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In relation to Arctic warming, the possible occurrence of methane hydrate degassing events has
attracted an increasing interest in recent years. We evaluate the atmospheric impact of rapid and
massive emissions of methane and how they are imprinted in ice core records, by combining for the
first time models of atmospheric chemistry and trace gas transport in firn. Different emission
characteristics as well as climatic conditions (present, pre-industrial, glacial) are considered. The
o isotopic signatures characterizing stable isotopologues of methane DCH; and '>CHy are also analysed.

Our results suggest little effect of clathrate degassing on the main methane oxidant: OH radicals.
Due to the relatively short atmospheric lifetime of methane, the simulated clathrate-induced
perturbations last for less than a century. This time scale is comparable to or shorter than the duration
of air bubble closure in polar ice sheets. As a consequence, rapid methane perturbations in the
atmosphere are strongly smoothed in ice core records. This smoothing mostly depends on the snow
accumulation rate at the site of ice core drilling. We propose a methodology to identify a potential
clathrate degassing event in ice core records. Continuous CH,4 records from high accumulation rate sites
could allow to decipher short time scale events. 6D of CH4 should reveal a typical “lying S” shape at
high accumulation rate sites, reflecting the combined effects of the clathrate source signature (negative
excursion) and subsequent OH fractionation in the atmosphere (positive excursion). The amplitude
ratio of the negative and positive 6D swings recorded in Greenland and Antarctica under similar

accumulation rate conditions could also indicate the latitude of a clathrate degassing event.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Methane is responsible for about a third of the radiative
forcing since pre-industrial times and has the second largest
radiative impact after CO, (IPCC, 2007). This is related to the
strong increase in its atmospheric concentration: by a factor of
approximately 2.5 (from about 700 ppbv to 1780 ppbv) since the
mid-eighteenth century (Etheridge et al., 1998). Natural methane
sources such as wetlands, termites, wild ruminants and biomass
burning (see Dlugokencky et al., 2011, for a review), can also vary
substantially, as revealed by ice core records of the atmospheric
methane budget during glacial-interglacial cycles (e.g., Brook
et al, 2000; Loulergue et al, 2008, and references therein).
However, reconstructing the past methane budget is difficult, as
both sources and sinks may have changed (e.g., Levine et al.,
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2011a; Weber et al.,, 2010). Wetlands are currently the main
natural methane source but some authors put forward the
potential role of other methane sources during past periods.

Methane hydrates are a controversial source (Kennett et al.,
2000; Nisbet, 1990, 2002; O’Hara, 2008). Also called clathrates, they
lie in oceanic sediments and permafrost (see Archer, 2007; Maslin
et al,, 2010, for recent reviews). Recent estimates suggest that 7-
40 x 10° Tg CH,4 (Buffett and Archer, 2004; Milkov, 2004) are stored
as hydrates in the ocean and another 25 x 10° Tg CH, (Buffett and
Archer, 2004) as free gas in the underlying sediments. This is at least
two orders of magnitude larger than the atmospheric methane
reservoir (about 5000 Tg at present). Archer et al. (2009) calculated a
21-27 x 10° Tg CH, best estimate of the clathrate CH, reservoir
including hydrates and free gas below hydrate layers. Methane
hydrate reservoirs in permafrost soils, oil-gas fields and mud
volcanoes are less well known but considered as smaller than
marine reservoirs (Archer, 2007; Etiope and Klusman, 2010;
Maslin et al., 2010). Two sources of evidence support the occurrence
of catastrophic methane releases from hydrates in the recent past:
large scale sediment slope failures and negative anomalies in 6'3C of
benthic and/or planktonic foraminifera shells.
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Maslin et al. (2004) made an inventory of dated submarine
sediment failures (27 events) in the North Atlantic sector for the
last 45 kyr (kilo years). They showed that more than 70% by
volume of these landslides occurred during two periods: the
Bolling Allergd (between 15 and 13 kyr BP) and the Preboreal
(between 11 and 8 kyr BP), two periods when atmospheric
methane concentrations increased rapidly. The Storegga slide (in
the Norwegian continental margin) involved the largest volume
of sediments for the Preboreal period, but recent studies (Biinz
et al., 2003; Paull et al., 2007) suggest that part of them contained
no clathrates, thus leading to a smaller amount of methane
potentially released (about 2 x 10% Tg CH,, not including methane
dissolved in the sediment pore water, Paull et al., 2007).

As dissolved methane in marine water after a degassing event
bears a very negative 5'>C isotopic signature, its following con-
sumption by bacterial metabolism leaves a negative 6'>C anomaly
in foraminifera shells. Several authors found anomalous J'3C
signatures in both benthic and planktonic foraminifera at different
locations (e.g., Kennett et al., 2000; Maslin et al., 2005; Smith et al.,
2001), and interpreted them as resulting from episodic massive
hydrate dissociation. Estimates of the amount of methane dissolved
in the ocean, which could generate such anomalies, range between
10 and 200 Tg CH,4 (de Garidel-Thoron et al., 2004; Kennett et al.,
2000; Prokopenko and Williams, 2004). These methane releases
spanned over at least a decade. How much of the escaped methane
could have reached the atmosphere, however, remains unknown. As
an example, Kessler et al. (2011) conclude that the methane released
during the Deepwater Horizon oil spill was entirely consumed by
deepwater bacterias. Finally, several studies questioned the hydrate
dissociation interpretation of the §'>C records in sediment cores
(Cannariato and Stott, 2004; Stott et al., 2002; Torres et al., 2003)
and complementary proxies (e.g., radiocarbon or 4'>C of total
organic carbon) are needed (see Uchida et al., 2008; Zeebe, 2007,
for recent discussions).

Air bubbles trapped in polar ice provide an almost direct
record of atmospheric methane over the Ilast 800 kyr
(e.g., Loulergue et al., 2008). Several approaches have been used
to investigate the signature of an atmospheric methane pulse
from clathrates in ice core records. Thorpe et al. (1996) modelled
the atmospheric response to a 4000 Tg methane input in glacial
conditions and found that the perturbation would last for about
50 yr. Before being trapped in bubbles, the air slowly diffuses in
the firn, from the surface down to the close-off zone. The bubble
enclosure also takes place progressively. Hence, fast variations of
the atmospheric signal are partly smoothed out. For instance
Spahni et al. (2003) compared high-resolution records of the
8200 yr BP CH4 minimum and inferred a 34-59% attenuation at
the low accumulation rate Dome C site with respect to GRIP.
Thorpe et al. (1996) represented the smoothing effect as a
weighted average. They concluded that an ice core sampling
interval of about 300 yrs was too long to detect the simulated
methane spike from catastrophic hydrate degassing. Brook et al.
(2000) used a similar atmospheric scenario and other hypothe-
tical histories as input to a firn model (Severinghaus et al., 1998)
adapted to the GISP2 (Greenland) and Taylor Dome (Antarctica)
ice core sites. They concluded that these scenarios are incon-
sistent with the GISP2 methane record, but that the lower
resolution Taylor Dome signal does not entirely rule out a
Southern Hemisphere clathrate release. Over the last decade,
the increasing number of ice core records with sampling frequen-
cies of a few centuries (e.g., Brook et al., 2005; Fliickiger et al.,
2002; Loulergue et al., 2008), or even a few years (Schiipbach
et al., 2009) or decadal resolution on specific methane events (e.g.,
Brook et al., 2000; Fliickiger et al., 2004; Spahni et al., 2003)
rendered the missing of a massive methane emission event
increasingly unlikely, at least for the last 50,000 yrs.

