
dissolved inorganic carbon.

All of the benthic §"°C excursions are associated with brown clay-rich
layers at Demerara rise (arrows in Fig. 1), a hallmark of other reported
early Palaeogene hyperthermals"®”'>'>"*, that suggests increased cal-
cium carbonate (CaCO;) dissolution. Clay layers occur in other parts
of the record as well, associated with §'°C excursions of smaller mag-
nitude than our numbered excursions (Fig. 1c). This suggests that the
largest hyperthermals (those numbered in Fig. 1¢) represent prominent
end-members in a spectrum of carbon cycle perturbations that scale up
from orbitally paced ‘background’ cycles. Records of estimated CaCO;
concentrations from Demerara rise (palaeco-water depth ~3 km; ref. 8)

and sites in the southern Atlantic and central Pacific oceans (palaeo-
water depths ~3 and 2 km, respectively; Supplementary Discussion)
reveal synchronous, globally widespread decreases in CaCO3 accumula-
tion (Supplementary Fig. 2e-g). Calculations of CaCO; dissolution
associated with the clay layers in the Atlantic and Pacific (Supplemen-
tary Discussion) indicate that CaCOj; dissolution events (Fig. 3b-d) are
coeval with the large negative benthic §'°C excursions at Demerara rise
(Fig. 3a). This correspondence strongly suggests that global increases
in deep ocean acidity were associated with intervals of isotopically
‘light’ carbon pervading the world’s oceans.

These perturbations to oceanic carbon cycling could have been fuelled
by carbon input from a number of different sources. Besides methane
hydrates, erosion of sedimentary organic carbon (C,s) could supply
carbon with a 8'>C composition (about —25%o) that is less depleted
than that of methane (—60%o). A third potential source is redistribution
of carbon within the exchangeable reservoirs at Earth’s surface (ocean,
atmosphere and biosphere). Redistribution of isotopically light carbon
among the internal, readily exchangeable reservoirs should produce
8"°C excursions with fundamentally different size, shape, duration
and recovery trends than carbon input from an external, sedimentary
reservoir.

Mass balance considerations (assuming masses of Eocene carbon
reservoirs similar to modern) dictate that the ~1%o 8'>C excursions
we observe are compatible with injection of a mass of carbon from
methane hydrates (—60%o) of about 650 gigatonnes (Gt). But this mass
of carbon is far too small to have driven our corresponding deep ocean
warmings of 2-4 °C (Figs 1b, 2), particularly given that deep ocean
warming of 6-7 °C at the PETM? was triggered by release of ~3,000
to 6,000 Gt of carbon'”. The large and widespread increases in CaCO;
dissolution associated with our hyperthermals also appear to demand a
much larger input of carbon than the 650 Gt permitted by a methane
hydrate source.

The 8'3C composition of sedimentary C,, (about —25%o) permits a
much larger carbon release (~1,600 Gt) to be accommodated within the
observed 1%o 8'°C excursions of hyperthermals, but problems also exist
with this explanation. The ~140-kyr residence time of carbon in Earth’s
exchangeable reservoirs'*'* suggests that the liberation of a substantial
quantity of isotopically light carbon from an external, deeply buried
source should have a long imprint on oceanic and atmospheric §'°C
(approaching the residence time)'® until the excess carbon is ultimately
sequestered back into the long-term sedimentary carbon reservoir by
weathering reactions'®. This behaviour is demonstrated at the PETM,
which shows a §'°C excursion ~170kyr in duration’ with a very long
recovery ‘tail”>>'' that produces a very asymmetrical excursion and
reflects the long timescales required for weathering to draw down this
external CO, and return it to the sedimentary reservoir as CaCOs.
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However, our '°C excursions are too short (only ~40-kyr total dura-
tion), and return to pre-excursion values too fast (within 30 kyr; Figs 1c,
2) and to a post-excursion baseline that is isotopically no different from
pre-excursion, to be compatible with large-scale liberation of isotopi-
cally light carbon from a buried reservoir. The recoveries seen for other
hyperthermals™**'°""* are also too rapid to represent sequestration of
substantial amounts of sedimentary-sourced carbon.

