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Increased terrestrial methane cycling at the
Palaeocene–Eocene thermal maximum
Richard D. Pancost1, David S. Steart2, Luke Handley1, Margaret E. Collinson2, Jerry J. Hooker3, Andrew C. Scott2,
Nathalie V. Grassineau2 & Ian J. Glasspool4

The Palaeocene–Eocene thermal maximum (PETM), a period of
intense, global warming about 55 million years ago1, has been
attributed to a rapid rise in greenhouse gas levels, with dissociation of methane hydrates being the most commonly invoked
explanation2. It has been suggested previously that high-latitude
methane emissions from terrestrial environments could have
enhanced the warming effect3,4, but direct evidence for an
increased methane flux from wetlands is lacking. The Cobham
Lignite, a recently characterized expanded lacustrine/mire deposit
in England, spans the onset of the PETM5 and therefore provides
an opportunity to examine the biogeochemical response of wetland-type ecosystems at that time. Here we report the occurrence
of hopanoids, biomarkers derived from bacteria, in the mire sediments from Cobham. We measure a decrease in the carbon isotope
values of the hopanoids at the onset of the PETM interval, which
suggests an increase in the methanotroph population. We propose
that this reflects an increase in methane production potentially
driven by changes to a warmer1,6 and wetter climate7,8. Our data
suggest that the release of methane from the terrestrial biosphere
increased and possibly acted as a positive feedback mechanism to
global warming.
Although the PETM is not a direct analogue for future global
warming because it occurs during a time when global temperatures
were significantly higher than now9, it still allows the investigation of
rapid warming comparable to that occurring today. A significant
challenge in the investigation of terrestrial methane cycling at the
PETM is the lack of appropriate sedimentary sequences. However,
we have recently reported the identification of the PETM interval in
lake and mire sediments from Cobham, southeast England5. The
section, represented primarily by lignite through the PETM interval,
provides a unique opportunity to study wetland microbial processes
in a stratigraphically expanded and relatively complete continental
section. The PETM is stratigraphically constrained (Methods) and
characterized by a negative carbon isotope excursion (CIE) recorded
by plant organic matter5 (Fig. 1). The pronounced CIE is one of the
defining characteristics of the PETM6,9 and is typically attributed to
the catastrophic release of 13C-depleted methane from marine gas
hydrates.
Critically, at Cobham, the 2-m sequence between the top of the
Upnor Formation and the base of the WSB (Woolwich Shell Beds) is
entirely freshwater. The black slickensided clay at the base of the sand
and mud unit contains leech cocoons, termite coprolites, pollen and
spores, but lacks dinoflagellates. The overlying sand (sand and mud
unit) contains continental and freshwater pollen and spores and lacks
the Ophiomorpha burrows indicative of saline conditions that are
present in the underlying Upnor Formation. The Cobham Lignite

Bed (lignites and included thin clay bands) contains an abundance of
continental and freshwater aquatic pollen and spores and algal cysts,
and lacks dinoflagellates5,10; it is in this bed, with organic carbon
contents ranging from 15 to 36 wt%, that the negative CIE has been
recorded5 (Fig. 1). A similar sequence with a freshwater lignite
(although a thinner one than at Cobham) followed by brackish shelly
clays, has been described from the north French coast at Varengeville;
like Cobham, the CIE is recorded in the lignitic beds11, testifying to
the extensive nature of the low-lying area of the southwest North Sea
Basin at the time. Further to the east, in north Belgium, the Doel and
Kallo boreholes, which are down dip from Kent in the North Sea
Basin, show that the CIE occurs in a mixed freshwater and brackish
sequence12. Thus, the nearest occurrence of contemporaneous saline
conditions is perhaps hundreds of kilometres from the Cobham
Lignite studied here. Such a setting provides an ideal, perhaps even
unique, opportunity to examine the biogeochemical response of a
continental lacustrine/mire system to increased global temperature at
the PETM.