Methane hydrates have a specific deuterium isotopic signature
(6D¢y,) of about —190%., versus about —290%. for mean of other
sources (Fischer et al., 2008; Milkov, 2005). Sowers (2006) published
the first measurements of 6D, in ice cores and used a box model
including methane isotopes to compare the measured variations
with a theoretical response to methane release from clathrates. He
concludes that his dataset, which includes three rapid warming and
methane increase events (at 11.5, 14.7 and 38.4 kyr BP), are
inconsistent with clathrate emissions. Bock et al. (2010) further
exclude clathrates from being the cause of rising CH4 concentrations
at the onset of Dansgaard-Oeschger events 7 and 8. Using "*Cg,
measurements in ice, which allow to constrain the fossil fraction of
methane sources, Petrenko et al. (2009) conclude that wetland
sources were likely responsible for the majority of the Younger
Dryas-Preboreal CH, rise. The correlation between rapid variations
of methane and nitrous oxide (Fliickiger et al., 1999, 2004; Sowers
et al., 2003; Spahni et al., 2005), another greenhouse gas which has
no hydrate source, provides another argument against the clathrate
hypothesis (Lambert et al., 2006). In conclusion, no clear evidence of
a methane release from clathrates has been found so far in ice core
records, but some events might have been missed due to sampling
resolution and the smoothing effect of firn.

Here, we further investigate the atmospheric and ice-core
responses to an hypothetical methane release from hydrates, using
both an atmospheric chemistry model and a model of trace gas
transport and trapping in firn. The two minor stable isotopes of
methane (DCH;3 and '3CH,), which reflect additional aspects of the
methane budget, are also simulated for the first time. Multiple model
runs are performed in order to test the effects of varying emission
characteristics (intensity, duration, and latitude), climate conditions
(present, Pre-Industrial Holocene (PIH), and Last Glacial Maximum
(LGM)) and gas trapping conditions at five ice-core drilling sites. This
leads us to identify the most characteristic signals in ice cores
pinpointing the signature of a massive methane release from
hydrates.

2. Models description
2.1. The atmospheric chemistry model

We use the global two-dimensional (zonally averaged) chemistry-
transport-radiation model of Brasseur et al. (1990) and Martinerie
et al. (1995). It extends from the Earth surface to 85 km altitude. The
time step is 15 days. The model has been updated recently, especially

Table 1

Methane budget for the three simulated periods: present (ACT), Pre-Industrial
Holocene (PIH) and Last Glacial Maximum (LGM). The atmospheric isotopic
signatures 5‘3CCH4 and 0Dg,, were derived from Fischer et al. (2008) and
Sowers (2006). Variables denoted ¢ are the model-derived methane equilibrium
flux and the isotopic signatures of the '>*CH4 and DCH; fluxes. Variables denoted ©
depict the calculated chemical lifetimes of methane and its stable isotopes.

Budget parameter ACT PIH LGM
[CH.] (ppb) 1675 724 362
53Cq, (%) —475 —463 428
Dy, (%) ~90 ~100 —80
Dy, (Tglyr) 523 242 137
513C(De,) (%) —53 -515 —485
SD(PCH,) (%) ~300 ~310 296
[OH]moy (mol/cm?) 12.2x10° 13.8 x10° 15.7 x 10°
Ten, (Y1) 8.17 7.70 6.89
Tisgy, (V1) 8.22 7.74 6.93
TpcH, (YT) 10.7 10.1 9.05
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its chemical and photochemical reaction rates (Martinerie et al.,
2009). The calculated methane lifetime for present-day conditions
(Table 1) is consistent with the IPCC (2007) estimate of 8.7 + 1.3 yrs.
Boundary conditions from Martinerie et al. (1995) are used for the
three simulated time periods. A major change in the past methane
budget estimates since that study is the discovery of the large
potential influence of volatile organic compounds (VOC) (Adams
et al,, 2001; Lathiere et al., 2005) on the dominant methane sink:
the hydroxyl radical (Kaplan et al., 2006; Valdes et al., 2005). Such
influence may be tempered since Lelieveld et al. (2008) reported
unexpectedly high OH concentrations above the Amazon forest,
indicating that VOC oxidation efficiently recycles OH in low-NO,
environments. Moreover recent laboratory studies emphasize a CO,
inhibition effect on isoprene emissions from plant leaves, which may
have offset the strong temperature effect at least partially during
glacial times (Arneth et al., 2007; Wilkinson et al., 2009). Published
estimates of the change in OH mean concentration between the pre-
industrial and last glacial periods are listed in the Supplementary
material (Table S.1). Most models predict increased OH levels at Last
Glacial Maximum. Our updated model produces a 14% increase
(Table 1), which is somewhat lower than its previous version (20%,
Martinerie et al.,, 1995) and the recent simulations which include a
strong effect of VOCs (25-28%, Kaplan et al., 2006; Valdes et al., 2005).
The updated model also leads to slightly higher OH at pre-industrial
than present (+10%), in contrast with previous results (— 15%). These
values are within the range of other model results (e.g., Harder et al,,
2007; Thompson et al, 1993, and references therein). The above
mentioned changes in OH remain much smaller than the changes in
methane concentrations, implying that methane sources must play a
major role on its concentration changes.

The fluxes of CH,4, >*CH, and DCHj; required to produce steady
state concentrations specified from ice core data (Table 1) were
first calculated. They are expressed as net fluxes (emissions minus
non modelled sinks) needed to compensate the modelled atmo-
spheric sink (in the troposphere and the stratosphere). Note that
the tropospheric Cl sink is incompletely modelled as the marine
boundary layer Cl sink, driven by a complex heterogeneous source
of chlorine (e.g., Allan et al., 2007) is not represented. We then
added to these fluxes a pulse representing a clathrate emission.
513CCH4 and 0Dy, isotopic signatures for the clathrate emission
were specified as —60%. and —189%. respectively (Fischer et al.,
2008; Sowers, 2006, and references therein). The atmospheric
fractionations by OH and CI are taken into account for 13CH, and
DCHs (Sander et al., 2006; Saueressig et al., 1995). The missing
marine boundary layer chlorine in our model is unlikely to have a
significant impact on our results as estimated changes in 513CCH4
due to past changes in this minor methane sink (Levine et al.,
2011b) are an order of magnitude lower than clathrate induced
éi”CCH4 perturbations (see Section 3.2). Due to its lower reac-
tion rate with OH, DCH3 has a significantly longer lifetime than
methane (Table 1). As will be seen in the following, this
has important consequences on the oD signature of a clathrate
degassing event.

