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Arctic hydrology during global warming at the
Palaeocene/Eocene thermal maximum
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The Palaeocene/Eocene thermal maximum represents a period of
rapid, extreme global warming ,55 million years ago, super-
imposed on an already warm world1–3. This warming is associated
with a severe shoaling of the ocean calcite compensation depth4

and a >2.5 per mil negative carbon isotope excursion in marine
and soil carbonates1–4. Together these observations indicate a
massive release of 13C-depleted carbon4 and greenhouse-gas-
induced warming. Recently, sediments were recovered from the
central Arctic Ocean5, providing the first opportunity to evaluate
the environmental response at the North Pole at this time. Here we
present stable hydrogen and carbon isotope measurements of
terrestrial-plant- and aquatic-derived n-alkanes that record
changes in hydrology, including surface water salinity and precipi-
tation, and the global carbon cycle. Hydrogen isotope records are
interpreted as documenting decreased rainout during moisture
transport from lower latitudes and increased moisture delivery to
the Arctic at the onset of the Palaeocene/Eocene thermal maxi-
mum, consistent with predictions of poleward storm track
migrations during global warming6. The terrestrial-plant carbon
isotope excursion (about 24.5 to 26 per mil) is substantially
larger than those of marine carbonates. Previously, this offset was
explained by the physiological response of plants to increases in
surface humidity2. But this mechanism is not an effective expla-
nation in this wet Arctic setting, leading us to hypothesize that the
true magnitude of the excursion—and associated carbon input—
was greater than originally surmised. Greater carbon release and
strong hydrological cycle feedbacks may help explain the main-
tenance of this unprecedented warmth.

PETM sediments, recovered from the Lomonosov ridge in the
central Arctic Ocean during Integrated Ocean Drilling Program
Expedition 302, are devoid of primary carbonates commonly used
to assess palaeoclimate conditions. But they contain abundant
organic components5,7, including long-carbon-chain n-alkanes in
the range n-C23 to n-C35, with a strong odd-over-even carbon-chain
character, and short-chain n-alkanes dominated by n-C17. Long-
chain n-alkanes with an odd-over-even predominance typically
derive from the waxes of higher plants8. However, this common
interpretation was questioned in a single study of modern Arctic
organic carbon from the Laptev Sea, which inferred a marine source
for these compounds9. Importantly, this interpretation does not
apply to the Arctic during the Palaeogene, where the evidence used
to support a marine origin for long-chain n-alkanes is lacking
(Supplementary Information). Short-chain n-alkanes represent a

mixture of aquatic sources, while n-alkane homologues dominated
by n-C17 typify algal and photosynthetic bacterial input10. Even-
chain-length n-alkanes in the range n-C14 to n-C22 are ascribed to
bacteria11. Given lower abundances for even-chained n-alkanes
during the PETM interval, we assume that n-C17 derives predomi-
nantly from algal sources, in accordance with other studies12,13.

To assess changes in the hydrological system during the PETM, we
measured the stable hydrogen isotope (dD) values of n-C29, n-C27

and n-C17 (Fig. 1b). Although our understanding of compound-
specific hydrogen isotope systematics is incomplete, it is clear that
source water hydrogen is a primary signal recorded by n-alkyl
lipids14–16. Our results implicate different water sources for high-
and low-molecular-weight n-alkanes, with dD values of n-C17

recording the dD of Arctic surface waters, and dD values of n-C27

and n-C29 (n-C27/29) reflecting the hydrogen isotopic composition of
precipitation in the Arctic region.