Examination of microbially mediated biogeochemical processes in
ancient sediments can be challenging, but biomarkers (organic compounds that can be structurally related to biological precursors) have
proved to be useful in studying the ancient microbiology of, for
example, the Permo-Triassic boundary13. In the Cobham Lignite,
the hydrocarbon distribution is dominated by n-alkanes with an
odd-over-even carbon number predominance indicative of a
higher-plant origin14 and exceptional abundances of hopanes and
hopenes (Fig. 2) derived from bacteria15. Triterpenes and sterenes
of inferred higher-plant origin are also present but in subordinate
abundances. In the polar fractions, which are discussed here only
briefly, n-alkanols and sterols, also of inferred higher-plant origin,
are predominant.
The hopanes are dominated by the C29, C30 and C31 homologues
(21-norhopane, hopane and homohopane, respectively), with the
17a,21b(H), 17b,21b(H) and 17b,21a(H) isomers all present. The
presence of abundant hopanes with the biological bb configuration
and the lack of hopanes with 22S stereochemistry, combined with high
abundances of hopenes, indicate that the Cobham Lignite is relatively
immature with regard to petroleum generation, which is consistent
with vitrinite reflectance values (Ro 5 0.39 6 0.1 (mean 6 s.d.))10.
Traditionally, hopanes and their precursor hopanoids have been
attributed to aerobic bacteria, but recent work has revealed an anaerobic origin for hopanoids as well16; consequently, the interpretation of
hopanoid distributions and depth profiles is complex. In the Cobham
Lignite, further complexity is imposed by marked variations in hopanoid distributions and stereochemistry, the latter possibly being due to
changing environmental conditions during sediment deposition17.
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Figure 1 | Depth profile through the Cobham Lignite. a, Position of the
profile in the temporally calibrated latest Palaeocene and Early Eocene East
London Basin sequence. U, Upnor Formation; S&M, sand and mud unit; CL,
Cobham Lignite; W, Woolwich Formation; BB, Blackheath Beds; O,
Oldhaven Member; LC, London Clay Formation. Ap denotes Apectodinium,
Gor and Was refer to dinocyst zones, and Th4/5 denotes a sequence
boundary. For further details, see Methods. b, Lithologic log of the CL (BL,
blocky lignite; LL, laminated lignite); WSB, lower Woolwich Shell Beds.

c, d13C values of bulk organic matter (OM), depicting the negative CIE (open
circles represent samples from lithologies other than the lignite; these
horizons were not measured for ref. 5). d13CV-PDB, variation relative to
Vienna Pee Dee Belemnite carbonate standard. d, d13C values of the C29
(filled circles) and C31 (open circles) 17b,21b(H) hopanes. The grey bar
represents the interval where bulk organic matter and hopanes first shift to
lower values; the base, denoted by a dashed line, roughly corresponds to the
inferred base of the PETM.

More specific biological source information can be obtained from
the carbon isotopic composition of the hopanes (Fig. 1d). In the
lower part of the lignite and the underlying sand and mud unit,
d13C values of the C29 hopane (17b,21b(H) isomer) are about
236% and values of the C31 hopane (17b,21b(H) isomer) range
from 231 to 230.5%. These values are slightly depleted relative to
co-occurring bulk organic matter (226 to 224.5%) and higherplant n-alkanes (230.5 to 229.5%). The carbon isotopic compositions of hopanes in some recent wetlands are typically enriched in 13C
relative to these values (226 to 222%) and relative to co-occurring
higher-plant biomarkers17; this has been attributed to a heterotroph
ecology in which the source bacteria were consuming 13C-enriched
carbohydrates. In the Cobham Lignite, the lower d13C values suggest
that the hopanes derive from a mixture of heterotrophic bacteria that

consumed higher-plant-derived organic matter and methanotrophs
that were significantly depleted in 13C (there is no biomarker evidence for cyanobacteria).
At the base of the PETM as indicated by a shift in bulk organic d13C
values from 226 to 227.6% (Fig. 1c), hopane d13C values decrease
markedly to 242% and 276% for the C31 and C29 hopanes, respectively. In fact, all hopane and hopene d13C values decrease significantly
through this depth interval, but accurate values could be determined
only for the components shown in Fig. 1 because of co-elution or
peak size. Such a preponderance of hopanes with very low d13C values
is unusual in the geological record, with reported occurrences limited
to only a few methanogenic lacustrine settings18–20 and cold-seep
carbonate deposits. We know of no other modern or ancient mire
deposit characterized by such 13C-depleted hopanoids.