2.2. The model of trace gas transport and trapping in firn

The above simulated atmospheric concentration trends are
used as input to a model of trace gas transport in firn including
progressive bubble enclosure (Witrant et al., 2011). This model
showed very good performances in a recent inter-comparison
study (Buizert et al., 2012). The two major processes leading to
trace gas mixing in ice cores are gas transport in interstitial air of
the firn (mainly controlled by firn diffusivity) and bubble close-off
which occurs progressively within the deepest 5-10 m of the firn.
The progressive air trapping in bubbles is simulated based on
present-day open/closed porosity observations at three polar sites

(Goujon et al., 2003). It depends at first order on the firn sinking
speed and thus the accumulation rate. In this study, we apply the
model to five well constrained drill sites (Martinerie et al., 2009;
Witrant et al., 2011) covering a large range of temperatures and
accumulation rates, and thus firn smoothing rates. Two of these
sites are located in the Arctic (Devon Island and North GRIP), the
three others are Antarctic sites (Berkner Island, Dronning Maud
Land and Dome C). Firn diffusivity can be determined only for
present-day climatic conditions. We thus use the same site
characteristics (diffusivity, accumulation, temperature) for all
simulated periods. This leads to likely under-estimated smooth-
ing effects for LGM simulations, due primarily to the reduced
snow accumulation rates at all sites. We thus further simulate the
most arid and cold conditions at Dome C using reduced (LGM
level) temperature and accumulation rate.
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Fig. 1. Atmospheric trends in methane concentration (upper panel), 6Dy,
(middle panel) and (313CCH4 (lower panel) at high latitudes. Continuous (green
online) lines: 75°N, 3 km altitude and referring to the left scale, dashed (blue
online) lines: 75°S, 3 km altitude and referring to the right scale for methane. The
methane emission from clathrates (4000 Tg in one time step) occurs at 65°N in
March, in LGM climatic conditions. Horizontal lines on upper panel show the
theoretical global mean CH4 concentration just after clathrate emission
(1790 ppb).



J. Bock et al. / Earth and Planetary Science Letters 349-350 (2012) 98-108 101

15 (700 oo 1500 / 800 15 ” 1
L
L 900 1600
(—19%° CTIIITN
o T f % gt
~ 10 i700, E 10 ¢ </ fod” o7, e
£ — — s //z"“_”;\// Lo
f 1400 1500 ° —-10- ¢ bl '
1800—| T . !
s T oL
E s 5 R
5 5| 12 s} )
3 .
™
1400 1500 1800 /-\1900‘ ; -3
0 A . | . . . 0 . L . . .
60s 30s EQ 30N 60N 60s 30s EQ 30N 60N
Latitude Latitude

Fig. 2. Methane concentration (ppb, left panel) and OH difference from the equilibrium field (%, right panel), 1 yr after an emission from clathrates (4000 Tg CH4 in one

time step, at 65°N in March, in LGM climatic conditions).

Table 2

Atmospheric methane response to a clathrate emission. The first column indicates the simulated period. The second column shows the characteristics of the emission
(latitude, intensity and duration). The peak amplitude shows the maximum CH, increase at 75° latitude in the hemisphere of the clathrate emission and [CH,]"°°
amplitude shows the increase in annual mean tropospheric methane (years start at pulse emission date). The numbers following + signs indicate the amplitude variations
due to the season of the clathrate emission. Peak width is the time required for global tropospheric methane to decay back to 10 ppb above its baseline level (10 ppb is the
uncertainty on CH4 measurements in ice cores, e.g. Spahni et al., 2003). The last column shows the maximum change in CH4 mean annual lifetime.

Period Conditions Peak amplitude [CH4]™°P° amplitude Peak width Tmax amplitude
(ppb) (ppb) (yrs) (yrs)
ACT 65°N 4 x 103 Tg, pulse 13,042 + 1100 1437 + 130 60 11
ACT 15°S 4 x 103 Tg, pulse 3244 +155 1440 + 10 62 1.3
ACT 65°N 4 x 10> Tg, 10 yr 2903 861 65 0.9
ACT 65°N 4 x 10> Tg, 50 yr 2062 306 92 0.5
ACT 65°N 1 x 10° Tg, pulse 4222 380 43 0.5
ACT 65°N 1 x 10* Tg, pulse 27,029 3846 75 2.7
PIH 65°N 4 x 10> Tg, pulse 12,106 + 1120 1444 + 130 55 2.7
PIH 15°S 4 x 103 Tg, pulse 2334+ 155 1439+9 57 23
PIH 65°N 4 x 10° Tg, 10 yr 1951 850 60 1.6
PIH 65°N 4 x 10% Tg, 50 yr 1095 284 87 0.7
PIH 65°N 1 x 10° Tg, pulse 3274 381 39 0.7
PIH 65°N 1 x 10* Tg, pulse 26,088 3874 70 5.0
LGM 65°N 4 x 10> Tg, pulse 9587 +2220 1415+ 163 40 33
LGM 15°S 4 x 103 Tg, pulse 1981 + 155 1427 + 30 42 2.3
LGM 65°N 4 x 10% Tg, 10 yr 1436 767 45 13
LGM 65°N 4 x 10° Tg, 50 yr 646 230 79 0.6
LGM 65°N 1 x 10 Tg, pulse 1768 363 31 0.7
LGM 65°N 1 x 10% Tg, pulse 14,468 3713 52 53

3. Atmospheric impact of a large methane emission

In order to compare our results to those of Thorpe et al. (1996),
we first used the same emission characteristics: a single time-step
(15 days) emission of 4000 Tg CH4 at 65°N in March, for the LGM
period. We then tested the influences of the emission latitude
(65°N or 15°S), season, intensity (1000-10,000 Tg CH4) and
duration (15 days to 50 yrs) for three climatic periods (present,
PIH and LGM). Long simulations lasting for 142 to 202 yrs were
performed to ensure complete stabilization of methane and its
stable isotopic ratios before and after the pulse emission. In the
firn model, equilibrium concentrations are used during longer
time periods (see Section 4).

