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Abstract

Recent speleothem records from the tropics of both hemispheres document a gradual decrease in the intensity of the monsoons in the Northern
Hemisphere and increase in the Southern Hemisphere monsoons over the Holocene. These changes are a direct response of the monsoons to precession-
driven insolation variability. With regard to atmospheric methane, this shift should result in a decrease in Northern Hemisphere tropical methane
emissions and increase in Southern Hemisphere emissions. It is plausible that that overall tropical methane production experienced a minimum in the
mid-Holocene because of decreased seasonality in rainfall at the margins of the tropics. Changes in tropical methane production alone might, therefore,

explain many of the characteristics of Holocene methane concentrations and isotopic chemistry.
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Introduction

Over the past several glacial-interglacial cycles atmospheric
methane concentrations have varied in concert with the 20 ky
precession cycle in Earth’s orbit, and in particular with Northern
Hemisphere summer insolation (Brook et al., 1996; Chappellaz
et al., 1990). This correlation is attributed to a strong influence of
the summer monsoons in the Northern Hemisphere on tropical
wetland methane emissions (Brook et al., 1996; Chappellaz
et al., 1990; Loulergue et al., 2008).

In contrast to most previous interglacials, however, an increase
in atmospheric methane concentrations is observed during the lat-
ter half of the Holocene. Chappellaz et al. (1997) proposed that
changes in tropical wetland emissions were largely responsible
for these changes in methane concentrations. They suggested that
the broad minimum in methane concentration is the result of
decreased tropical emissions (Chappellaz et al., 1997). Ruddiman
(2003) offered an alternative explanation for the rise in methane
(and CO,) over the past 5 ky: the ‘early anthropogenic hypothesis’
proposed that early civilization began affecting atmospheric trace
gases as long ago as the mid Holocene. This hypothesis has been
the source of considerable lively debate in the recent literature
(e.g. Broecker and Stocker, 2006; Masson-Delmotte et al., 2006;
Ruddiman, 2005, 2007; this issue). A third explanation of the
observed pattern is changes in the sink term for atmospheric
methane (Reeburgh, 2004).

As yet, no strong consensus has emerged regarding the valid-
ity of the ‘early anthropogenic hypothesis’ or the alternatives.
Because topical wetlands are by far the largest natural source of
methane (Aselmann and Crutzen, 1989) even modest changes in
the tropical hydrologic cycle may result in large changes in meth-
ane concentration. It remains reasonable, therefore, that changes
in the hydrology of the tropics alone are responsible for most of

the observed changes in methane during the Holocene. Here, I
summarize recent results of studies in tropical hydrology over the
Holocene, with a focus on the monsoons, which come largely
from work done on speleothems (locations shown in Figure 1).
Speleothems are a near ideal recorder of changes in monsoon
intensity and location over the course of the Holocene. They
generally have excellent chronological control and the primary
climate proxy in speleothems, the oxygen isotope ratios of speleo-
them calcite, is directly and strongly influenced by monsoon
intensity.

How do speleothems record
changes in the monsoon?

The term ‘monsoon’ was originally used to denote a region of
seasonally reversing winds and accompanying large changes in
seasonal precipitation with very wet summers and generally dry
winters. Use of the word in meteorological literature has evolved
to more broadly describe large-scale, seasonal changes in atmo-
spheric circulation and precipitation regardless of whether the
wind field reverses (Trenberth et al., 2000). The monsoon regions
of the world are roughly coincident with regions classified as hav-
ing a ‘tropical moist climate’: most of tropical South America and
Africa, Asia and Australia, and Indonesia. In all of these areas,
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Figure |. Location map of speleothem sites presented in Figure 2. Letters correspond to sites identified in Figure 2 caption

rainfall is primarily associated with summer heating of a land
mass that initiates monsoonal circulation — moisture is drawn
inland from adjacent oceans, is warmed and convected high into
the atmosphere. Latent heating associated with monsoon rainfall
leads to further atmospheric heating and drives deeper convection
and yet more intense rainfall (Trenberth et al., 2000).

