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[11 An atmospheric CH4 box model coupled to a global
carbon cycle box model is used to constrain the carbon
emission associated with the PETM and assess the role of
CH, during this event. A range of atmospheric and oceanic
emission scenarios representing different amounts, rates,
and isotopic signatures of emitted carbon are used to
model the PETM onset. The first 3 kyr of the onset, a pre-
isotope excursion stage, is simulated by the atmospheric
release of 900 to 1100 Pg C CH, with a §"°C of —22 to
—30%o. For a global average warming of 3°C, a release of
CO, to the ocean and CHy to the atmosphere totalling 900
to 1400 Pg C, with a 813C of =50 to —60%o, simulates the
subsequent 1-kyr isotope excursion stage. To explain the
observations, the carbon must have been released over at
most 500 years. The first stage results cannot be associated
with any known PETM hypothesis. However, the second
stage results are consistent with a methane hydrate source.
More than a single source of carbon is required to explain
the PETM onset. Citation: Carozza, D. A., L. A. Mysak, and
G. A. Schmidt (2011), Methane and environmental change during
the Paleocene-Eocene thermal maximum (PETM): Modeling the
PETM onset as a two-stage event, Geophys. Res. Lett., 38,
L05702, doi:10.1029/2010GL046038.

1. Introduction

[2] The Paleocene-Eocene thermal maximum (PETM),
approximately 55.5 Myr ago, was characterized by a sig-
nificant negative carbon isotope excursion (CIE) averaging
approximately —3%o, a regional surface warming ranging
from 3 to 9°C, and a pronounced acidification of the Atlantic
Ocean [Sluijs et al., 2007a]. Based on these and other envi-
ronmental changes, the PETM has been related to a tre-
mendous release of CO, and/or CH, that was significantly
depleted in '°C [Dickens et al., 1997], and thus its investi-
gation can give important insight into the long-term future
evolution of the carbon cycle.

[3] The PETM CIE has been related to a geologically
rapid (<10 kyr) carbon release [RoAl et al., 2000; Zachos
et al., 2007]; however, others have proposed a signifi-
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cantly slower release (about 130 kyr) [Murphy et al., 2010].
Prior to the light carbon injection, a brief (<10 kyr) period of
oceanic [Thomas et al., 2002; Sluijs et al., 2007b] and con-
tinental [Secord et al., 2010] warming, as well as dissolution
of seafloor carbonates [Leon-Rodriguez and Dickens, 2010],
is thought to have occurred, indicating that the carbon input
that caused the CIE may not have produced the initial
warming. Furthermore, CH4 is thought to have played a
pivotal role during the PETM because it is highly depleted in
3C and is a strong greenhouse gas. Among hypotheses to
explain the massive carbon input at the start of the PETM, the
methane hydrate hypothesis [Dickens et al., 1995] and the
thermogenic CH,4 hypothesis [Svensen et al., 2004] involve
the release of CH, into the ocean and/or atmosphere.

[4] The cause and amount of the PETM carbon emission
are still unresolved. Paleoclimate proxy results alone cannot
be used to determine which hypothesis, or combination of
hypotheses, best explain the PETM. Models are therefore
useful to estimate the magnitude of the carbon emission and
develop scenarios. In this study, the PETM is assumed to be
associated with a rapid carbon input that caused the CIE,
and the CIE is assumed to be preceded by a period of
warming and carbonate dissolution. The PETM onset is thus
modeled as a two-stage event using a global carbon cycle
box model [Walker and Kasting, 1992, hereafter WK92]
tuned to the pre-PETM period and coupled to an atmospheric
CH4 box model [Schmidt and Shindell, 2003, hereafter
SS03]. Including the latter component allows us to assess the
role of CHy4 during the PETM.

2. Model

[5] The WK92 box model simulates the first-order inter-
actions and evolution of the global carbon cycle. Carbon-
containing species are cycled through eight well-mixed
reservoirs by means of parameterizations of physical,
chemical, and biological processes. In contrast to earlier
work, here the WK92 model is tuned to pre-PETM condi-
tions and an error in the coding of five of the oceanic §'°C
equations is corrected (see auxiliary material)." In coupling
the two-box CH4 model of SS03 to WK92, atmospheric
CHy, interacts with the components of WK92 as it is oxi-
dized into CO, and added to the atmospheric CO, reservoir.
In response to the release of carbon to the ocean and/or
atmosphere, the coupled model calculates the 6'°C of all
reservoirs, the lysocline depth of each deep ocean reservoir,

'Auxiliary materials are available in the HTML. doi:10.1029/
2010GL046038.
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and the concentrations of atmospheric CO,, CH,4, and
stratospheric water vapor.