3.1. Atmospheric methane

As in Thorpe et al. (1996), very high concentrations, which can
exceed 10,000 ppb, are obtained in the clathrate emission region
one model time step after the pulse. The CH4 spike is then more
quickly diluted by atmospheric transport (in about a year, see
Fig. 1) than destroyed (in about 7-8 yrs, see Table 1). The atmo-
spheric mean concentration, assuming complete mixing and

before a significant effect of the atmospheric sink, can be
calculated from the emission flux and the atmospheric mass. A
4000 Tg CH,4 emission results in a 1433 ppb increase in CH4 global
mean concentration. Methane concentrations rapidly reach values
within a few hundred ppb of this theoretical mean (Fig. 1). One
year after the emission, the inter-polar concentration gradient is
reduced to about 600 ppb (Fig. 2). This is lower than the
equivalent gradient obtained by Thorpe et al. (1996): about
1500 ppb. However, our present-day modelled meridional trans-
port has been validated with long-lived halocarbon transport
(Martinerie et al., 2009). We obtain fairly similar values of the
inter-polar concentration gradient for other simulated periods
(about 800 ppb at present and PIH) despite the changes in OH and
inter-hemispheric transport during the LGM. As a result of this
fast atmospheric mixing and the smoothing effect of the firn, the
latitude of the clathrate emission leaves no specific imprint in the
ice core records of the methane mixing ratio (see Section 4.1).
Thus in the following we will mostly discuss yearly averaged
tropospheric mean results.

Table 2 displays the amplitudes and widths of methane
perturbations for different simulations. The mean tropospheric
amplitudes following a pulse emission are mostly independent
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from the emission latitude and season and from climate condi-
tions. These amplitudes largely exceed the recorded variations of
methane concentrations in ice cores except for the 1000 Tg pulse
emission and the 4000 Tg 50 yrs long emission.

The methane peak widths are primarily related to the OH
levels and thus the methane lifetimes. Methane lifetime itself is
affected by the amount of methane emitted, which reduces the
global tropospheric OH. This effect can be evaluated using a
simple global tropospheric mass balance calculation:

[CH4](f))

0 M

[CH4l(t+AD) = [CH4](t)+At(<p(t)—
where @ represents the time-dependent methane emission and
the equilibrium methane lifetime for the considered climatic
period (see Table 1). The full set of results of such calculations
for methane and its isotopes are provided in the Supplementary
material (Tables S.2 and S.3). This effect leads to increased peak
widths by 9-23 yrs in present and pre-industrial conditions, but
we obtain only 3-9 yrs widening in LGM conditions. Test simula-
tions showed that this non-linearity is independent from climatic
parameters (temperature, winds, and water vapour) but disap-
pears if NO, emissions are slightly decreased to their PIH values in
LGM simulations. Thus the complex coupling of the CH4~HO,-NO,
chemistry renders the effect of methane lifetime changes difficult
to predict. Thorpe et al. (1996) obtain a somewhat longer return
time to equilibrium than ours for LGM conditions (by about 10-
20 yrs). The above non-linearity may contribute to this difference.
Moreover their CH, equilibrium lifetimes are higher than ours,
probably due to the re-evaluation of the CH,+OH reaction rate
since 1996. Overall, the effect of the methane sink perturbation is
relatively small. The decrease in tropospheric OH is proportionally
much smaller than the methane increase (Fig. 2). Using a three-
dimensional chemistry transport model, Isaksen et al. (2011)
performed several simulations involving strongly enhanced Arctic
methane emissions. The hydrate release scenario used involves a
stronger and longer emission than in our study: 50,000 Tg CH,4 in
1 yr, which induces a larger perturbation of the methane lifetime
(increase by a factor 2.34). However, our results are roughly
consistent with the relationship between methane burden and
lifetime illustrated in Fig. 1 of Isaksen et al. (2011). We should note
the enhanced OH concentrations in the upper troposphere after a

Table 3

clathrate emission (Fig. 2). This counter-intuitive feature is likely
due to the enhanced water vapour production from methane
oxidation, which favours the O(!D) reaction with H,0, leading to
two OH radicals. This also induces increased concentrations of
tropospheric ozone (see Supplementary Fig. S.2). Similar behaviours
of upper tropospheric OH and Os are obtained for the three
simulated periods as well as by Isaksen et al. (2011) and Thorpe
et al. (1996). Varying clathrate emission intensity has an almost
linear effect on tropospheric mean CH4 peak amplitude. This can be
easily seen in Table 2 by comparing the effects of the 1000 and
10,000 Tg emissions.

The 6'3C records in foraminifera suggest that such events
could have lasted for at least a decade (see Section 1). Methane
emissions spread out (equally) over 10-50 yr were thus simu-
lated. The tropospheric methane concentration then increases
continuously until the end of the degassing. It results in lower
amplitudes and longer durations of the CH4 perturbations (see
Table 2 and Supplementary Fig. S.1).

3.2. Atmospheric responses of methane stable isotopes

Immediately following a 4000 Tg pulse emission, 3">Cgy, and
0D¢y, tend toward the clathrate source signatures (—60%. and
—189%. respectively, see Fig. 1) in the region of the emission. The
minimum mean tropospheric values are higher ((313CC,_,4 = —57.5%0
and 6D¢y, = —170% in LGM simulations) and climate-dependent.
Because methane from hydrates dilutes into a larger atmospheric
reservoir, mean tropospheric signatures at pre-industrial (513CCH4 =
~56.5%0 and 3D, = —165%) and present-day (6" Cqy;, = —54.5%o
and 6D¢y, = —145%o0) are higher.

The return to equilibrium of isotopic signatures mainly results
from two factors: fractionation by OH, which react faster with
12CH, than its heavier isotopologues and mixing with methane
emitted by stationary sources. This induces different behaviours
for 513CCH4 and 6Dy,. The clathrate methane source 03¢ signa-
ture is more negative than the mean signature of other methane
sources (see Table 1), thus both source mixing and fractionation
by OH lead to a reduction of §"*Cgy,. This results in a §"*Cgy,
return to equilibrium similar to the one of methane, albeit with
opposite sign and slightly faster. In contrast, the clathrate
methane source 6D signature is less negative than the mean

Mean tropospheric annual average response of 513CCH4 and 6Dy, to a clathrate emission. A stands for amplitude and W for width of the peaks. For 6Dgy,, A~ and W~
characterize the negative excursion from equilibrium and A* and W characterize the positive excursion (see Fig. 1). Widths are defined as the time required to return to

within 0.1 %o of equilibrium value for ¢$]3CC,_,4 and 1 %o of equilibrium value for 6Dy, .