Because of the association of the amount of rainfall with the
intensity of convection and degree of rainout, the stable isotopes
of precipitation are excellent potential recorders of the intensity
of monsoon rainfall. An empirical relationship between the
amount of rainfall and the stable isotope ratios of precipitation,
the ‘amount effect’, has long been recognized (Dansgaard, 1964;
Rozanski et al., 1993). Dansgaard proposed that the amount
effect results from three processes: (1) intense precipitation
results in a high degree of rainout of convecting moisture,
leading to a large isotopic depletion of precipitation, (2) isotopic
re-equilibration of falling rain with atmospheric moisture below
cloud base is less for the large raindrops associated with intense
precipitation, and (3) during intense precipitation there is less
evaporative enrichment of raindrops falling through the atmo-
sphere below cloud base (Dansgaard, 1964). Rozanski et al.
(1993) added an additional process — during prolonged intense
precipitation the water vapor below cloud base becomes progres-
sively isotopically depleted because of exchange with falling
raindrops that themselves are quite depleted, thereby limiting
isotopic enrichment during re-equilibration of falling raindrops
(Rozanski et al., 1993). Recent model simulations of the amount
effect largely confirm that these processes are important and sug-
gest that the latter two are dominant (Bony et al., 2008; Lee and
Fung, 2007; Risi et al., 2008). In addition, Risi et al. (2008)
found that as the moisture in the atmosphere below the cloud
base becomes more isotopically depleted over the course of
prolonged intense rainfall, this now depleted moisture becomes a
source of more depleted water vapor feeding the convecting
system, resulting in further isotopic depletion of the entire sys-
tem. Finally, Risi et al. (2008) note that the amount effect is best
expressed at timescales of several tens of days or longer, times-
cales for which the amount effect can explain up to 90% of
isotopic variance in their model.

With regard to speleothem studies it is important to note that
the above-mentioned modeling studies are one-dimensional mod-
els that, at best, would be applicable to interpreting speleothems
studies from near-coastal sites (Lee and Swann, 2010). For sites
more distant from an oceanic moisture source, the isotopic com-
position of rainfall may also be affected by moisture source and
transport and degree of upstream rainout that can precondition the
water vapor advected to particular site (Sturm et al., 2007; Vimeux
et al., 2005; Vuille et al., 2003a, b). For example, Vuille et al.
(2003b) have shown that in the South American Monsoon System
increased precipitation along a moisture transport pathway will
result in a more isotopically depleted moisture source for local
convection. Thus, the isotopes of local rainfall will reflect not
only the intensity of local rainfall, but also be an integrative mea-
sure of the intensity of rainfall all along the moisture transport
pathway. Thus, while the isotopes of rainfall in monsoon regions
distant from the ocean may not be ideal indicators of local rainfall
amount, they are probably even better indicators of overall
changes in monsoon intensity. And while there certainly are parts
of the tropics where additional influences on the isotopic compo-
sition of monsoon rainfall beyond an amount effect need to be
considered, nearly all studies of the isotopic composition of tropi-
cal rainfall have concluded than the amount effect is of primary
importance.

For monsoon systems and rainfall associated with deep con-
vection such as the monsoons or ITCZ, the amount effect makes
the isotopes of precipitation excellent recorders of changes in
monsoon intensity. But can we be sure that speleothems reliably
record temporal changes in 8'%0 of rainfall? A number of other
factors may influence the isotopic composition of speleothems
calcite, for example the oxygen isotopic fractionation between
water and calcite is temperature dependent. Evaporation of water
in the epikarst or within the cave could result in enrichment prior
to calcite precipitation and kinetic isotope effects can lead to non-
equilibrium precipitation (Hendy, 1971).

For the consideration of speleothem isotopes in tropical
regions over the Holocene, temperature is unlikely to be an
important influence on speleothem §'0. Temperature has likely
varied by 2°C or less in the tropics over the past 10 ky (Mayewski,
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2004), which would at maximum cause about a 0.5%o variation
on speleothem 8'%0. Karst areas, almost by definition, usually
have rapid infiltration of groundwater into the karst system and
evaporation of water in the epikarst is generally minimal
(McDermott et al., 1999). Evaporation could also occur in the
cave if exchange of cave air with the outside atmosphere is too
rapid. But these effects are avoidable by choosing sampling sites
of high relative humidity that are distant from cave entrances
(McDermott et al., 1999).