3. Experimental Approach

[6] The PETM onset is proposed to consist of two stages.
Stage 1, which occurs prior to the CIE, is composed of a
notable warming and lysocline shoaling over 3 kyr [Thomas
et al., 2002; Sluijs et al., 2007b; Secord et al., 2010; Leon-
Rodriguez and Dickens, 2010], whereas stage 2 comprises
of an abrupt and large negative CIE, pronounced Atlantic
lysocline shoaling, and further warming over 1 kyr [Rohl
et al., 2000; Zachos et al., 2007] (Table S1).

[7] For each stage, atmospheric and oceanic emission
scenarios that represent the range of plausible isotopic sig-
natures, amounts, and rates of emitted CH; and CO, are
simulated. Carbon dioxide is emitted into the atmosphere in
one set of simulations (hereafter case 1) and into the Atlantic
(hereafter case 2) in the other. Carbon is added to the
Atlantic reservoir since this is the most likely location of an
oceanic carbon release [Zeebe et al., 2009]. Methane is
emitted into the atmosphere, representing either a terrestrial
CHy, release or an oceanic CH,4 emission that has ascended
through the water column and escaped unoxidized to the
atmosphere.

[8] Seven isotopic signatures representing mantle carbon
(6"3C = —5%0), organic CO, (§"3C = —22%o), thermogenic
CH, (6"3C = —35%o), methane hydrate (§'*C = —60%), and
mixtures of these (6 B =-12, -30, —50%o) are considered.
In each stage, all combinations of CO, and CH,4 emissions
totaling up to 5000 Pg C, using a resolution of 100 Pg C, are
simulated. Carbon is released uniformly at the beginning of
a stage for the duration of the emission, and five emission
durations are examined for each stage (1: 50, 500, 1000,
2000, and 3000 years; 2: 50, 250, 500, 750, and 1000 years).

[9] Average lysocline shoaling and the global average CIE
are calculated by the model. Based on the time-averaged
increases in atmospheric CO,, CHy4, and stratospheric water
vapor calculated by the model, the anomalous forcing due to
CO, and CHy is calculated from Forster et al. [2007] using
baseline concentrations of 2280 [Winguth et al., 2010] and
0.7 ppmv for CO, and CH,, respectively; the anomalous
forcing due to stratospheric water vapor is assumed to be
0.24 W m ppmv ' [Solomon et al., 2010]. To determine the
forcing necessary to reproduce the PETM temperature record
and take climate sensitivity into consideration [Pagani et al.,
2006], the proxy-derived global average temperature
increase AT is divided by the climate sensitivity parameter
S', the ratio of equilibrium temperature change to anomalous
forcing as defined by Knutti and Hegerl [2008], which is
thought to range from 0.5 to 1.0°C W™ 'm? [Forster et al.,
2007]. For a range of AT (1 to 4 and 1 to 7°C for stages 1
and 2, respectively) and S’, the minimum total emission that
is compatible with the CIE, Atlantic lysocline shoaling, and
AT target characteristics (Table S1), is determined. Results
within 15% of the target characteristics are assumed to be
data-compatible.

[10] There is evidence of carbonate dissolution prior to
the CIE [Leon-Rodriguez and Dickens, 2010]; however, it
remains uncertain how much of the lysocline and calcite
compensation depth shoaling occurred during stage 1. Here,
it is assumed that a small shoaling of the Atlantic lysocline,

CAROZZA ET AL.: METHANE AND PETM ENVIRONMENTAL CHANGE

L05702

0.5 km, occurred during stage 1, with the remaining 1.5 km
of shoaling occurring in stage 2. Similarly, a small CIE of
0.3%o is assumed to have occurred during stage 1 [Thomas
et al., 2002; Sluijs et al., 2007b], with a global excursion
of —1.25%o generated during stage 2 [Rohl et al., 2000]
(Table S1). Sensitivity analyses are performed to determine
the impact on the results to changes in the assumptions.

4. Results

[11] Stage 1 target characteristics (Table S1) can be sim-
ulated by a total emission ranging from 900 to 1100 Pg C
(Figure la) for case 1. This emission consists of 100 to
600 Pg C CO; (not shown) and 300 to 1100 Pg C CH4
(Figure 1b). Methane dominates the total emission for AT
larger than 1.5°C, whereas CO, plays a more important role
for small AT and larger values of the climate sensitivity
parameter S’. Only an emission duration of 50 years and a
8'3C signature of —22%o are compatible with the character-
istics of stage 1 (Figures 1c and 1d).