Data from contemporary environments suggest an apparent
hydrogen isotope fractionation of 2130‰ to 2100‰ for higher-
plant-derived n-C29 and source water (Dwater-nC29)13,15,17. Smaller
Dwater-nC29 values (that is, less negative than 2100‰) have been
reported for deciduous conifers grown under continuous light18,
similar to daylight conditions that characterize the Arctic growing
season. A portion of this fractionation is potentially attributable to
evapotranspiration, which acts to increase the dD value of leaf water
used for lipid biosynthesis. However, rates of evapotranspiration are
proportional to humidity16, and given evidence for both high
humidity (Supplementary Information) and fluvial runoff7 during
this interval of time, we assume that changes in the rates of
evapotranspiration were negligible. Using Dwater-nC29 values of
2130‰ and2100‰, we estimate that spring/summer precipitation
had average dD values between 2125‰ and 295‰ before the
PETM, and 2145‰ to 2105‰ after the PETM, with much higher
values (about 230‰ to 265‰) during the early phase of the event
(Supplementary Information).

Our results suggest that Arctic PETM precipitation was substantially
D-enriched relative to today, with hydrogen isotopic compositions
comparable with modern, mid-latitude precipitation19. In general, the
primary sources of atmospheric water vapour derive from the tropical
and subtropical ocean. Poleward and altitudinal advection of air
parcels approximately along isentropic surfaces20 leads to cooling,
condensation, an increase in the isotopic fractionation between the
vapour and the condensate, and progressive isotopic distillation
resulting in D-depleted high-latitude precipitation.
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Deuterium-enriched Arctic precipitation during the PETM could
have resulted from two end-member processes, including changes
in proximal evaporative sources, or a decrease in large-scale (hemis-
pheric to global) temperature gradients, such as the meridional
temperature gradient as often assumed21, or the vertical temperature
gradient along isentropes characteristic of baroclinic eddy-
induced mixing. Changes in evaporative sources during the PETM,
large enough to explain the observed dD shift, would require a
fundamental, global alteration in precipitation and evaporation.
However, such effects are not supported by physical modelling or
proxy data (Supplementary Information) and thus not considered
likely.

Alternatively, decreased meridional and/or vertical temperature
gradients would conspire to reduce rainout of subtropical water
vapour by synoptic eddies22, decrease isotopic distillation during
vapour transport, and lead to D-enriched precipitation at high
latitudes. If surface temperature gradients remained constant
during the PETM7, then changes in atmospheric static stability
could have decreased rainout in the mid-latitudes. In either case, a
decrease in temperature gradients should be expressed as a reduction
in the meridional isotopic gradient. Support for this supposition
comes from soil carbonate d18O records, which suggest that the dD
value of mid-latitude PETM precipitation increased by only ,16‰
(refs 23, 24), compared to a dD increase of ,55‰ in the Arctic
(Fig. 1b).

As a reduced meridional isotopic gradient implies less rainout
along the source airmass’s trajectory, more water vapour must have
been transported to extreme high latitudes. Observations that sup-
port an increase in water supply to the Arctic during the PETM
include the prevalence of low-salinity-tolerant organic-walled dino-
flagellate cyst (dinocyst) assemblages, evidence for photic zone
anoxia indicative of low-salinity surface waters (Fig. 1c), and strong
seasonal runoff7. This scenario suggests that the latitude of maximum

latent heat flux divergence (today at ,408) could have been situated
much closer to the poles, broadly consistent with climate model
results6,22.

Enhanced moisture and latent heat transport from the subtropics
to the Arctic region could have resulted from the nonlinear depen-
dence of the saturation specific humidity of subtropical air parcels as
a function of temperature1,6, and/or a reduction of mid-latitude
precipitation. Thus, as a corollary to our argument for an increase in
poleward water vapour transport, we suggest that the subtropics and
parts of the mid-latitudes experienced less net precipitation during
the PETM.

Changes in surface water salinity were evaluated from dDnC17.
Limited analysis of lake sediments and aquatic plants suggest that
values of Dwater-nC17 range from about 2160‰ to 280‰ (refs 13,
15, 17). In order to determine plausible values of Dwater-nC17 for these
Arctic sediments, we modelled the relationship between the dD of
Arctic surface water, and the isotopic compositions of precipitation
(that is, runoff) that acts to freshen the Arctic and alter its salinity
(Fig. 2a). Our results suggest that dD values of Arctic surface waters
were approximately 241‰ to 252‰, resulting in a Dwater-nC17 of
270‰ to 280‰.