Kinetic isotope effects, caused by rapid CO, degassing of cave
drip waters, are the most likely source of non-equilibrium precipi-
tation, and they have been noted in several studies of modern spe-
leothems (Mickler et al., 2004). Recent work using the ‘clumped
isotope’ technique, in fact, suggests that most or all speleothems
are precipitated under non-equilibrium conditions (Affek et al.,
2008; Daéron et al., 2011). While this result might seem to pre-
clude using speleothems in paleoclimate studies, such is not the
case. For one, the magnitude of the kinetic isotope effect for spe-
leothem calcite growing under natural conditions near the growth
axis is in nearly all cases less than 1% (McDermott et al., 1999;
Spotl and Mangini, 2002). Furthermore, by taking samples for
oxygen isotope time series within a centimeter of the vertical
growth axis under drips with a relatively fast drip rate (< 50 s), the
kinetic effect can be limited to less than a few tenths of a per mille
(Dreybrodt, 2008; Wiedner et al., 2008) . In comparison, variabil-
ity in 8'%0 in speleothems is often 4 or 5%o or more, most of this
variability must then be driven by changes in 8'%0 of rainfall and
be climatic in origin.

Perhaps the ultimate test of whether any of the processes men-
tioned could systematically prevent speleothem §'%0 from record-
ing changes in 8'%0 of precipitation is reproducibility of the
isotopic time series of speleothem §'%0. In any number of studies
this type of test has been done. For example, Dykoski et al. (2005)
show a remarkable coherence of the deglacial isotopic records
from speleothems from Hulu and Dongge Caves. The composite
record of speleothems from Sanbao Cave contains several sam-
ples that overlap for most of the Holocene with excellent repro-
ducibility (Dong et al., 2010). In Botuvera Cave Holocene records
from and Cruz et al. (2005) and Wang et al. (2006) also show
excellent reproducibility. It seems highly unlikely that the kinetic
or evaporative effects on speleothems growing in different sites
within a cave or even from different caves would serendipitously
yield nearly identical isotopic records. The excellent reproduc-
ibility of isotopic time series from speleothem to speleothem
within a particular region is a strong indicator that temporal
changes in the isotopic composition of rainfall are faithfully
recorded in speleothem calcite.

Holocene speleothem records
from the Northern and Southern
Hemisphere tropics

Figure 2 presents four time series of data that have been inter-
preted as proxies for monsoon intensity and mean ITCZ location
in the Northern Hemisphere: (A) sediment Ti concentrations from
the Cariaco Basin (Haug et al.,, 2001), and speleothem &'%0
records from (B) Sanbao Cave (Dong et al., 2010) in east-central
China, (C) Dongge Cave in southeast China (Dykoski et al., 2005;
Wang et al., 2005), and (D) Qunf Cave in southern Oman
(Fleitmann et al., 2003). These records are thus representative of

— 04

°
|
[ T T
© 2 8 8
Ti Concentration

&
o

N &
[4;]
8180 (%/00 vs VPDB)

L L L

'
]

8180 (/00 vs VPDB)

&
[}
8180 (°/00 vs VPDB)

0 2000 4000 6000 8000 10000 12000
Calendar Years BP

Figure 2. Paleoclimate records of changes in tropical hydrology
over the Holocene and summer insolation.With the exception of
(A), all are speleothem §'®0 records. (A) Cariaco Basin Ti (Haug
et al,, 2001); (B) Sanbao Cave, southern China (Dong et al., 2010);
(C) Dongge Cave, central China (Dykoski et al., 2005;Wang et al.,
2005); (D) Qunf Cave, southern Oman (Fleitmann et al., 2003);
(E) and (F) insolation curves for July at 10°N and January at 10°S,
respectively; (G) Botuvera Cave, southeastern Brazil (Wang et al.,
2006); (H) Cueva del Tigre Perdido, eastern Peruvian lowlands
(van Breukelen et al., 2008); (1) Liang Luar Cave, Indonesia
(Griffiths et al., 2009)

Table I. Location of sites discussed in the text

Location Latitude Longitude Reference

Cariaco Basin 9.5°N 65°W Haug et al. (2001)

Sanbao Cave 31.4°N 110.3°E Dong et al. (2010)

Dongge Cave 25.2°N 108.5°E Wang et al. (2005);
Dykoski et al. (2005)

Qunf Cave 17.1°N 58.2°E Fleitmann et al. (2003)

Botuvera Cave 27.1°S 49.1°W Wang et al. (2006)

Cueva del Tigre 6.9°S 78.3°W van Breukelen et al.