[12] For case 2, a total emission of 800 to 1100 Pg C
(Figure le) is needed in order to be compatible with the
characteristics of stage 1. In this case, the release of only
100 Pg C CO, (not shown) is required since larger oceanic
emissions produce excessive amounts of lysocline shoaling,
whereas an atmospheric release of 700 to 1100 Pg C CHy is
required (Figure 1f). Emission durations of 50 and 500 years
are compatible with stage 1 for the range of values of AT
and S’ (Figure 1g). As in case 1, only an isotopic §"°C
signature of —22%o is compatible with the stage 1 target
characteristics.

[13] Based on a stage 1 AT of 2°C [Thomas et al., 2002],
the results are generally robust with respect to the different
emission locations of cases 1 and 2. Since the minimum
total carbon emission (Figures la and le) and the CH,4
contribution (Figures 1b and 1f) are essentially the same in
both cases for AT = 2°C, a purely CO; release is unable to
explain the characteristics of stage 1. Hence, the emission of
900 to 1100 Pg C CHy4 to the atmosphere with a duration of
50 years and a 6'"°C of —22%o best simulates the proxy
evidence of stage 1 (Figure 3).

[14] In case 1 of stage 2, no simulation is compatible with
the characteristics. This arises because an atmospheric
emission does not produce a large enough or an abrupt
enough shoaling of the Atlantic lysocline. However, in case 2,
a mixed emission of 900 to 3200 Pg C (Figure 2a) composed
0f 300 to 500 Pg C CO, to the ocean (not shown) and 400 to
2900 Pg C CH,4 (Figure 2b) to the atmosphere produces
sufficient forcing, lysocline shoaling, and CIE to simulate
stage 2. In particular, for AT = 3°C [Winguth et al., 2010], a
mixed emission of 900 to 1400 Pg C consisting of 400 to
500 Pg C CO, to the ocean and 400 to 900 Pg C CHj4 to the
atmosphere simulates stage 2. Durations of 50 and 250 years
are data-compatible (Figure 2¢); however, only a duration of
50 years is compatible with 3°C of warming. The 6"°C of
emitted carbon ranges from —30 to —60%o (Figure 2d), with
8'3C signatures of —50 and —60%o being data-compatible for
3°C of warming. Therefore, the emission of 400 to 900 Pg C
CH, to the atmosphere and 400 to 500 Pg C CO, to the
ocean, with a duration of 50 years and §'°C ranging from
—50 to —60%o, best simulates stage 2 (Figure 3).
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Figure 1. (a) Total carbon (CO, and CH,) emission (Pg C), and (b) total methane emission (Pg C) required to reproduce
the target characteristics (Table S1) for case 1 of stage 1, as a function of temperature change AT (°C) and the climate
sensitivity parameter S’ (°C W 'm?). (c) Emission duration (years) is plotted, and (d) isotopic '*C value of emitted carbon
(%o) is represented. (e—g) Same as Figures la—Ic, but for case 2 of stage 1. The plot of the isotopic signature for case 2 is the
same as in Figure 1d. A value of zero indicates that no emission scenario is able to reproduce the observed characteristics.

[15] A variety of sensitivity tests have also been per-
formed. The results are robust with respect to the assump-
tions of the baseline concentrations of CO, and CHy. The
impact of alternative target characteristics (Table S1) is
examined. In stage 1, for a low (high) Atlantic lysocline
shoaling target, the minimum total emission decreases to
500 Pg C (1ncreases to range from 1300 to 2000 Pg C),
whereas the §'°C value of the emitted carbon increases to
—30%o (does not change). A high CIE target increases the
required §'C signature to —30%o; however, no simulation is
data-compatible for the low CIE target. For all choices of
the stage 1 targets, CH4 remains the major constituent of the
emission. Stage 2 results are not significantly affected by

changes in the target characteristics. Alternative CO, emis-
sion locations (Indian, Pacific, and thermocline reservoirs)
have also been tested. Stage 1 results are not impacted by the
choice of emission location, whereas for stage 2 there are no
simulations consistent with the targets because the Atlantic
lysocline shoals too little. Different stage 1 lengths (1, 5, and
10 kyr) have also been analyzed. For a stage 1 length of
1 kyr, CO, plays a more important role (Figure S1b) than in
the 3-kyr case, whereas for a 5-kyr stage 1 length, data-
compatible simulations only exist for low A7 and high §’,
and no simulations produce a AT of 2°C (Figure S2a).
Using a 10-kyr stage 1 length, data-compatible simula-
tions only exist for high Atlantic lysocline shoaling and CIE