Period Conditions A10) W (513C) A~ (6D) W~ (6D) AT (D) W™ (6D)
(%) (yrs) (%) (yrs) (%) (yrs)
ACT 65°N 4 x 10° Tg, pulse —57+03 24 —44+2 7 32+3 77
ACT 15°S 4 x 10° Tg, pulse —5.7+0.1 24 —43+0 36+0 79
ACT 65°N 4 x 10° Tg, 10 yr -35 29 —-15 12 31 75
ACT 65°N 4 x 10° Tg, 50 yr —1.1 61 -3.7 13 20 100
ACT 65°N 1 x 10° Tg, pulse -23 19 -17 6 10 59
ACT 65°N 1 x 10* Tg, pulse —-86 27 —66 8 72 94
PIH 65°N 4 x 10> Tg, pulse —-9.0+03 27 —57+2 6 66 +5 81
PIH 15°S 4 x 10° Tg, pulse -9.0+0 27 —-55+0 73+1 83
PIH 65°N 4 x 10° Tg, 10 yr —-6.1 32 —22 12 64 80
PIH 65°N 4 x 10> Tg, 50 yr -23 64 -6.1 12 43 107
PIH 65°N 1 x 10> Tg, pulse —47 22 -28 6 22 65
PIH 65°N 1 x 10* Tg, pulse —11 32 -72 7 135 98
LGM 65°N 4 x 10° Tg, pulse —14+04 27 —83+3 6 123+ 10 75
LGM 15°S 4 x 10° Tg, pulse —14+0 27 —82+1 13542 76
LGM 65°N 4 x 10° Tg, 10 yr -10 32 -39 12 120 74
LGM 65°N 4 x 10° Tg, 50 yr —46 68 —13 12 70 104
LGM 65°N 1 x 10° Tg, pulse —86 25 —-51 5 41 63
LGM 65°N 1 x 10* Tg, pulse —-16 33 -96 8 223 88
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signature of other methane sources. Just after the pulse emission,
an initial negative excursion of 6Dy, reflecting the source
signature is obtained. Then the following years show a dominant
effect of OH fractionation, leading to a progressive increase in
0Dy, and signatures exceeding the equilibrium 6Dy, value (see
Fig. 1). Afterwards, mixing with methane from other sources
induce a decrease in 6D, back to the equilibrium level.

Analogues of Eq. (1) can be used for >CH, and DCH5. They lead
to global mean isotopic signatures overall consistent with model
results (see Supplementary Table S.3), although less accurate for
0D¢y,- This is likely due to the strongly temperature-dependent
DCHj3 fractionation by reaction with OH, which is not represented
in simplified equations such as Eq. (1). These simple calculations
allow to test the above interpretations and to investigate lifetime
effects on (513CCH4 and 6D¢y, peak widths. Using the overall
methane lifetime instead of the individual lifetimes of the
isotopes removes the effect of fractionation by OH. It leads to
peak widths much closer to the CH4 peak widths for both isotopes
(see Supplementary Table S3). Thus the reduced length of the
perturbation for §'*Cgy, and its increased length for 6Dy, are
mostly due to fractionation by OH.

As for methane, varying latitude and season of clathrate
emission have a small influence on global mean §C;, and
0Dy, peak amplitude and width. Increasing emission intensities
lead to similarly shaped perturbations with increasing amplitude
and width, but in contrast with methane, the increase is not
linear. For instance the minimum 513CCH4 and 6Dy, values cannot
be lower than the hydrate source signature, inducing a saturation
effect on negative peak amplitudes. In addition, progressive
clathrate emissions tend to delay and to reduce the atmospheric
extrema while increasing the perturbation length.

3.3. Radiative forcing

The radiative code associated with our two-dimensional atmo-
spheric model (Wang et al., 1991) is a band model dedicated to
global climate simulations. In this section, we discuss its

Table 4

Radiative forcing (RF) of background methane (W/m?). IPCC direct forcings are
calculated with the formula in Table 6.2 of IPCC (2001, p. 358), using the same
concentrations as in our model (Table 1).

performance and evaluate both the direct and indirect radiative
impacts of a methane emission from clathrates. It has been shown
(IPCC, 2001) that band models overestimate the direct radiative
forcing (RF) in comparison to line by line models. This effect was
evaluated by comparing our present versus PIH RF with best
estimates (IPCC, 2001, 2007). The results shown in Table 4
indicate a 30% overestimation by our model, which is consistent
with the IPCC (2001) conclusion that band models generally
overestimate direct RF by up to 50%. As a consequence, the
simplified formula from Table 6.2 in IPCC (2001, p. 358), provid-
ing more consistent results with line by line models, is also used
to estimate the direct RF of methane, and compared with our
model results (Supplementary Table S.4).

For a 4000 Tg methane pulse, direct radiative forcing reaches a
comparable amplitude (at present) or nearly twice the amplitude
(for LGM) of the increase in methane RF between PIH and
present (0.48 W/m?, IPCC, 2007). Due to a saturation of some
CH, absorption bands, the radiative forcing decreases with
increasing background methane concentration. Our global mean
RF for the LGM is comparable to the one calculated by Thorpe
et al. (1996): 1 W/m?, at a latitude distant from the clathrate
emission (85°S).

Fig. 3 illustrates the total (direct+indirect) radiative impact of
a methane release from clathrates calculated with our model.
Here the indirect RF arising from chemical feedbacks linked to
methane oxidation is taken into account. IPCC (2001) suggests
that the total RF of methane is 20-75% larger than its direct RF.
Consistently with this large interval, our result lead to a total RF
about 50% higher than the direct RF. Although the total radiative
forcing due to a 4000 Tg CH,4 burst can reach important values (up
to 1.6 W/m?), its short duration likely limits its impact due to the
inertia of the climate system in terms of feedback processes.
A 50yr long emission increases the perturbation duration but
strongly decreases its amplitude (Fig. 3). When integrated over
time, cumulative perturbations for all simulations using the same
climate conditions and a total emission of 4000 Tg CH, are
somewhat similar (within + 25%).

4. Ice core record of a large methane emission
In this section, we aim at identifying ice core signal features

that could best characterize methane hydrate destabilization
events. The firn model was forced with concentrations computed

Reference ACT-PIH PIH-LGM by the atmospheric model at high latitudes. The atmospheric
model simulations discussed above were performed over a
REg REG! REGc RF! sufficiently long time period (up to 200 yrs) to ensure a return
— to equilibrium of methane concentrations and isotopic ratios. The
%ai;“;tlﬁldle et al. (1995) 8.2421 g'gg g'gg g'gg model of trace gas transport in firn was run for even longer time
IPCC (2003,1 2007) 0.44 0.58-0.84 026 w periods (up to 3800 yrs for Dome C) in order to reach full trapping
in ice of the atmospheric perturbation. We used the equilibrium
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Fig. 3. Radiative forcing due to a methane emission from clathrates. Left panel: pulse emission, right panel: 50 yrs long emission (4000 Tg CH,4 at 65°N starting in March).
Black(Red online): present conditions, dark grey(green online): PIH, light grey(blue online): LGM. Note the different vertical scales.
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concentrations reached by the atmospheric model to extend the
input concentration trend used by the firn model.
4.1. The methane signal in ice-cores

The diffusion into the firn of an atmospheric perturbation is
driven by the concentration gradient between the upper and
lower firn. Due to the depth dependence of firn porosity and
tortuosity, this process is fast in the upper firn (a few days to a
few months) and much slower in the bubble close-off zone
(several decades). The diffusion process occurs in both directions.
Thus when the atmospheric methane concentration decreases,
CH,4 diffuses out of the firn. Our firn model is able to reproduce
such a feature, as demonstrated in the case of CH3CCl; changes
over the last decades (Buizert et al., 2012; Witrant et al., 2011).

