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Abstract. The small reservoir of carbon dioxide in the at-
mosphere (pCO2) that modulates climate through the green-
house effect reflects a delicate balance between large fluxes
of sources and sinks. The major long-term source of CO2
is global outgassing from sea-floor spreading, subduction,
hotspot activity, and metamorphism; the ultimate sink is
through weathering of continental silicates and deposition of
carbonates. Most carbon cycle models are driven by changes
in the source flux scaled to variable rates of ocean floor pro-
duction, but ocean floor production may not be distinguish-
able from being steady since 180 Ma. We evaluate potential
changes in sources and sinks of CO2 for the past 120 Ma in
a paleogeographic context. Our new calculations show that
decarbonation of pelagic sediments by Tethyan subduction
contributed only modestly to generally highpCO2 levels
from the Late Cretaceous until the early Eocene, and thus
shutdown of this CO2 source with the collision of India and
Asia at the early Eocene climate optimum at around 50 Ma
was inadequate to account for the large and prolonged de-
crease inpCO2 that eventually allowed the growth of sig-
nificant Antarctic ice sheets by around 34 Ma. Instead, vari-
ation in area of continental basalt terranes in the equatorial
humid belt (5◦ S–5◦ N) seems to be a dominant factor con-
trolling how much CO2 is retained in the atmosphere via
the silicate weathering feedback. The arrival of the highly
weatherable Deccan Traps in the equatorial humid belt at
around 50 Ma was decisive in initiating the long-term slide

to lower atmosphericpCO2, which was pushed further down
by the emplacement of the 30 Ma Ethiopian Traps near the
equator and the southerly tectonic extrusion of SE Asia, an
arc terrane that presently is estimated to account for 1/4 of
CO2 consumption from all basaltic provinces that account
for ∼ 1/3 of the total CO2 consumption by continental sil-
icate weathering (Dessert et al., 2003). A negative climate-
feedback mechanism that (usually) inhibits the complete col-
lapse of atmosphericpCO2 is the accelerating formation of
thick cation-deficient soils that retard chemical weathering
of the underlying bedrock. Nevertheless, equatorial climate
seems to be relatively insensitive topCO2 greenhouse forc-
ing and thus with availability of some rejuvenating relief as
in arc terranes or thick basaltic provinces, silicate weathering
in this venue is not subject to a strong negative feedback, pro-
viding an avenue for ice ages. The safety valve that prevents
excessive atmosphericpCO2 levels is the triggering of sili-
cate weathering of continental areas and basaltic provinces
in the temperate humid belt. Excess organic carbon burial
seems to have played a negligible role in atmosphericpCO2
over the Late Cretaceous and Cenozoic.

1 Introduction

Deep water temperatures determined from the continuous
benthic oxygen isotope record (Cramer et al., 2009, 2011;
Miller et al., 2005b; Zachos et al., 2001) (Fig. 1a) document
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Fig. 1. Bottom water temperatures(A) and reconstructed sea levels(B) since the Early Cretaceous (Cramer et al., 2011) smoothed to
emphasize variations on> 5 Myr timescales. CTM is Cretaceous thermal maximum, EECO is early Eocene climatic optimum, and MMCO
is middle Miocene climatic optimum; AA is sea-level drop at the inception of Antarctic ice sheets, and NH is sea-level drop at the inception
of Northern Hemisphere ice sheets.(C) AtmosphericpCO2 estimates from various proxies from compilation of Royer (2010) for pre-70 Ma
interval (except paleosol estimates, which are highly scattered and have not been plotted) and of Beerling and Royer (2011) for post-70 Ma
interval. Simple smoothing functions have been fit (heavy curved line) through the meanpCO2 estimates provided in the compilations. Ages
and epochs registered to GPTS (geomagnetic polarity time scale) of Cande and Kent (1995).

that global climate over the past 120 Myr experienced ex-
tremes ranging from equable polar climates with bottom wa-
ter temperatures over 15◦C during the Cretaceous Thermal
Maximum (CTM∼ 90 Ma; Wilson et al., 2002) and the early
Eocene climatic optimum (EECO,∼ 50 Ma) to a cooling
trend during the Middle and Late Eocene with a major sea
level fall (Fig. 1b) at around the Eocene–Oligocene boundary
(∼ 34 Ma), marking the inception of major polar (Antarctic)
ice sheets.

