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Terrestrial carbon isotope excursions and biotic
change during Palaeogene hyperthermals
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Pronounced transient global warming events between 60 and
50 million years ago have been linked to rapid injection of
isotopically-light carbon to the ocean-atmosphere system'?. It
is, however, unclear whether the largest of the hyperthermals,
the Palaeocene-Eocene Thermal Maximum (PETM; ref. 3),
had a similar origin*® as the subsequent greenhouse climate
events'®, such as the Eocene Thermal Maximum 2 and H2
events. The timing and evolution of these events is well
documented in marine records’®, but is not well constrained
on land. Here we report carbon isotope records from palaeosol
carbonate nodules from the Bighorn Basin, Wyoming, USA
that record the hyperthermals. Our agge model is-derived-from
sedimentary-cyclostratigraphy;—and shows a similar structure
of events in the terrestrial and marine records. Moreover, the
magnitude of the terrestrial isotope excursions is consistently
scaled with the marine records, suggesting that the severity
of local palaeoenvironmetal change during each event was
proportional to the size of the global carbon isotope excursion.
We interpret this consistency as an indication of similar
mechanisms of carbon release during all three hyperthermals.
However, unlike during the PETM (refs 9,10), terrestrial
environmental change during the subsequent hyperthermals
is not linked to substantial turnover of mammalian fauna in
the Bighorn Basin.

Palaeoclimate research recognizes the importance of past
rapid and transient global warming events, so-called hy-
perthermals, as potential analogues for present-day climate
change®!"!2, The Palaeocene-Eocene Thermal Maximium (PETM)
at ~56 million years ago represents the most prominent of these
events and is characterized by a rapid global temperature rise
of 5-9°C in ten thousand years that gradually declined to pre-
excursion values in ~100-200 thousand years'?. The temperature
rise during the PETM is associated with a carbon isotope excursion
(CIE) of 2-6.5%, pointing to the release of >2,000 Gigatons of
carbon®"'"*. This disruption of Earth’s carbon cycle and climate
system had wide-ranging effects on continental hydrology, the
chemistry of the ocean, and global biotas®*!®'*!>, Deep marine
records reveal the existence of other, smaller amplitude anomalies
that mimic the PETM (refs 1,4,6). Eocene Thermal Maximum
2 (ETM2) is also known as H1 and is associated with the Elmo
clay layer in the deep marine realm'. The event is associated with
the second largest CIE identified in the early Palacogene marine
record thus far', and corresponds to even greater high-latitude
temperatures than the PETM (ref. 16). ETM2 is followed by the
smaller H2 event, around 100 thousand years later*717,

We report the detailed evidence for ETM2 and H2 in continental
successions located in the McCullough Peaks area of the Bighorn
Basin, Wyoming, U.S.A. The well-known fossil-rich sedimentary
archives of this basin have previously revealed important details on
the terrestrial climatic and biotic impact of the PETM (refs 3,9,15,
18,19). Early Eocene sediments of the Willwood Formation were
deposited on the floodplains of meandering river systems. Fine-
grained overbank deposits show striking colour banding related to
ancient soil horizons with different maturity, styles and spacing'®".
The Upper Deer Creek (UDC and Supplementary Figs S3a and S4)
and Gilmore Hill (GH and Supplementary Fig. S5) sections studied
here are ~17 km apart (Supplementary Figs S1 and S2) and were
selected for their excellent outcrops, lack of sandstone bodies at
UDC, and rich mammalian fossil localities in or near the section
at GH (Fig. 1 and Supplementary Table S3). Palaeosol carbonate
nodules were sampled every ~10-70 cm and carbon isotope ratios
were measured (§"°C, and Supplementary Tables S1 and S2).

The UDC section is characterized by two negative §°C,.
excursions of —3.8%¢ and —2.9%c whereas the GH section is
characterized by one negative §'°C,. excursion of —2.7%o (Fig. 1).
Previous work on late Palaeocene—early Eocene palaeosols of
the Willwood Formation® has shown that pedogenic carbonates
in these soils formed below the zone of strong diffusive mixing
between atmospheric and soil CO,, meaning that their carbon
isotope ratios should track those of palacovegetation and thus the
ocean—atmosphere system'#?°. The pattern of the negative CIEs at
UDC, and their stratigraphic proximity to the Chron C24r-C24n.3n
magnetic polarity reversal and to the Wasatchian 4-Wasatchian 5
biozone boundary allows correlation of the larger CIE at UDC to
ETM2 and the smaller CIEs at UDC and GH to H2 (refs 8,21; Fig. 1
and Supplementary Figs S6 and S7). The —3.8%o CIE in the Bighorn
Basin for ETM2 is in the range of the —3 to —4%. CIE found in
dispersed organic matter in lignites from a low-resolution terrestrial
record of western India*.