The dDnC17 record, in conjunction with a Dwater-nC17 of 275‰,
indicate that the surface water salinity of the Arctic Ocean decreased
as the PETM progressed, followed by a rapid increase in salinity
towards the end of the climate anomaly (Fig. 2b). Low-salinity
surface waters correspond with the presence of low-salinity-tolerant
dinocyst assemblages and the occurrence of isorenieratene deriva-
tives7 (Fig. 1c), biomarkers indicative of anoxia within the photic
zone. This confluence suggests that water column stratification was
promoted, in large part, by low-salinity surface water7, given that
seawater density variations are determined primarily by salinity
variations in the temperature range indicated by TEX86 temperature
estimates (Fig. 1c). Termination of these conditions and a progressive

Figure 1 | Stable isotope results, and data on sea surface temperature,
dinocysts and biomarkers. a, Stable carbon isotope data. m.c.d., metres
composite depth below sea floor; TOC, total organic carbon. b, Stable
hydrogen isotope data. Error bars represent the range of values based on
duplicate measurements. c, Data from ref. 7. Orange line, sea surface
temperatures based on the TEX 0

86 index. Blue line, relative abundances of
dinocysts produced by dinoflagellate species that were tolerant of low

salinity. Red dashed line, absolute abundances of isorenieratene derivatives,
biomarkers derived from photosynthetic green sulphur bacteria. The
presence of these bacteria implies water column stratification and the
development of photic zone euxinia. The leftmost (recovery) column shows
core numbers: black bars, recovered material; white bars, missing material.
Error bars connected to Core 31X indicate the uncertainty of its
stratigraphic position (see ref. 7). Grey-shaded area indicates the PETM.
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change to fewer low-salinity-tolerant dinocyst assemblages7 coincide
with a trend towards more saline surface waters by the end of the
climate anomaly (Fig. 2b).

Further insight into the nature of Arctic climate change is provided
by the carbon isotopic (d13C) compositions of the same n-alkyl
lipids. The d13C values of n-C29/27 show a large negative carbon
isotope excursion (CIE) across the PETM that tracks the d13C record
of total organic carbon7 (d13CTOC) (Fig. 1a), but are ,6‰ more
negative than d13CTOC values before and after the CIE, and ,3‰ to
5‰ more negative during the CIE. This correlation, both in trend
and isotopic offset, suggests that the TOC is substantially influenced
by terrestrial components.

Importantly, the CIE from higher plant n-alkanes (approximately
24.5‰ to 26‰) is substantially larger than the CIE anomaly
(about 22.5‰ to 23‰) generally recorded in bulk marine carbon-
ate and benthic foraminifera1,3, but similar to those recorded in soil
carbonates from mid-latitudes2 and some planktonic foraminiferal
records3. To explain the larger terrestrial CIE elsewhere, it has been
suggested that soil moisture and humidity increased during the
PETM, amplifying the carbon isotopic fractionation associated
with terrestrial photosynthesis (CIF)2. In this model, a larger CIF
due to increasing humidity and soil moisture has to overcome the
antagonistic effect of decreasing CIF due to higher temperatures
during the PETM2,7. In order for this model to explain our data, latest
Palaeocene soil moistures and humidity levels surrounding the Arctic
Ocean would have to have been quite low, with soil moistures at or
below 40% (ref. 2), similar to those found in modern arid-to-
semiarid environments (Supplementary Information). A dry Arctic
is difficult to justify, given palaeoecological reconstructions from
high-latitude coal distributions and terrestrial palaeobotanical
records that strongly support the prevalence of mesic to wet climate
conditions throughout the Arctic region during the Palaeocene and
Eocene (Supplementary Information). Conditions associated with
analogous modern tropical and warm temperature forests can be
used to predict that the Palaeogene Arctic maintained an average
relative humidity of.70%, with soil moistures.60% (Supplementary
Information)—estimates that agree well with fully coupled climate
model simulations (Supplementary Information). The accumulative

evidence, including the dD results from this study, and evidence for
high seasonal discharge and low-salinity surface waters during the
PETM7, point to a warm and moist late Palaeocene–early Eocene Arctic
region, with increased precipitation expressing itself largely as
increased runoff7.