Because gas transport in firn and bubble closure smooth
atmospheric trace gas variations, a strongly reduced methane
peak height ( ~ 30% of the mean tropospheric amplitude at Devon
Island and only ~ 5% at Dome C, taking the two extremes among
the studied sites) is obtained in ice for a pulse emission (Fig. 4,
upper panel and Table 5). This peak amplitude is most sensitive to
the simulated firn site (Fig. 5): an important increase is observed
with the local snow accumulation rate (30 cm w eq yr~ ' at Devon
Island and 3.6 cm w eq yr~! at Dome C). Using LGM temperature
and accumulation conditions at Dome C (—64 °C,1.2 cmweq yr~},
Parrenin et al., 2007) further reduces the methane peak height to
~ 1% of its atmospheric value. The full set of results for North GRIP
(17 cm w eq yr— '), Berkner Island (13 cm w eq yr— ') and Dronning
Maud Land (7 cm w eq yr~!) is provided in Supplementary Table
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S.5 and shows intermediate values between Devon Island and
Dome C. This is related to the bubble close-off duration: in our
model, 90% of the firn bubbles close in the bottom 6-9 m of the
firn. The time needed for a given firn layer to cross this bubble
closure zone ranges from 20 yrs at Devon Island to 620 yrs at Dome
C (with LGM accumulation). The reduction in peak amplitude is
related to the short duration of the perturbation: the amplitude of
a methane emission from hydrates during 50 yrs is fully preserved
at Devon Island and reduced to 22% of the tropospheric mean
concentration at Dome C (7% with reduced LGM accumulation). For
this 50 yrs emission, the reduction of amplitude is 75% larger at
Dome C than at North GRIP in interglacial conditions. This is
qualitatively consistent with the 34-59% reduction between GRIP
and Dome C observed by Spahni et al. (2003) for a longer (100-
150 yrs) atmospheric perturbation. In contrast with peak ampli-
tude, peak widths are markedly longer in ice than in the atmo-
sphere (up to a factor of 6-8 for a 10,000 Tg pulse emission at
Dome C). This widening increases the likeliness of detecting
hydrate events through discrete sampling of ice cores.

Absolute peak amplitudes (in ppb) and widths (in metres of
ice) in the ice vary little with the duration of the emission if the
total emission is unchanged (Table 5). This integrator behaviour
of the firn limits the possibility of reconstructing the character-
istics of a short atmospheric perturbation from a single ice core. In
contrast, pulse emissions of increasing intensity produce ice core
signals of increasing intensity and width. The peak characteristics
vary much less with the time period (present, PIH or LGM) or
latitude of the emission at a given site than from site to site, in
relation with their varying accumulation rates. As expected, the
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Fig.4. CHy, 6D¢y, and 513CCH4 signals in ice cores following a 4000 Tg CH,4 pulse emission at 65°N in March. Black(Red online): present conditions, dark grey(green online):
PIH, light grey(blue online): LGM. “Acc” values below are accumulation rates in cm w eq yr~ . Left panel: Arctic sites (Devon Island: continuous lines, acc=30, North GRIP:
short dashed lines, acc=17); right panel: Antarctic sites (Berkner Island: continuous lines, acc=13, Dronning Maud Land: short dashed lines, acc=7, Dome C: long dashed
lines, acc=3.6. the lightest grey lines(purple lines online) show the Dome C results with reduced (LGM) temperature and accumulation rate (acc=1.2). Note the different

vertical scales.



J. Bock et al. / Earth and Planetary Science Letters 349-350 (2012) 98-108

Table 5

105

Amplitudes and widths of methane, (513CC,1,4 and 6Dy, perturbations recorded in ice at Devon Island and Dome C. Notations and peak detection limits are the same as in
Table 3. The values calculated for North GRIP, Berkner Island and Dronning Maud Land are provided in the Supplementary material, together with their conversion in
fraction of the mean tropospheric peak amplitude and duration. LGM2 denotes Dome C simulations with reduced temperature and accumulation rate.