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Figure 2 | Gas chromatogram of a typical Cobham Lignite apolar
(hydrocarbon) fraction. The sample shown is from a depth of 55.3 cm,
coinciding with the most negative hopanoid d13C values). Filled circles,

n-alkanes; filled triangles, hopanes with stereochemistry shown above; open
triangles, hopenes; inverted triangles, C29 sterenes. In all cases, numbers
indicate the number of carbon atoms in the molecule. Std, standard.
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The shift in hopane d13C values could be due to a decrease in
heterotrophic bacterial biomass or an increase in the total methanotroph biomass. In the Cobham Lignite, hopane concentrations vary
significantly, but neither their absolute abundances (relative to total
lignite) nor their abundances relative to higher-plant n-alkanes covary with their carbon isotopic compositions. In fact, abundances stay
relatively constant during the most marked carbon isotopic shift,
suggesting that the hopane CIE is not due solely to decreased inputs from heterotrophic bacteria but is instead a combination of
decreased heterotrophic bacterial inputs coinciding with increased
methanotroph inputs. As with all proxies, caution must be used when
interpreting biomarker trends; for example, the decrease in d13C
values could also indicate a change in the depositional environment
that favours the preservation of methanotroph-derived hopanoids.
Such an explanation seems unlikely because the shift in d13C values
occurs before any major lithologic change (Fig. 1), and no 13Cdepleted compounds were observed before the PETM. The unusual
dominance of 13C-depleted hopanoids at the PETM is unlikely to be
an artefact of a change in preservation that is unaccompanied by
evidence for a change in depositional environment. Thus, we interpret the shift in hopane d13C values as evidence for increased methanotroph biomass and, possibly, decreased heterotroph biomass.
Because methanotrophy generally tracks methane concentrations21,
the increase in methanotroph hopanes was almost certainly a response to increased methane flux from deeper sediments; in fact,
increased methanogenic organic matter degradation would also be
consistent with the inferred decrease in hopane contributions from
heterotrophic bacteria.
Although the Cobham Lignite is a unique deposit and comparable
records have not yet been explored, it provides a useful analogue of
how such settings might respond to the warming and associated
climatic changes that occurred at the PETM. Higher temperatures
increase the rate of methanogenesis in modern settings22; consequently, warming could have exerted a direct control on methane
release from the Cobham setting and similar environments. Alternatively or additionally, wetter conditions are also associated with
elevated methane fluxes from wetlands, and there is evidence that the
climate local to the Cobham Lignite became wetter at the PETM. The
lower laminated lignite was deposited in a shallow lacustrine/mire
setting, a situation that persisted through the base of the CIE and the
corresponding shift in hopane d13C values. However, in the uppermost 2 cm of the laminated lignite, corresponding to the lowest
hopane d13C values (as denoted by the horizontal grey bar in
Fig. 1), there is a marked decrease in charcoal content and an increase
in clay-rich laminae, which together have been interpreted as
evidence for increased precipitation and/or humidity over the surrounding area23. Deposition of the laminated lignite was followed
conformably by a thin clay and then accumulation of the charcoalpoor blocky lignite. Because the change from laminated to blocky
lignite lithology followed the negative shift in hopane d13C values, it
seems to be an unlikely mechanism for increased rates of methanogenesis. Instead, changes in the hydrological regime (and possibly
warming) could have brought about increased methanogenesis in the
Cobham depositional setting. As there have been several studies suggesting elevated humidity7 or precipitation at the PETM8,24,25, similar
increases in methane cycling could have occurred at other locations.
Potentially, such increased rates of methanogenesis and methanotrophy in continental settings could have contributed to changes in the
global carbon cycle at the PETM.