Other possibilities exist to explain this CIE discrepancy between
higher plant n-alkanes and marine carbonate records. For example,
given potentially more negative d13C values for angiosperms relative
to gymnosperms25, an increase in angiosperms relative to gymnos-
perms during the PETM7 could possibly explain a larger isotopic
excursion in d13CTOC relative to marine carbonates. However, modern
isotopic offsets between gymnosperms and angiosperms probably
result from differences in water use efficiency25 under low CO2

concentrations. Therefore, more humid environmental conditions
during the PETM in the Arctic would have arguably minimized
isotopic distinctions between these two plant types. In addition, the
d13C difference between n-alkanes and bulk leaf carbon is potentially
smaller for angiosperms relative to gymnosperms17. Thus, the d13C
excursion in n-C29/27 potentially represents a minimum change—if
flora shifts occurred in the Arctic region during the PETM, and whole
plant d13C values of gymnosperms and angiosperms were similar.
Finally, similar ecosystem shifts would need to have synchronously
occurred globally to account for terrestrial 13C excursions of the same
magnitude elsewhere.

Rather than systematically explaining a similar observation by
different processes, it is possible that the CIE expressed by higher
plant n-alkanes reflects the true d13C change of atmospheric carbon
dioxide in equilibrium with the ocean during the PETM. Such a
scenario implies that foraminiferal d13C values do not accurately
represent the full CIE of dissolved inorganic carbon in the ocean
owing to effects related to dissolution4 and changes in pH (ref. 26).
We note that in marine cores with limited carbonate dissolution, the
observed d13C excursion recorded from shallow-dwelling plankton is
about 24‰ (ref. 3), which is close to our value. Further consider-
ation of the carbon isotope effect related to changes in pH allow for
the 13C-enrichment of carbonates in the range of 0.5‰ (refs 1, 2).
Therefore, it is possible to account for rather similar terrestrial and
marine CIEs. Importantly, evidence for a CIE of about 24.5‰ to
25‰ nearly doubles the mass estimate for the release of carbon
during this time, and more closely approximates the carbon concen-
tration required to account for the observed shoaling of the ocean
carbonate compensation depth4, as well as changes in global
temperatures.

The d13C values of n-C17 are nominally 230‰, similar to those of
n-C29/27 before and following the PETM, but are 13C-enriched
relative to higher plant n-alkanes during the PETM (Fig. 1a). In
modern settings, algal organic carbon is consistently 13C-enriched
relative to terrestrial C3 plants. Similar d13C values for algal and
higher plant organic carbon before and after the PETM is consistent
with a high atmospheric CO2 environment27,28. However, the relative
increase in the d13C of n-C17 during the PETM must have resulted
from physiological factors that overwhelmed the influence of 13C-
depleted carbon, such as increases in the volume to surface area of
cells, and/or algal growth rates29, consistent with evidence for
eutrophy and nutrient-rich conditions during the PETM7. Interest-
ingly, changes in primary productivity appear to have occurred in
other ocean regions30 and are thought to have played a critical role in
the carbon cycle response to environmental change. Given the
relative isolation of the Arctic from other ocean basins during this
time7, widespread changes in primary production were probably
linked to changes in riverine nutrient supply; this implicates the
hydrological cycle as an important agent forcing biological and
environmental change during the PETM.