3o0f5



L05702

(a)Total carbon emission (Pg C)

? 3200
6 r 2800
: 2400
[5) S : 2000
T 4 i 1600
5 os 1200
9 800
400
1 0
05 06 07 08 039 1
S (cw 'm?)
(b) Total methane emission (Pg C)
3200
2800
2400
%) 2000
| 1600
[
g 1200
800
400
0
500
&
- 250
[
g
50
0
05 06 07 08 09 1
g ( ac W -1 mz)
(d) d13C value of emitted carbon (pemille)
[5)
o
l_
<

05 06 07 08 09 1
S'(“CW -1 mz)

Figure 2. As in Figures la—1d, but for case 2 of stage 2.

targets; however, this is only the case for low AT and high S’
(Figure S3a).

5. Discussion and Concluding Remarks

[16] The stage 1 simulation does not correspond to a
known hypothesis for the PETM. A release of methane
hydrate produces too large a CIE. Although a thermogenic
CH, source has too slow a release, sensitivity tests indicate
that this carbon source can be isotopically consistent with
stage 1 targets. Organic carbon released to the atmosphere
through the burning of terrestrial biomass [Kurtz et al.,
2003] is isotopically consistent with the results, and sensi-
tivity tests show that CO, may have been an important
contributor to forcing during stage 1; however, the modeled
release is significantly quicker than that proposed. No
emission of CO, alone is compatible with the characteristics
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of stage 1. Sensitivity tests show that a 1-kyr stage 1 length
is plausible, but that it is difficult to explain the character-
istic targets using stage 1 lengths of 5 and 10 kyr.

[17] Stage 2 results are consistent with a release of methane
hydrate, where oxidation of CH, takes place in both the ocean
and the atmosphere. Oceanic oxidation of CH, is required
to generate the abrupt shoaling of the Atlantic lysocline,
while a concurrent emission of CH, to the atmosphere is
required to reproduce the surface temperature change record.
For 3°C of warming, 30 to 45% of the total carbon release is
oxidized in the ocean, which is consistent with Zeebe et al.
[2009]. Furthermore, the Pacific lysocline shoals by less
than 0.1 km throughout stages 1 and 2 (Figure 3), and thus
agrees with the large observed lysocline shoaling difference
between the Atlantic and Pacific [Zeebe et al., 2009]. For
CH, to reproduce the characteristics of stage 2, however, it
must be abruptly released. These results are therefore con-
sistent with a catastrophic release of methane hydrate from
sediment, followed by the oxidation of a part of this CH, in
the water column and the escape of the remaining CH,4 to the
atmosphere.

[18] This study highlights the importance of (1) consider-
ing the temporal structure of high-resolution geochemical
records in constraining the source, total release, and rate of
emission of carbon during the PETM and other hyperthermal
climate events, and (2) recognizing uncertainty in paleocli-

Response of d13C and lysocline depth
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Figure 3. Response of global §'*C (red curves), Atlantic
lysocline depth (black curves), and Pacific lysocline depth
(green curves) to carbon emissions during stages 1 and 2,
of lengths 3 and 1 kyr, respectively. Solid curves represent
observed changes of the two variables based on references
cited assuming a piecewise linear structure. Dashed and dot-
ted lines represent the simulated evolution of the two vari-
ables for a low and a high value of climate sensitivity
parameter S’ (0.65 and 0.85 °C W 'm?). Assuming AT of
2 and 3°C for stages 1 and 2, respectively, the low value
of S’ corresponds to the emission of 1100 Pg C CHy in stage
1 (Figures 1b and 1f) and of 400 and 700 Pg C CO, and
CHy,, respectively, in stage 2 (Figures 2a and 2b). The high
S’ value corresponds to the emission of 900 Pg C CH4 in
stage 1 (Figures 1b and 1f) and of 400 and 500 Pg C CO,
and CHy, respectively, in stage 2 (Figures 2a and 2b).
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mate proxy and climate sensitivity estimates. By testing a
range of values of AT and §', the uncertainty in these two
quantities is examined, and their impact on the features of the
emission are quantified. Furthermore, by modeling the
PETM onset as two separate stages, it is shown that at least
two different carbon sources are required to simulate the
PETM [Sluijs et al., 2007b], and therefore that current
hypotheses of the cause of the PETM may require revision.
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