Perdido (2008)

Liang Luar Cave 8.3°S 120.3°E Griffiths et al. (2009)

changes in tropical hydrology for the Northern Hemisphere
portion of the South American Summer Monsoon (SASM), the
Indian Summer Monsoon (ISM) and the East Asian Summer
Monsoon (EASM). Plotted just below these records (Figure 2E) is
the July insolation curve for 10°N.
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For the Cariaco record, Ti concentration is interpreted as a
proxy for continental runoff and therefore rainfall in the Northern
Hemisphere part of South America (Haug et al., 2001). As dis-
cussed above, the 8'%0 records from the speleothems are also
proxies for rainfall, with §'30 being inversely related to amount.
All of these records show a very similar overall pattern. Once full
interglacial conditions are reached, there is a maximum in mon-
soon intensity during the early Holocene, from ~10 to ~ 6 ky BP,
with a gradual decrease in monsoon strength thereafter. Each of
the proxy data sets parallels the summer insolation quite well.

For all of these data, a similar interpretation was made: As
summer insolation decreases in response to the precession cycle
of the Earth’s orbit, the sensible heat component of the monsoons
decreases, driving a decrease in overall monsoon intensity and
rainfall. Several additional speleothem studies confirm this gen-
eral interpretation for the ISM and EASM regions, including
work from Hoti Cave in northern Oman (Burns et al., 2001;
Fleitmann et al., 2007; Neff et al., 2001), Hulu Cave in China
(Wang et al., 2001) and Heshang Cave in China (Hu et al., 2008).

The only monsoon region not represented by the data in Figure
2 is the African monsoon. To date, no speleothem studies from
tropical Africa cover the Holocene. The Lateglacial to early-
Holocene North African Humid Period, however, has long been
recognized from lake studies (Gasse, 2000 and references therein).
While there is evidence of an abrupt drying of parts of north equa-
torial Africa (deMenocal et al., 2000), recent sediment geochemi-
cal studies of Lake Yoa in Chad (Kropelin et al., 2008) Jikariya
Lake in Nigeria (Waller et al., 2007; Wang et al., 2008), marine
Ba/Ca records of runoff of the Niger river (Weldeab et al., 2007)
and geochemical studies, including oD of leaf waxes, of continen-
tal margin sediments off of Senegal (Niedermeyer et al., 2010)
suggest a gradual reduction in available moisture that, as with the
records from the ISM and EASM, parallels decreasing summer
insolation in the Northern Hemisphere over the Holocene. Thus, a
gradual decrease in the Northern Hemisphere part of the African
Monsoon over the Holocene is well supported by paleoclimate
records.

Figure 2 also shows data from three speleothem records from
the Southern Hemisphere: (G) Botuvera Cave, southeastern Brazil
(Wang et al., 2006), (H) Cueva del Tigre Perdido in the eastern
Peruvian lowlands of the Amazon Basin (van Breukelen et al.,
2008), and (I) Liang Luar Cave, Indonesia (Griftfiths et al., 2009).
Just above these records is the January insolation curve for 10°S
(Figure 2). The pattern of change in the isotopic ratios of these
three speleothem records is very similar, with more enriched val-
ues in the early Holocene and gradually decreasing values into the
middle and late Holocene. The records from South America are
interpreted as indicating a gradual strengthening of the SASM in
the Southern Hemisphere over the Holocene in response to
increasing summer insolation. The record from Indonesia is com-
plicated somewhat by the effects of sea level rise inundating the
shallow Sunda shelf, which provides a moisture source for much
of the Indonesian and Australian monsoon (Griffiths et al., 2009).
Nevertheless, the record indicates an increase in monsoon inten-
sity over the Holocene.