Period Conditions CH, o3¢ H, o3¢ CH, 0D¢y, 0D¢y,

A w A" w+ A~ w- A" w+ A~ w-

(ppb) (m) (%) (m) (%) (m) (%) (m) (%) (m)
Devon Island
ACT 65°N 4 x 10° Tg, pulse 446 +43 36 0.7+0.1 18 -33+0.2 18 20+2 30 -6+1 11
ACT 15°S 4 x 10° Tg, pulse 397 +3 36 0.7+0 18 -2.7+0 17 23+0 33 -2+0 6
ACT 65°N 4 x 10° Tg, 10 yr 430 36 0.7 18 -3.1 18 19 30 -58 10
ACT 65°N 4 x 10> Tg, 50 yr 315 42 0.5 16 -18 25 15 35 -24 9
ACT 65°N 1 x 10° Tg, pulse 110 27 0.2 7 -0.9 14 6 23 -15 5
ACT 65°N 1 x 10* Tg, pulse 1207 43 16 24 —-6.8 20 47 37 -134 12
PIH 65°N 4 x 10° Tg, pulse 440 +40 35 1.2+0.1 21 -6.5+04 20 40+4 34 -10+1 11
PIH 15°S 4 x 10° Tg, pulse 387+3 35 12+0 21 -55+0 19 48 +1 37 -3+40 6
PIH 65°N 4 x 10° Tg, 10 yr 421 35 12 21 —6.2 20 40 34 -9 11
PIH 65°N 4 x 10° Tg, 50 yr 300 41 0.9 19 -338 27 32 40 -3 10
PIH 65°N1 x 10° Tg, pulse 106 26 0.3 12 -2.0 17 13 28 -2 7
PIH 65°N 1 x 10* Tg, pulse 1228 42 2.6 26 -11.8 22 87 40 -19 13
LGM 65°N 4 x 10° Tg, pulse 360 + 52 32 1.2+02 19 —10.7 +0.9 22 59+6 32 —-19+4 13
LGM 15°S 4 x 10° Tg, pulse 32248 31 13+0 20 -9.6+0.1 22 7142 36 -7+1 9
LGM 65°N 4 x 10° Tg, 10 yr 335 31 12 19 —-10.1 22 59 33 -16 12
LGM 65°N 4 x 10° Tg, 50 yr 241 38 0.9 18 -6.7 30 47 40 -7 12
LGM 65°N 1 x 10° Tg, pulse 81 23 0.4 12 -3.6 19 21 28 -4 8
LGM 65°N 1 x 10* Tg, pulse 1019 38 2.9 25 -17.1 24 119 38 -33 14
Dome C
ACT 65°N 4 x 10° Tg, pulse 73+8 14 0 0 -04+0.1 7 5+1 12 0 0
ACT 15°S 4 x 10° Tg, pulse 88+2 15 0 0 -05+0.1 8 5+0 12 0 0
ACT 65°N 4 x 10° Tg, 10 yr 71 14 0 0 -04 7 5 12 0 0
ACT 65°N 4 x 10° Tg, 50 yr 69 14 0 0 -03 6 5 12 0 0
ACT 65°N 1 x 10° Tg, pulse 19 7 0 0 —-0.1 0 1 5 0 0
ACT 65°N 1 x 10* Tg, pulse 213 19 0 0 -1.1 10 12 16 0 0
PIH 65°N 4 x 10° Tg, pulse 69+8 14 0 0 -09+0.1 10 11+1 16 0 0
PIH 15°S 4 x 10° Tg, pulse 84+2 15 0 0 -1.1+0 11 11+0 16 0 0
PIH 65°N 4 x 10° Tg, 10 yr 67 14 0 0 -0.8 10 11 16 0 0
PIH 65°N 4 x 10° Tg, 50 yr 63 13 0 0 -0.38 10 11 16 0 0
PIH 65°N 1 x 10° Tg, pulse 17 7 0 0 -02 5 3 9 0 0
PIH 65°N 1 x 10* Tg, pulse 213 19 0 0 -25 17 26 21 0 0
LGM 65°N 4 x 10° Tg, pulse 53+8 12 0 0 -1.8+02 16 16 +£2 18 0 0
LGM 15°S 4 x 10° Tg, pulse 66 +2 13 0 0 —-2240.1 18 16+0 18 0 0
LGM 65°N 4 x 10° Tg, 10 yr 49 12 0 0 -17 16 16 18 0 0
LGM 65°N 4 x 10° Tg, 50 yr 50 12 0 0 -1.6 15 17 18 0 0
LGM 65°N 1 x 10° Tg, pulse 13 5 0 0 -0.5 9 5 12 0 0
LGM 65°N 1 x 10* Tg, pulse 174 18 0 0 —438 22 33 22 0 0
LGM2 65°N 4 x 10° Tg, pulse 17+2 6 0 0 —0.6+0.1 12 5+1 13 0 0
LGM2 15°S 4 x 10° Tg, pulse 21+1 8 0 0 -07+0 13 6+0 13 0 0
LGM2 65°N 4 x 10° Tg, 10 yr 16 6 0 0 -05 11 6 13 0 0
LGM2 65°N 4 x 10° Tg, 50 yr 16 6 0 0 -0.5 11 6 13 0 0
LGM2 65°N 1 x 10° Tg, pulse 6 0 0 0 -0.1 0 2 6 0 0
LGM2 65°N 1 x 10* Tg, pulse 57 13 0 0 -1.8 18 13 18 0 0

sites with largest accumulation rates provide less distorted
records of a clathrate pulse. Nevertheless, in the least favourable
case of Dome C, the imprint of a 4000 Tg pulse emission still leads
to a 15-22 ppbv anomaly in CH4 under LGM conditions, i.e. well
above the analytical uncertainties. The Dome C ice layer thinning
for the LGM period being ~ 0.8, the anomaly would be recorded
over about 9 m of core. It could thus be detected with the current
resolution of the Dome C CH4 record (Loulergue et al., 2008).

4.2. Methane isotopes recorded in ice-cores

Atmospheric trends in the isotopic composition of trace gases
are modified in firn, as two main processes lead to isotopic
fractionation (see e.g., Trudinger et al., 1997, the influence of
thermal fractionation is neglected here). The first one is gravita-
tional settling, which slightly enriches the deep firn with the

heavier isotopologue. The second one is due to small differences
between molecular diffusion coefficients of the isotopes, the
heavier isotopologue diffuses slower. This diffusional fractiona-
tion largely dominates in a context of rapidly varying concentra-
tions. Due to this process, a rapid increase in atmospheric
methane without changing isotopic ratios results in negative
8"Cgy, and 6Dy, anomalies in the firn. Similarly, a rapid CH,
decrease implies a slower diffusion out of the firn of 13CCH4 than
?Cey, and produces a positive ">Cgy, (or dD;,) anomaly. In
order to quantify these effects, test simulations were performed
with the same diffusion coefficient for CHs, *Cqy, and Dey, (see
Supplementary Table S.7).

In the context of a massive methane emission from hydrates,
diffusional fractionation results in “lying S” shaped signals in ice
for both 6"*Cgy;, and 6D, at high accumulation rate sites (Fig. 4),
whereas atmospheric CH4 and 513CCH4 show a single peak. At low
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Fig. 5. Relative amplitude (%) of the methane peak in ice with respect to the mean
tropospheric signal plotted versus snow accumulation rate (cm w. eq. yr ') at the
modelled polar sites. Results are shown for a 4000 Tg CH,4 pulse emission at 65°N
in March. Black(Red online): present conditions, dark grey(green online): PIH, light
grey(blue online): LGM, lightest grey(purple online): LGM with reduced tempera-
ture and accumulation rate (acc=1.2).

accumulation rate sites, the longer duration of bubble closure
increases smoothing time and lead to single peak shaped isotopic
anomalies in ice. Surprisingly, the initially negative 6Dy, anom-
aly disappears, i.e. the depletion of atmospheric 6D, reflecting
the hydrate source effect is lost. The later positive 6D, atmo-
spheric anomaly due to OH fractionation dominates in ice records.
This feature persists in simulations using the same diffusion
coefficient for all CH, isotopologues (see Supplementary Table S.7).
Thus it results from the longer smoothing during gas trapping rather
than from isotopic fractionation in firn.

Although complex, the behaviour of 6D¢y, in ice at high
accumulation rate sites preserves an information on the latitude
of the emission that is not observable in the methane record
(Table 5): the amplitude and width of the negative 6Dy, excur-
sion is much larger (by a factor of ~2—4) for a high latitude
emission close to the ice drilling site than for a distant emission
(15°S). This provides a new indicator of the hemisphere where the
methane burst took place: comparative measurements of the
relative heights of the negative and positive anomaly (A~/A™) at
Arctic and Antarctic sites of equivalent accumulation rates.