The incompatibility of hyperthermals with external, sedimentary
carbon sources indicates that the carbon that fuelled them was probably
redistributed within the readily exchangeable reservoirs at Earth’s sur-
face. Although some of this carbon may have come from the terrestrial
biosphere, possibly acting as a feedback to a primary source, we are
unable to test this possibility with our data at present. However, the
oceans are by far the largest of these exchangeable reservoirs; the
present-day oceans contain 13 times as much carbon as the combined
biosphere and atmosphere—all told about 40,000 Gt of carbon. Today,
this mass of oceanic carbon comprises about 37,500 Gt of dissolved
inorganic carbon (5"°C =~ 0%,), 30 Gt of particulate organic carbon
(8"*C= —25%0) and 700-1,800Gt of dissolved organic carbon
(DOG; 3"°C = —25%o). Redistribution of a mass of isotopically light
carbon equivalent to the entire modern DOC reservoir (~1,600 Gt C)
would be required to produce the ~1.0%o 8'>C excursions seen for our
events and previously reported ones>**'*"*, but the DOC reservoir size
would probably grow, perhaps many fold, under more oxygen-depleted
deep ocean conditions. Within the oceans, the two principal reservoirs
for storing large quantities of carbon are marginal basins or the abyssal
ocean. Because of its sheer size, the deep abyssal reservoir of carbon has
long been implicated in the regular fluctuations (~100 parts per million
by volume, p.p.m.v.) of atmospheric CO, and ~5 °C surface temper-
ature changes seen across the late Pleistocene glacial cycles. It has
recently become clear that the abyssal Southern Ocean has played a
pivotal role in Pleistocene carbon cycling though its gradual amassing of
respired CO, during glacials'”" and subsequent release via increased
ventilation'”' during deglaciation.

Several observations suggest that the source of CO, fuelling Eocene
hyperthermals was the abyssal ocean. First, our dissolution records
provide clues to the location of CO, storage in the exchangeable carbon
reservoirs. Numerical modelling experiments indicate that CaCO; dis-
solution should be most intense close to the source of carbon release'”.
In our estimates of CaCOj dissolution, dissolution intensity appears to
be consistently highest in the southern Atlantic (Fig. 3e) compared to
other sites. This finding raises the possibility that the abyssal reservoir
of carbon was located in the Southern Ocean. Second, all of our
hyperthermals have a duration of about 40 kyr (Fig. 1b, ¢, Fig. 2).
The similarity of this period to the 41-kyr obliquity cycle suggests that
the forcing for individual hyperthermal events had its origin at high
latitudes. This observation is consistent with an obliquity pacing of
high latitude surface ocean stratification controlling carbon ventilation
(via oxygenation), as proposed for the last deglaciation®.

If the source of CO, driving Eocene hyperthermals was the deep
ocean, a number of observations suggest that our Eocene sites may be
somewhat analogous to intermediate-depth sites during Pleistocene
glacials that were located above a deeper CO, storage reservoir'**.
First, the absence before our hyperthermals of either gradually decreas-
ing benthic 5'°C or increasing dissolution intensity (Figs 1c, 2) indi-
cates that our mid-depth (2-3km) sites did not ‘sense’ the gradual
(~10*-10° year) build-up of a CO, reservoir until its final release.
Second, early Eocene sediments from lower abyssal depths reveal
lithological indications for relatively long intervals of carbon storage
followed by short, intermittent intervals of carbon release (Supplemen-
tary Discussion).

The relatively long ~100-kyr or 400-kyr intervals between CO,
release events (Fig. 1) would suggest an apparent means by which a
large Eocene abyssal reservoir of DOC could intermittently grow.
Yet increases in the DOC reservoir are difficult to achieve solely by
long residence times of deep water, owing to progressive bacterial
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Figure 3 | Eocene records of benthic foraminifer §'>C and CaCO;
dissolution. a, Benthic 5'>C from Fig, 1¢ (Demerara rise, ODP Site 1258, tropical
Atlantic). b-d, Records of calculated CaCOj5 dissolution from ODP Site 1258
(b), ODP Site 1267, southern Atlantic (¢), ODP Site 1210, Pacific (d), and
smoothed versions (25-point running mean) of all three (e). Shaded envelopes in
e are 1o variance about the mean. Simultaneous increases in CaCQOj; dissolution
occur at all three sites and are marked by visible, brown ‘clay’ layers in sediment
cores at each of the sites (marked by solid black arrows). Blue arrows mark our
assumed ‘zero-dissolution points for each site (that is, the primary, unaltered
fractional component of CaCOj in the sediment; Supplementary Fig. 2 and
Supplementary Discussion). Light blue horizontal bars mark the interval at each
site within which the last appearance datum (LAD) of the nannofossil Discoaster
lodoensis occurs, providing a primary point of stratigraphic correlation between
sites. Inset map from ODSN Plate Tectonic Reconstruction Service.
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respiration primarily of young, labile DOC components during the
water mass ageing process”*. However, under anoxic conditions, DOC
may build up. For example, concentrations of DOC in the anoxic depths
(>2,000 m) of the modern Black Sea are ~2.5 times those of the global
deep ocean™. An early Eocene decoupling of marine burial rates of Cyg
versus pyrite indicates that the ocean during this interval regularly
experienced pronounced anoxia®®. We suggest that this persistent
anoxia, perhaps in the severely undersampled early Eocene abyss,
and at least partly driven by the lower solubility of oxygen at warmer
abyssal temperatures (Fig. 1a,b), would have promoted the build-up of
a reservoir of DOC large enough to have fuelled hyperthermal carbon
releases of ~1,600 Gt. Anoxia in the Eocene abyss is consistent with
modelling projections for the next few millennia indicating a large
reduction in abyssal ventilation (by up to 75%)*” in response to climate
warming induced by an ‘anthropogenic’ atmospheric partial pressure
of CO, (1,700 p.p.m.v.) similar to that of the early Eocene.