Again, there is ample supporting evidence for this interpreta-
tion from other archives. In South America isotopic studies of the
Huascaran and Sajama ice cores from the Andes (Thompson
et al., 1995, 1998), additional speleothem work from Botuvera
cave (Cruz et al., 2005), oxygen isotopic data from carbonate
sediments in Lake Junin on the Altiplano of Peru (Seltzer et al.,

2000), and lakes in the southern Amazon Basin (Mayle et al.,
2000) all show increasing monsoon precipitation over the course
of the Holocene as the SASM strengthens.

More limited data from the Southern Hemisphere tropics in
Africa suggest a similar pattern. The Kilimanjaro ice core record,
though not well dated, covers most of the Holocene (Thompson
et al., 2002). Measurements of 8'%0 of the ice show a decrease of
several per mille in the mid Holocene, suggesting an increase in
precipitation (Thompson et al., 2002). Similarly, Holocene sedi-
ment records from Lake Challa (Verschuren et al., 2009), Lake
Rukwi (Thevenon et al., 2002) and Lake Malawi (Castaiieda
et al., 2007) all show a relatively dry early Holocene in compari-
son with a wetter late Holocene. At Lake Malawi, this change is
attributed to southward migration of the ITCZ and an increase in
summer monsoon rainfall (Castafieda et al., 2007). At the more
equatorial sites of Challa and Rukwi, which both have two rainy
seasons per year, the change from a drier early Holocene to a wet-
ter late Holocene cannot be simply attributed to strengthening of
a single summer wet season in response to increased summer
insolation (Verschuren et al., 2009). Nevertheless the Holocene
climatic pattern is similar to that from Lake Malawi, with, for
example relative drought at Challa from 8.5 to 4.5 ky BP and
moist conditions since 4.5 ky BP (Verschuren et al., 2009).

To summarize, Holocene speleothem records from the mon-
soon regions of the tropics, supported by an array of other paleo-
climate records, demonstrate a southward migration of the belt of
tropical precipitation over the Holocene. The Northern Hemi-
sphere monsoons, particularly at the margins of the tropical rain-
fall belt have become progressively weaker, while the Southern
Hemisphere monsoons, again particularly along their southern
margins, have intensified. These changes are a response to the
southward shift in maximum summer insolation driven by
changes in the precessional component of Earth’s orbit.

Possible implications for
Holocene methane record

What might be the implications of the southward migration of
the belt of tropical precipitation for atmospheric methane con-
centrations over the Holocene? Methane emissions from natu-
ral wetlands primarily depend on three factors: soil temperature,
water-table depth and ecosystem productivity (Cao et al.,
1996; Kaplan et al., 2006; Walter and Heimann, 2000; Whiting
and Chanton, 1993). In tropical wetlands, emissions are highly
seasonal, maximizing during summer in both hemispheres
(Aselmann and Crutzen, 1989). A recent comparison of satellite-
based measurements of atmospheric CH,, temperature and
gravity anomalies (a proxy for water-table depth) show that for
the tropics water-table depth is the most important factor in
controlling methane emissions (Bloom et al., 2010). Between
40 and 80% of the observed variability in CH, measurements
over the tropics could be explained by water-table variations
alone, and generally higher correlations between methane
emissions and water-table depth were found in areas with dis-
tinctly seasonal rainfall (Bloom et al., 2010). For tropical wet-
lands over the course of the Holocene temperature change was
minimal and temperature likely played a subordinate role to
changes in water-table depth.

The southward shift in mean ITCZ location, weakening of the
monsoons in the Northern Hemisphere and strengthening of the
monsoons in the Southern Hemisphere, as outlined above, should
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lead to a decrease in Northern Hemisphere methane emissions
and concomitant increase in emissions from the Southern
Hemisphere tropics. An increase in late-Holocene, Southern
Hemisphere tropical methane emissions is supported by two other
pieces of evidence: the decrease in the interpolar gradient in
methane from the mid to late Holocene (Brook et al., 1996;
Chappellaz, 1997) and the increase in the hydrogen isotope ratio
of methane (Sowers, 2009) over the same time period (Sowers,
2009). But a southward shift in the locus of tropical methane
production need not lead to the U-shaped curve in methane
concentrations observed over the Holocene.