Recent work, including new records of carbonate compensation
depth shoaling26 and higher-plant biomarker d13C values in Arctic
sediments27, has been used to argue for a greater input of carbon
than that suggested by the methane hydrate model2. Enhanced
terrestrial methane inputs from Cobham and similar settings could
have served as an additional source of carbon, but we consider this
unlikely because increased methanogenesis would probably occur at
the expense of CO2 emissions, and the net carbon input into the

atmosphere would remain constant. However, wetlands are the
dominant natural source of atmospheric methane on the Earth
today22, and increased continental methane emissions could have
been important. Continental methane sources are thought to be
important components of glacial–interglacial changes in atmospheric methane concentrations, with enhanced methane production
in tropical wetlands possibly accounting for 70% of the increase in
atmospheric methane since the last deglaciation28. Although this is
equivalent to only about 250 Gt of methane, the magnitude of methane release from wetlands could have been greater at the PETM if
large quantities of organic carbon had been sequestered in peatlands
during the Palaeocene29; indeed, previous workers have suggested
that increased methane fluxes from wetlands could have contributed
to warming at the PETM3,4,7. In particular, it was argued3 that such an
increased flux contributed to high-latitude warming by the formation of polar stratospheric clouds; given new data suggesting that sea
surface temperatures in the Arctic Ocean were higher than models
have predicted30, the role of atmospheric methane as a positive feedback on climate change could have been significant.
Of course, caution is necessary when extrapolating our observations in the Cobham Lignite to a global scale: many previous workers
have commented on the complex controls governing methane flux
from wetlands and similar environments, with particular emphasis
placed on not just changes in precipitation and temperature but also
vegetation and the antecedent hydrological conditions. However, our
work, especially when combined with globally diverse evidence for
increasing precipitation or continental runoff at the PETM8,25, suggests that terrestrial environments could produce more methane in
response to global warming both at the PETM and in the future.
METHODS SUMMARY
In general, all of the East London Basin sequence from the latest Palaeocene to
the Early Eocene was exposed at Cobham (Fig. 1a) with the sand and mud unit
(S&M), Cobham Lignite (CL) and lower Woolwich Shell Beds (W) all shown in
expanded view in Fig. 1b. Analytical methods employed in this study focused on
the determination of both bulk and specific biomarker carbon isotopic compositions (expressed in d13C notation relative to Vienna Pee Dee Belemnite
(V-PDB) carbonate standard). Carbon isotopic measurements on bulk samples
were obtained with a high-resolution He-continuous flow mass spectrometry
technique (EA-IRMS), and the reproducibility on the standards is better than
60.1%. For biomarker analyses, samples were gently washed with methanol,
powdered and extracted by sonication; resultant lipid extracts were separated
into three fractions on a column packed with (activated) alumina. GC–MS was
performed with a Thermoquest Finnigan Trace GC interfaced to a Thermoquest
Finnigan Trace MS, and GC-IRMS was performed with a ThermoFinnigan
DeltaS. For both, a fused silica capillary column (50 m 3 0.32 mm) coated with
CP-Sil-5 (film thickness 0.12 mm) was used with the following temperature
programme: 40 uC to 140 uC at 20 uC min21, then to 300 uC at 4 uC min21, maintained at 300 uC for 22 min. For compound-specific carbon isotopic analyses, the
reproducibility on the standards is better than 60.3%.
Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
Received 12 December 2006; accepted 8 June 2007.
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METHODS
Stratigraphy. Figure 1a shows a simplified East London Basin sequence from
latest Palaeocene to Early Eocene calibrated to the latest geological timescale31.
All of these units were exposed at Cobham. Figure 1a shows the positions of the
sand and mud unit (S&M), Cobham Lignite (CL) and lower Woolwich Shell
Beds (part of the Woolwich Formation, W), all of which are shown in expanded
view in Fig. 1b. The Cobham Section (Fig. 1b) is underlain by the Upnor
Formation (U), which is dated as latest Palaeocene by means of the occurrence
of calcareous nannoplankton zone NP9 and magnetochron C25n in its lower
part32. The Upnor Formation is separated from overlying units by a major
unconformity marking the Th4/5 sequence boundary33 (unconformities and
missing strata are denoted in Fig. 1a by double undulating lines). The lower
Woolwich Shell Beds, containing the Apectodinium acme (Ap), are overlain
successively by the rest of the Woolwich Formation, the Blackheath Beds (BB),
Oldhaven Member (O) and the London Clay Formation (LC). The last two are
dated by means of the Early Eocene dinocyst zones Gor and Was33,34. See ref. 5 for
a full discussion of the dating.