Further support for the existence of a larger-than-modern Eocene
deep (>3km) ocean reservoir of DOC is found in surface-to-deep
profiles of seawater temperature and §'°C reconstructed from multiple
species of planktic and benthic foraminifera (Supplementary Fig. 4). In
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comparison to recent core-top data, Eocene data reveal a greater total
surface-to-seafloor 8'°C difference along with a steeper vertical gradient
of §'°C of dissolved inorganic carbon versus temperature (Supplemen-
tary Fig. 4). These two observations are respectively consistent with a
deeper mean C,,, remineralization depth and an intensification of
organic carbon production in the upper ocean. The resultant greater
Eocene vertical export flux of carbon may have allowed the un-
remineralized DOC component to build up to higher-than-modern
levels. Furthermore, the much greater species diversity of calcareous
nannofossils relative to diatoms throughout the early Palaeogene®® may
have accelerated the abyssal transfer of Co,, from the surface owing to
the greater ballasting efficiency of CaCO; relative to opal®. A major
switch to greater species diversity of diatoms relative to calcareous
nannofossils (at ~40 Myr ago)*® coincides with the last documented
early Cenozoic ‘hyperthermal’ event'.

Although the PETM must have been fuelled by carbon injection from
an external, sedimentary source(s), we suggest that astronomically
paced changes in ocean ventilation (oxygenation) of DOC may explain
the numerous less extreme hyperthermals that are being discovered* "
throughout the early Palaeogene. CO, ventilation is a viable mechanism
with which to sustain the repeated, frequent carbon releases that define
hyperthermals over a geologically extended interval (Fig. 1b, c)* "
because the recharge times of the abyssal ocean (via decomposition of
organic matter) are rapid compared to the slow, multi-million-year
filling of sedimentary methane hydrate reservoirs®. The extraordinarily
warm mean state of the Palaeogene oceans (Fig. 1a, b) also raises the
question as to whether large-scale methane hydrate reservoirs would
even have existed at this time*. Despite the extreme nature of these
repeated Palaeogene climate warming events, our findings indicate that
they were driven by changes in storage of carbon within the oceans, in a
manner somewhat familiar from younger intervals of Earth history.

METHODS SUMMARY

3'%0 and 8"°C data were generated using mono-specific analyses of the benthic
foraminifers Cibicidoides subspiratus and Cibicidoides eoceanus at the National
Oceanography Centre, University of Southampton, Southampton. High resolution
Eocene records of CaCOj; concentrations were calculated, by regression, using sedi-
ment physical property data and measurements of sediment CaCO3 content. We
developed an astronomically calibrated age model for Site 1258 (Demerara rise).
Detailed chronologies for sites 1267 and 1210 were generated by tuning clear,
correlatable events in their respective CaCO; (%) records to the astronomically
calibrated CaCO; (%) record from Site 1258.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Stable isotope data. Benthic foraminifera were picked from the 250-400 pm size
fraction. Stable isotope data were generated at the National Oceanography Centre,
University of Southampton, Southampton, using a Europa Geo 20-20 mass spectro-
meter equipped with an automatic carbonate preparation system. For each analysis,
between 4 and 11 mono-specific specimens were analysed after ultrasonic cleaning
in deionized water. All data are reported relative to the Vienna Peedee Belemnite
standard (VPDB). External analytical precision, based on replicate analyses of in-
house standards calibrated to NBS-19, is better than =0.1% for §'°0 and §"°C.