METHODS
Sample extraction. Sediments were extracted with dichloromethane using an
accelerated solvent extraction system (ASE 300; Dionex Corporation) at 125 8C,

Figure 2 | dD of precipitation and Arctic surface water, and salinity.
a, Calculations31 of Arctic Ocean salinity (numbers on contours, in practical
salinity units, p.s.u.) assume an ice-free, global seawater dD value of 28‰
(VSMOW) and a global salinity of 34 p.s.u. Shaded bands represent
pre-PETM conditions, given a salinity of 21 p.s.u. (Supplementary
Information) and dD values of precipitation from dDnC29, yielding a dD
estimate for Arctic surface water (dDAW) of about 241‰ to 252‰,
resulting in a Dwater-nC17 value (see text) of about 270‰ to 280‰.
b, Surface water salinity calculations, derived from dDAW; dDAW was
calculated from dDnC17, assuming a Dwater-nC17 value of275‰, and the dD
of precipitation derived from dDnC29 assumingDwater-nC29 values of2100‰
(solid line) and 2130‰ (dashed line).
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1,500 p.s.i., for 25 min. Lipid fractions were separated by column chromatog-
raphy (70–230 mesh) using an elution sequence of hexane, hexane/dichloro-
methane (9:1 v/v) and dichloromethane/methanol (2:1 v/v). Cyclic and
branched alkanes were separated from normal and isoalkanes by adduction
with urea. The hydrocarbon fraction was dried under a stream of N2 and
dissolved in a mixture of methanol-saturated urea, pentane and acetone (200 ml
each). The resulting urea crystals were extracted with hexane, yielding cyclic/
branched alkanes. Remaining urea crystals were dissolved in 500ml of H2O and
500ml of methanol, then extracted with hexane to yield the n-alkane fraction.
Analysis. The adducted fraction was analysed for stable carbon and hydrogen
isotopic compositions on a Thermo Finnigan MAT 253 mass spectrometer
interfaced with a Thermo Finnigan Trace GC Combustion III (for carbon
measurements) and High Temperature Conversion (for hydrogen measure-
ments) systems. Individual n-alkanes were separated using a J&W Scientific
DB-1 capillary column (60 m £ 0.25 mm £ 0.25mm). The gas chromatograph
oven was programmed from 60 8C (held for 1 min) at 6 8C min21 to 320 8C and
held for 25 min isothermally. A programmed temperature vaporizing injector
was used. Helium was used as a carrier gas with a column flow rate of
2.0 ml min21. Carbon isotopic compositions are expressed relative to the
VPDB standard, based on an in-house reference gas calibrated against the
OzTech standard (d13C ¼ 240.61‰). The analytical accuracy and precision
of the MAT 253 mass spectrometer during carbon isotope measurements
were ^0.2‰ (the root-mean-square error), based on an n-C20 alkane
standard injected daily. The standard error of n-alkane d13C measurements
(based on duplicates of 22 samples) was ^0.8‰ or better (Supplementary
Information).

Pyrolytic conversion of organic hydrogen to H2 was conducted at 1,400 8C.
Measurements of the Hþ

3 factor (the proportionality constant between the
concentration of H2 and Hþ

3 in the mass spectrometer) were determined
daily using H2 reference gas. The Hþ

3 factor varied between 15.27 and
16.11 p.p.m. nA21 over a period of 23 days, averaging 15.70 p.p.m. nA21, with
a standard deviation of 0.24 p.p.m. nA21. H2 peak heights varied over an
eightfold range, which was in the range of most of the H2 peaks from analysed
compounds.
Errors. The precision of isotopic measurements of H2 reference gas after Hþ

3

correction was ^0.9‰ or better. The analytical accuracy and precision of the
system were determined using an externally co-injected standard mixture of
n-C16 to n-C30 alkanes and 5a-androstane (isotopic ratios were measured off-
line by A. Schimmelmann, Biogeochemical Laboratories, Indiana University),
which were analysed at least once per day. The root-mean-square error for
hydrogen isotopic measurements of these compounds was 3.4‰ (n ¼ 240).
Hydrogen isotopic compositions of n-alkanes are reported based on duplicate
analyses. dD values are expressed relative to the VSMOW standard, based on an
in-house reference gas adjusted daily using a 5a-androstane standard. The
standard error of n-C17, n-C27 and n-C29 dD measurements was generally
less than ^5‰, reaching ^6‰ only in a few cases (see Supplementary
Information).
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