The discovery of terrestrial equivalents of ETM2 and H2 implies
that these events, analogous to the PETM, had a major impact on the
continental carbon cycle, and observations from the study sections
suggest that terrestrial environmental conditions were perturbed
during each event as well*!!. Distinctive thick purple B-horizons
of palaeosols that occur within the ETM2—-H2 stratigraphic intervals
at UDC and GH are primarily constrained to the hyperthermal
events. Furthermore, this interval is characterized by increased
development of channel sandstone complexes and large mud-filled
scours (Supplementary Fig. S5). The regional significance of these
lithological changes has not yet been evaluated, but they could relate
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Figure 1| Terrestrial carbon isotope records of the ETM2 and H2
hyperthermal events. Isotope results are from palaeosol carbonate in the
Upper Deer Creek and Gilmore Hill sections in the Bighorn Basin,
Wyoming, USA. Stratigraphic thickness is equally scaled for both sections.
Magnetochrons and biozonation are given. Five distinct purple beds (1-5)
are labelled at UDC (Fig. 2). The bandpass filter of the redness (a*) matrix
colour reflectance record is given to denote precession-scale cyclicity.
Fossil finds at UDC, and fossil localities (MP) at GH with first and last
appearances (FAD and LAD) are given. A for Anacodon, B for Bunophorus, E
for Ectocion, and H for Haplomylus. The correlation between UDC and GH is
based on aligning the H2 event. Note that Biohorizon B occurs well before
the environmental disturbance related to the hyperthermal events.

to specific environmental conditions on the floodplain, which are
not replicated regionally in the time preceding or following the
global warming episodes.

Distinct lithologic changes are found in the ETM2-H2 strati-
graphic interval in the Bighorn Basin, but biostratigraphic results
from this interval do not indicate major faunal changes such as those
found through the PETM (refs 3,9,10). Marked turnover in mam-
malian fossil assemblages has been reported at Biohorizon B across
the Wasatchian 4 to Wasatchian 5 biozone boundary*>**, and some
have speculated that this may have been caused by ETM2 (refs 21,
24). Similar to the turnover at the PETM, Biohorizon B exhibits a
peak in first and last appearances of mammal taxa that caused an
increase in diversity?*. The extinction of Haplomylus and Ectocion,
two abundant genera that originated before the PETM, and the
first appearance of Bunophorus, a member of one of the ‘modern’
order of mammals (Artiodactyla) that first appeared during the
PETM, are the primary biostratigraphic criteria originally used to
identify Biohorizon B (Supplementary Information; ref. 23). In the
GH section, the lowest occurrence of Bunophorus is constrained
to fall within ~35m of the highest occurrences of Haplomylus
and Ectocion making it one of the stratigraphically best resolved
records of Biohorizon B (Fig. 1 and Supplementary Fig. S2 and

Table S3). Although sample sizes of the fossil assemblages collected
directly within the GH line of section limit the precision with which
Biohorizon B can be positioned in that section (Supplementary
Table S3), other fossil assemblages from nearby and Bunophorus
finds at UDC independently corroborate the GH results (Fig. 1;
Supplementary Information). Biohorizon B occurs some 60m
below and ~150-200 kyr before ETM2, showing that the climate
change associated with this event did not cause the faunal turnover.

The floodplain succession of the Willwood Formation in
the Bighorn Basin is characterized by distinct cyclicity, at a
scale of 6-9m, of alternating (1) fine mudstones, on which
mature palaeosol profiles developed; and (2) heterolithic sandy
intervals that show only weak pedogenesis. This cyclicity has been
related to orbital climate forcing due to the ~21-kyr precession
cycle and has already been used to construct an independent
internal timescale for the terrestrial PETM (ref. 18). In the UDC
section, this scale of lithological rhythmicity is also observed
(Fig. 1). Detailed lithological observations complemented with
high-resolution records of matrix colour of the sediment reveal 18
(and up to 20) precession cycles in the section with a period of
around 7.0 (down to 6.3) metres. Cycle counts indicate the presence
of 4-5 precession cycles between ETM2 and H2, supporting marine
astronomical age models developed for these hyperthermals”*.

For comparison with the marine realm, we constructed a
composite §>C benthic stack from ODP Sites 1262, 1263, 1265,
and 1267 of the Walvis Ridge in the south Atlantic® and plotted
the data against a previously constructed relative age model”®.
Subsequently, we tied the onset of both CIEs from the Bighorn
Basin to Walvis Ridge and extrapolated the relative age model of
the §"*C,, record by using the precession-related cycles in lithology
and colour reflectance as constraints (Fig. 1). The comparison
between the deep marine and continental realms highlights the close
similarity between the large-scale carbon isotope changes across
both hyperthermals (Fig. 2).

Rapid input of isotopically-depleted carbon into the ocean—
atmosphere system was responsible for ocean acidification and the
characteristic CIEs (ref. 12) during the hyperthermal events, and
undoubtedly contributed to the associated greenhouse warming.
The exact amount, isotopic signature, and source(s) of the
carbon fuelling the PETM and later hyperthermal events are still
unknown>!'"1*_ Also, various carbonate and organic-matter proxies
of marine and continental realms record the carbon isotope value
of their surrounding carbon pool differently and thus even the true
magnitude of the CIE for the mixed ocean—atmosphere carbon pool
remains to some degree enigmatic™'2.