4.3. Characterizing a methane emission from clathrates
in ice-core records

Greenland ice core records show several methane variations of
about 100-200 ppb spanning about 100-200 yrs (e.g., Fliickiger
et al,, 2004; Severinghaus et al., 1998). Due to the smoothing
effect of firn and bubble closure, a hypothetical short term
massive emission from marine hydrates, such as the 4000 Tg
CH,4 pulse simulated here, would loose about 70% of its atmo-
spheric amplitude in high accumulation rate records, and up to
~99% in low accumulation rate records of the Antarctic plateau
and LGM conditions. However, the perturbation would span a
relatively large depth range ( ~ 9 m) under low accumulation rate,
with an amplitude still well above analytical uncertainties (see
Section 4.1). Longer duration clathrate bursts would leave a wider
imprint in ice cores, but would then not be distinguishable
(through a characteristic transient signature) from other possible
methane sources varying on long time scales (wetlands, biomass
burning, atmospheric oxidation, etc.).

The methane isotope signatures are affected by dilution into a
variable atmospheric burden of methane, fractionation (due to
atmospheric OH and molecular diffusion in firn) and gas trapping

at different time scales. Thus the amplitude and sign of the
perturbations in (3]3CCH4 and 6Dy, in ice cores due to a clathrate
destabilization event is not straightforward. The few available
methane isotopic records in ice cores show variations in the ranges
—42.5 to —49.5%o for 513CC,_,4 (Ferretti et al., 2005; Fischer et al.,
2008; Mischler et al., 2009; Schaefer et al., 2006) and —70 to
—115%o for 6Dy, (Bock et al., 2010; Mischler et al,, 2009; Sowers,
2006). Our calculated isotopic signatures associated with clathrate
degassing events cover a similar range at relatively low accumula-
tion rate sites. Due to the smoothing effect of firn, fractional
diffusion and bubble closure, the initial 6Dy, clathrate source
signature simulated in the atmosphere is smoothed out and even
vanishes at low accumulation rate sites. Instead, transient isotopic
signatures reflecting fractionation by atmospheric OH and mixing
with atmospheric methane from non-hydrate sources are obtained.

An interesting feature in our results is that peak values of the
methane, 513CCH4 and 0Dy, perturbations are recorded at differ-
ent depths. This originates from the different duration and shape
(for 6Dy, ) of their atmospheric perturbations (see Section 3.2).
The minimum value in §*Cg;, occurs at a deeper level than the
methane peak, whereas the maximum JDgy,, value occurs at
shallower depth (Fig. 4). The width of these shift (1-10 m, not
taking into account ice layers thinning with depth) is mainly
accumulation rate dependent, but a slight shift is preserved even
at Dome C (see Supplementary Fig. S.4 for a 50 yrs long emission).
Expressed in terms of ice age differences, these shifts show a
somewhat complex behaviour. Fractional diffusion in firn favours
an early negative peak of (513CCH4 in ice, especially at low
accumulation rate sites, resulting in a 8-60 yrs time advance in
our simulations, whereas no such shift is simulated in the atmo-
sphere (within a year) for pulse emissions. The positive anomaly
in 6Dy, in ice shows a less variable time delay (15-38 yrs) with
respect to the methane peak, whereas variable time delays are
simulated in the atmosphere (8-27 yrs). Thus the complex inter-
play between fractionation in firn and the smoothing of the “lying
S” shape atmospheric signature in 6Dy, results in a somewhat
steady age shift between CH, and 6Dy, peaks in ice.

A target investigation of ice core records of clathrate degassing
should rely on high resolution measurements of 6D, at high
accumulation rate sites in both hemispheres. A “lying S” shaped
0Dy, -time trend should be observed, with an initially negative
anomaly (resulting from a partially smoothed source effect),
followed by a positive anomaly (arising from OH fractionation
and mixing with non clathrate sources). The amplitude ratio
between the positive and negative D¢y, swings in both hemi-
sphere could constrain the latitude of clathrate emission (see
Section 4.2).

The amplitudes of the D¢y, and 5]3CCH4 anomalies undergo
strong variations with the snow accumulation rate and climate
conditions. However, the amplitude ratio: A*(éDCH4)/A’(5]3CCH4)
shows a more stable behaviour and remains in the range 5-16 for
all simulated conditions. This range is close to the one calculated
in the atmosphere: 4-19.

In summary, ice core records of a short time scale and massive
methane emission from clathrates are characterized by accumu-
lation rate dependent peak heights and depth shifts between the
resulting perturbations in CHs, D¢y, and 6"°Cgy,. The hydrate
source can be identified by a “lying S” shaped signature of 6D,
at high accumulation rate sites and a peak amplitude ratio
A" (8Dgy,)/A™(8"Cgy,) in the range ~5 to ~ 16.

5. Conclusions

This study thoroughly investigated the impact of massive
methane emissions from hydrates and their imprints in ice cores,
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through the combined use of an atmospheric chemistry model
and a model of trace gas transport and bubble enclosure in firn. A
4000 Tg CH4 emission results in a near doubling of the present-
day atmospheric burden in methane. The associated radiative
forcing is comparable to the one induced by the increase of
methane between pre-industrial times and present. However,
the short duration (decades) of the simulated clathrate-induced
atmospheric perturbations likely limits their climatic impacts.
Consistently with Isaksen et al. (2011), a limited decrease in the
main methane sink: OH radicals is obtained for CH4 emissions in
the range 1000-10,000 Tg CH4. As a consequence, varying the
emission intensity has an almost linear effect on the atmospheric
methane peak amplitude. In contrast, 513CCH4 and 6Dy, atmo-
spheric trends show a non-linear and climate-dependent beha-
viour due to the combined effects of fractionation by OH and
dilution of clathrate methane into atmospheric methane from
other sources.

The amplitudes of most simulated atmospheric perturbations
in methane and its stable isotopes largely exceed their recorded
values in ice cores. The short durations of these perturbations,
which occur at a similar or shorter time scale as bubble closure in
ice, lead to a strong smoothing of their ice core imprints. The
ice-core smoothing rates are highly dependent on the snow
accumulation rate at the studied sites and overall consistent with
the smoothing calculated by Spahni et al. (2003). Due to this
smoothing effect, the simulated clathrate degassing events lead to
perturbations in ice cores that do not always exceed the ampli-
tude of some rapid events observed in existing records.

The best way to identify a clathrate degassing event in ice
cores is to perform high resolution measurements of dD¢y,. A
“lying S” shaped signature in 6Dy, at high accumulation rate
sites should appear, reflecting the combined effects of the source
signature and OH fractionation. Comparing Arctic and Antarctic
records of 6Dy, under similar accumulation rate conditions
provides a way to constrain the latitude of a clathrate degassing
event. Furthermore, the amplitude ratio in the maximum pertur-
bations of 513CCH4 and 6Dy, is fairly well preserved in ice cores at
all sites.
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