Early Eocene through to middle Eocene sediments at ODP Site 1258 (Demerara
rise) host well preserved benthic foraminifera®. Cibicidoides subspiratus was used as
the primary species for stable isotope analysis. However, in certain intervals, notably
in the younger part of our record (after 48.5 Myr ago), a decline in abundance of C.
subspiratus dictated that we also use C. eoceanus. Although modern core top samples
show significant inter-species stable isotope offsets between certain species of
Cibicidoides™, our calculated inter-species offsets for the two Eocene species of
Cibicidoides (from paired mono-specific analyses, n = 168) are statistically indistin-
guishable from zero for both 5'%0 and 8°C (50 = —0.031 (16 =0.128);
8"C = 0.009 (1 = 0.133)). This provides justification for our strategy of using these
two species in combination. Benthic foraminiferal taxonomy follows that of refs 32
and 33.

All §'®0 data are corrected to equilibrium calcite using the Oridorsalis spp. -
Cibicidoides spp. correction factor of +0.28%o derived from an assessment of iso-
topic offsets for Eocene benthic foraminifera®. Use here of this correction factor is
based on evidence (summarized in ref. 8) that Eocene Oridorsalis umbonatus
secreted its calcite in 8'%0 equilibrium with sea water. Palaeotemperatures were
calculated using equation (1) of ref. 35. This equation provides excellent agreement
with a global core top Cibicidoides spp. §'*0 calibration for a temperature range
from 0 to 7 °C (ref. 35). In keeping with the view that there were no significant
continental ice sheets during the early to early middle Eocene®*, our §'%0 records
can be interpreted in terms of change in bottom water temperature at Demerara rise.
Age models. Drilling at Site 1258 recovered an unusually continuous, relatively
expanded (sedimentation rates up to 2.5cmkyr ') sedimentary section across the
lower to middle Eocene boundary with unprecedented magneto-, bio- and cyclo-
stratigraphic control for this interval®**°. We developed an astronomically calibrated
age model for Site 1258 by tuning clear and pronounced obliquity (~40-kyr) cycles
in the magnetostratigraphically calibrated magnetic susceptibility (MS) time series
(Supplementary Fig. 1a) to computed obliquity cycles from the most recent astro-
nomical solution*'. Our tuning strategy is validated by the presence in our tuned MS
time series of substantial power (and coherency with our tuning target) at frequen-
cies of 23, 21 and 19 kyr (precession), 54 kyr (obliquity) and 96 kyr (eccentricity)
(Supplementary Fig. 1b), even though these frequencies were not used in the tuning
process. An absolute calibration to the astronomical solution is, at present, unat-
tainable for the early to middle Eocene because of limitations in the precision of
computed orbital variations pre-40 Myr ago*' and because of significant uncertain-
ties in radiometric age calibrations*>**. Consequently, we develop a ‘floating’ astro-
nomically tuned timescale, using the C21r/C22n magnetochron boundary
(age = 49.037 Myr ago™) identified at Site 1258* as our anchor point.

Age models for the estimated CaCOs (%) records for ODP 1267 (Walvis ridge)
and ODP 1210 (Shatsky rise) are derived by correlating the stratigraphic position
of a biostratigraphic datum (LAD of the nannofossil Discoaster lodoensis) at both
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of these sites to its position at Site 1258 (Supplementary Table 1). Further age
model refinement was achieved by tuning clear, correlatable events in CaCO; (%)
records from Sites 1267 and 1210 to the astronomically calibrated CaCO; (%)
record from Site 1258 (Supplementary Tables 2 and 3). This tuning strategy was
held as relaxed as possible, using a minimum of tie points.

Eocene records of CaCOj; concentrations. We use sediment colour and magnetic
susceptibility data in conjunction with measurements of sediment CaCO; con-
tent™ to calculate, by regression, sediment CaCOs content at high resolution at
Demerara rise (Fig. 1d; Supplementary Fig. 2e). We use comparable data**** to
perform the same regressions for two other deep sea drill sites (ODP 1267, Walvis
ridge, southern Atlantic and ODP 1210, Shatsky rise, central Pacific) (Supplemen-
tary Fig. 2fand g). Atall three sites, estimated CaCO; concentrations prove to be a
good predictor of measured CaCO; concentrations (Supplementary Fig. 2a—c).
For methods for calculating CaCO; dissolution from our Eocene CaCOj; records,
see Supplementary Information.
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