Two other factors, however, suggest mechanisms by which the
changes in tropical hydrology indicated by speleothem and other
paleoclimate records might have impacted the temporal trend in
atmospheric methane. First, recent studies of methane emissions
in the tropics show that emissions are higher in wetland that have
a strong seasonal cycle in precipitation than in wetland that are
continually wet (Mitsch et al., 2009). In wetlands in Costa Rica,
those with a strong seasonal cycle of rainfall had annual methane
emission rates up to four times higher than continually flooded
wetlands (Mitsch et al., 2009; Nahlik and Mitsch, 2010). The
higher rates of methane emissions in seasonally flooded areas
were observed in spite of lower annual precipitation than continu-
ally flooded wetlands.

One way that the precession-driven changes in the relative
strengths of the monsoons might impact methane is by changing
the degree of seasonality in precipitation, particularly at the mar-
gins of the tropics. During the mid Holocene, the maximum in
summer solar insolation was approximately equal in both hemi-
spheres and was lower than the maximum in the Northern Hemi-
sphere in the early Holocene and than the maximum in the
Southern Hemisphere today (Berger and Loutre, 1991). Thus, it
might be expected that the margins of the tropics experienced the
lowest seasonality in rainfall during the mid Holocene resulting in
reduced tropical methane emissions. At 10 ky BP and today, the
Northern Hemisphere and Southern Hemisphere tropics would
have seen higher annual variability in insolation and, given the
near linear response of the monsoons to insolation, a correspond-
ingly higher degree of seasonality of rainfall. These changes in
seasonality might lead to a minimum in tropical methane emis-
sions in the mid Holocene and maxima during the early and late
Holocene.

A southward shift in the monsoons might also help explain the
Holocene methane record if the latitudinal distribution of tropical
wetlands is not symmetrical about the equator, but is weighted
toward the Southern Hemisphere. Most estimates of the global
distribution of wetland area today suggest a somewhat greater
extent of wetlands in the Southern Hemisphere tropics than in the
Northern Hemisphere (Lehner and Doll, 2004 and references
therein). Wetland location algorithms that estimate wetland area
by applying thresholds for soil moisture and temperature on a
monthly basis also suggest that wetland area and methane emis-
sions are slightly greater for the pre-industrial Holocene Southern
Hemisphere tropics than Northern Hemisphere (Weber et al.,
2010). These results are perhaps to be expected given the present-
day maximum of insolation and monsoon intensity is in the
Southern Hemisphere. A more pertinent comparison would be
between the extent of Northern Hemisphere tropics in the early
Holocene (necessarily model based) and the Southern Hemi-
sphere tropics today. But considering that there is still no general
agreement on even the modern distribution of wetlands and

methane emissions, it is questionable whether such a comparison
could ever be quantitative enough to confidently address whether
the southward shift in the monsoons also resulted in a net increase
in tropical methane emissions.

An argument against the hypothesis outlined above is that if it
were valid, then methane concentrations during previous intergla-
cial periods should display a temporal trend similar to the Holo-
cene. And, in fact, during most prior interglacial periods methane
concentrations peak and then steadily decrease in marked contrast
to the Holocene (Loulergue et al., 2008; Spahni et al., 2005).
During the long MIS 11 interglacial, however, which is often
considered an analog to the Holocene, methane concentrations do
show a second maximum after a decrease from an initial maxi-
mum (Loulergue et al., 2008), a pattern quite similar to the
Holocene. A somewhat similar pattern is also present during
MIS 19 (Loulergue et al., 2008; Tzedzakis, 2010). Thus, while
most previous interglacial periods do not show a second maxi-
mum in methane concentrations, the two that are perhaps the most
similar to the Holocene do.

To conclude, recent speleothem data from the tropics of both
hemispheres document a gradual decrease in the intensity of the
monsoons in the Northern Hemisphere and increase in the South-
ern Hemisphere monsoons over the Holocene. These changes are
a direct response of the monsoons to precession-driven insolation
variability. With regard to atmospheric methane, this shift should
result in a decrease in Northern Hemisphere tropical methane
emissions and increase in Southern Hemisphere emissions. It is
plausible that that overall tropical methane production experi-
enced a minimum in the mid Holocene because of decreased sea-
sonality in rainfall at the margins of the tropics. Changes in
tropical methane production alone might, therefore, explain many
of the characteristics of Holocene methane concentrations and
isotopic chemistry.
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