The presence of calcareous nannoplankton and Ophiomorpha burrows indicates a marine depositional environment for the Upnor Formation. The sand
and mud unit, and both the laminated and blocky lignites and the clay bands of
the Cobham Lignite, were deposited in a freshwater environment as explained in
the text. Furthermore, the sequence boundary (Th4/5) between the Upnor
Formation and the sand and mud unit is major, such that there is no brackish
transition between the two. The sand and mud unit thus represents the initial
filling of an eroded topography during base level rise, saline conditions not
returning until the lower Woolwich Shell Beds.
Analytical methods. The Cobham Lignite and related sediments were collected
and stored as described previously5,10. Carbon isotopic measurements on bulk
samples were obtained with a high-resolution He-continuous flow mass spectrometry technique (EA-IRMS), by means of an elemental analyser EA-1500
(Fisons) coupled with an Optima GV-Micromass MS (described in ref. 35).
The samples were cleaned in methanol in an ultrasonic bath for 10 min and then
dried. The quantity analysed depended on the carbon content in the sample, with
weights between 0.085 and 0.420 mg. Four standards were used to calibrate the
results, two international standards (NBS 21 graphite and IAEA-CO9 barium
carbonate), and two working minerals (a calcite and a graphite), covering a d13C
range from –47 to 13%. The reproducibility on the standards is better than
60.1%. The carbon isotopic composition is expressed also in conventional d13C
notation as per-thousand (%) variations relative to Vienna Pee Dee Belemnite
(V-PDB) carbonate standard.
For biomarker analyses, samples were gently washed with methanol and
powdered with a mortar and pestle. The powdered samples were extracted by
sonication with a sequence of increasingly polar solvents (four times with
dichloromethane (DCM), four times with DCM/methanol (1:1 v/v) and three
times with methanol). The total lipid extracts were separated into three fractions
by using a column packed with (activated) alumina by elution with hexane
(apolar fraction), hexane/DCM (9:1 v/v; 3 ml) and DCM/methanol (1:2 v/v;
3 ml; polar fraction). GC–MS was performed with a Thermoquest Finnigan trace
GC, equipped with an on-column injector and using helium as the carrier gas,
interfaced to a Thermoquest Finnigan Trace MS. A fused silica capillary column
(50 m 3 0.32 mm) coated with CP-Sil-5 (film thickness 0.12 mm) was used.
Samples were injected at 40 uC and the oven was programmed to increase to
140 uC at 20 uC min21 and then to 300 uC at 4 uC min21, at which temperature
it was held for 22 min. The mass spectrometer was operated with electron
ionization at 70 eV and scanning a mass range of m/z 50–700 using a cycle
time of 1.7 scans s21. The interface was set to 300 uC with the ion source at
240 uC. Carbon-isotopic ratios of individual compounds were determined by
gas chromatography–isotope ratio mass spectrometry (GC-IRMS) with a
ThermoFinnigan DeltaS and the same column and run conditions as described
above. d13C values relative to V-PDB were calculated by comparison with a
calibrated CO2 gas; the uncertainties, determined by using co-injected standards,
are 60.3%.
31. Gradstein, F. M., Ogg, J. G. & Smith, A. G. (eds) A Geologic Time Scale 2004
(Cambridge University Press, Cambridge, 2004).
32. Ellison, R. A., Ali, J. R., Hine, N. M. & Jolley, D. W. in Correlation of the Early
Paleogene in Northwest Europe (eds Knox, R. W. O’B., Corfield, R. M. & Dunay, R. E.)
185–193 (Geol. Soc. Lond. Special Publication 101, 1996).
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