We compare the continental CIEs recorded by Bighorn Basin soil
carbonates for PETM, ETM2 and H2 with equivalent records from
bulk carbonate and the benthic foraminifer Nuttallides truempyi
from Walvis Ridge in the southern Atlantic, and bulk carbonate
from shallow marine sequences in New Zealand'”??® (Fig. 3 and
Supplementary Table S6). Our results show that the amplitudes of
each of the three CIEs in the continental soil carbonate records are
larger than, and seem to scale linearly with, CIE magnitudes of these
marine proxy records.

CIE recording in palaeosol carbonate is dependent on the
8BC value of the atmosphere, on plant ecophysiology, and on
soil properties such as temperature and moisture!>', while bulk
carbonate and benthic foraminiferal §"*C records are impacted by
ocean circulation and acidification®®?, among other factors. These
effects on CIE magnitude reflect changing local environmental
parameters that, during the hyperthermal events, probably occurred
in direct or indirect response to carbon input to the ocean—
atmosphere system. This addition of isotopically-light carbon is in
turn recorded by the CIEs.

The consistent scaling we observe between CIEs in the different
proxy records suggests proportionality between the severity of local
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Figure 2 | Carbon isotope records in the continental and marine realms on
independent astronomical timescales. a, Continental data are from
palaeosol carbonate in the Upper Deer Creek section. Solid line represents
a 5-point moving average. b, Marine data are from benthic foraminifera and
shows a 4-kyr average from a stacked record of Ocean Drilling Program
Sites 1262, 1263, 1265, 1267 (Walvis Ridge, southern Atlantic Ocean). Note
the great similarity between the deep marine and the continental carbon
isotope records indicating both coincidently recorded the carbon isotope
signature of the global ocean-atmosphere reservoir.

palaeoenvironmental change (causing the terrestrial amplification
and/or oceanic dampening of the CIEs) and the amount of
isotopically-light carbon added to the ocean—atmosphere system.
The most parsimonious explanation for this proportionality is
that atmospheric pCO, change scaled linearly with CIE magnitude
across the three events. If true, this result implies that the
isotopic composition of the carbon, and probably also the
source(s) of carbon fuelling the events, were similar for the
three hyperthermals®'”. The observed relationship between the
terrestrial and marine CIEs does not intercept the origin, implying
either a nonlinear relationship between carbon release and local
environmental change or the existence of further environmental
forcing factors that did not contribute to the CIEs. A large number
of mechanisms are possible and should be evaluated in the future
using Earth System models'".

In contrast, if these hyperthermals were fuelled by different
carbon sources, changes in pCO,, and local palacoenvironmental
change, their CIE expressions in different marine and continental
proxies would almost certainly scale inconsistently. Our finding
of proportionality between pCO, increase and local palacoenvi-
ronmental change during the PETM, ETM2 and H2 is in line
with a similar covariance of benthic foraminiferal §"°C (repre-
senting carbon cycle perturbation) and §'"®O (representing ocean
water warming) values found for the three hyperthermals®. The
much younger C22n-H3 and C21r-H1 events, which are recorded
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Figure 3 | Comparison of carbon isotope excursions for PETM, ETM2 and
H2 for Bighorn Basin continental and different marine records. Marine
data are from bulk carbonate from Mead and Dee Stream sections in New
Zealand" 2728 (squares), ODP Site 1265 bulk carbonate (red circles) and
Site 1263 (PETM) and Site 1267 (ETM2/H2) benthic foraminifer N. truempyi
(black circles) from Walvis Ridge in the southern Atlantic Ocean’:826.
Uncertainty intervals represent standard errors (1o of the mean difference
between baseline and excursion values; see Supplementary Table S6). The
similar scaling between CIE amplitudes implies that the factors influencing
CIE amplitudes for the different proxies reacted proportionally to the
carbon input to the ocean-atmosphere carbon pool.

in the western Atlantic!, show the same §*C/8*O covariance,
suggesting that similar sources of carbon may have contributed
to these events, as well.

The similar CIE scaling suggests that oceanic and/or terrestrial
palaeoenvironmental changes that modulated CIE amplitude
reacted similarly and proportionally to the magnitude of the
three events. The impacts of the three events on mammalian
faunas, however, do not seem to scale the same way. Whereas
the PETM triggered dramatic holarctic dispersal of mammals
causing fundamental reorganization of Bighorn Basin faunas®’,
ETM2 and H2 occur stratigraphically above the next largest faunal
event in the early Eocene Bighorn Basin record (Biohorizon B)
and do not seem to be associated with noticeable mammalian
turnover. This implies a nonlinear relationship between climatic
and mammalian faunal change and suggests that biotic drivers
or the crossing of climate thresholds, rather than climate
change itself, are important in driving biotic turnover at
Biohorizon B. Our result supports the view that macroevolutionary
dynamics depend on the interaction between species’ ecology and
changing climate®.
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