The equable conditions at the CTM and especially the
EECO are associated with warmer global (polar and tropi-
cal) sea surface temperatures (Pearson et al., 2001, 2007) that
most likely resulted from an enhanced greenhouse effect due
to higher atmosphericpCO2 concentrations as inferred from
various proxies (Fig. 1c; see review with references in Beer-
ling and Royer, 2011; Royer, 2010). These highpCO2 levels
have been conventionally attributed to higher rates of ocean
crust production and associated increased CO2 outgassing

(Berner et al., 1983), for example, a presumed pulse of in-
creased global sea-floor spreading and the emplacement of
the North Atlantic igneous province at the EECO (Miller et
al., 2005a; Rea et al., 1990; Thomas and Bralower, 2005; Za-
chos et al., 2001). DecreasingpCO2 levels (Pagani et al.,
2005, 2011) and the coincident cooling trend that followed
the EECO could then be due to reduced outgassing flux from
lower global ocean floor production rates that eventually led
to a major buildup of Antarctic ice sheets at around the
Eocene–Oligocene boundary (DeConto and Pollard, 2003),
whose precise timing may have been influenced by openings
of Southern Ocean gateways (Kennett, 1977; Livermore et
al., 2007; Stickley et al., 2004).

A spreading rate-dependent CO2 outgassing factor
(Berner, 1994; Berner et al., 1983; Engebretson et al., 1992)
is intuitively appealing and usually regarded as the most
important parameter driving variations inpCO2 in the cur-
rent generation of carbon cycling models (Berner, 2004) but
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there are conflicting estimates of global ocean floor produc-
tion rates. For example, Muller et al. (2008) and Seton et
al. (2009) postulate high production in the Late Cretaceous
and decreasing production in the Cenozoic, whereas Cogné
and Humler (2004, 2006) show high production earlier in
the Cretaceous, reduced production in the Late Cretaceous,
and increasing production over the Cenozoic. Provocatively,
Rowley (2002) showed that the observed area-age versus age
distribution of oceanic crust does not require substantial pro-
duction rate changes since the breakup of Pangea at 180 Ma;
the fact that more than 50 % of oceanic lithosphere younger
than 55.7 Ma (70 % younger than∼ 89 Ma, 85 % younger
than ∼ 120 Ma) has already been removed by subduction
means that reconstructions of oceanic lithosphere history are
invariably based on substantial and often poorly constrained
extrapolations (Rowley, 2008). Moreover, carbon uptake by
oceanic crust may tend to cancel any residual spreading rate-
dependent variations in CO2 outgassing (Berner, 1990a,b;
Brady and Gislason, 1997; Staudigel et al., 1989, 1990a,b).
Increased CO2 flux from mantle plumes most likely occurred
during the relatively short emplacement times of individual
LIPs but the time-integrated effect may not be very impor-
tant on the million year time scale (Marty and Tolstikhin,
1998), an assessment supported by new proxy measurements
of pCO2 that support models (e.g. Caldeira and Rampino,
1990; Dessert et al., 2001) showing that increases associated
with a major LIP emplacement decay away on less than a
million year time scale (Schaller et al., 2011).

The generally highpCO2 levels and warm polar climates
that characterized the mid-Cretaceous to early Eocene may
have had a substantial contribution from the protracted sub-
duction of Tethyan pelagic carbonates deposited on the In-
dian plate during northward drift from∼ 120 Ma until the
collision of Greater India with Asia (Lhasa block) at∼ 50 Ma
(Edmond and Huh, 2003; Hansen et al., 2008; Kent and Mut-
toni, 2008; Schrag, 2002). The ensuing long-term trend of
decreasingpCO2 levels and temperatures from 50 Ma to the
onset of Antarctic glaciation at 34 Ma may thus have resulted
from re-equilibration to the reduced CO2 flux with the shut-
down of the Tethyan decarbonation factory. Concomitantly,
intense weathering of the Deccan Traps as they drifted into
the equatorial humid belt may have increased the consump-
tion of CO2 (Dessert et al., 2003; Kent and Muttoni, 2008).

In this paper, we elaborate on the tectonic forcing ofpCO2
variations using plate tectonic reconstructions in a paleolat-
itudinal reference frame and attempt to quantify (a) the de-
carbonation potential of Tethyan subduction since∼ 120 Ma
as a potential additional source of CO2, and (b) the sili-
cate weathering potential for higher consumption of CO2 of
continental areas and especially highly weatherable basaltic
provinces as they drifted through the equatorial humid belt,
the most potent venue for continental silicate weathering
(Dessert et al., 2003). We evaluate the relative contributions
of these modes of steering atmosphericpCO2 as well as
other alternative mechanisms, including proposed changes

in organic carbon burial inferred from trends inδ13C car-
bonate records (Katz et al., 2005) and the Himalayan uplift-
weathering hypothesis (Raymo and Ruddiman, 1992; Raymo
et al., 1988). The degree of sensitivity of global climate to
changes in atmosphericpCO2 is difficult to gauge but we
mainly seek to explain the pattern of generally highpCO2
levels from the CTM to EECO (∼ 90 to 50 Ma) and the de-
crease to generally lowpCO2 levels that characterize the
Oligocene to present (from∼ 34 Ma). Modeling studies point
to threshold decreases in atmosphericpCO2 as the most
likely causes for widespread Antarctic glaciation at around
the Eocene–Oligocene boundary (Oi-1,∼ 34 Ma; DeConto
and Pollard, 2003; DeConto et al., 2008) and the onset of per-
manent Northern Hemisphere glaciations in the late Pliocene
(∼ 3 Ma; Lunt et al., 2008).

The main outcome of our calculations is that they point
to the viability and primacy of variations in carbon sinks
rather than sources, especially changes in silicate weathering
consumption as continents in general and those land masses
with basaltic provinces in particular drifted through climate
belts, on controlling atmosphericpCO2 over at least the past
120 Ma.

“. . . there is a special need, in both carbon cycle and cli-
mate modeling, to consider only those land areas that have
sufficient rain and are sufficiently warm to exhibit apprecia-
ble chemical weathering.” (R. A. Berner and Z. Kothalava,
2001)

2 Paleogeographic reconstructions from 120 Ma to
present

In the absence of compelling evidence for long-term secu-
lar changes in global ocean floor production rates, we as-
sume that the background CO2 outgassing rate held steady
and was comparable to the present-day global volcanic CO2
emission rate from spreading centers, mantle plumes and arc
volcanoes with a preferred estimate of∼ 260 Mt CO2 yr−1

or 5.91× 1012 mol CO2 yr−1, with a range of plausible es-
timates of 180 to 440 Mt CO2 yr−1 (Gerlach, 2011; Marty
and Tolstikhin, 1998). To estimate contributions of CO2 out-
gassing from the subduction of carbonate-rich sediments and
consumption of CO2 from silicate weathering of continen-
tal areas as they drifted through different climate zones, we
generated paleogeographic reconstructions of the main conti-
nents using a composite apparent polar wander path (APWP)
(Fig. 2; Table 1) and the finite rotation poles used by Besse
and Courtillot (2002) from Muller and Roest (1992), Muller
et al. (1993) and Srivastava and Tapscott (1986). The com-
posite APWP uses paleopoles from all the main continents
rotated to common coordinates (in this case, North America)
and averaged in a sliding 20 Myr window every 10 Myr. The
mean paleopole for 60 to 120 Ma is an average of global ig-
neous data from Kent and Irving (2010) for a standstill in
APW in North American coordinates; we averaged their 60,
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Table 1.APW paths used for paleogeographic reconstructions.

NAM SAM AFR EUR IND AUS ANT

A1 A2 N A95 Lat Lon Lat Lon Lat Lon Lat Lon Lat Lon Lat Lon Lat Lon
(Ma) (Ma) (◦) (◦ N) (◦ E) (◦ N) (◦ E) (◦ N) (◦ E) (◦ N) (◦ E) (◦ N) (◦ E) (◦ N) (◦ E) (◦ N) (◦ E)

10 8.3 54 2.0 85.0 168.1 85.9 151.0 85.3 173.5 85.4 162.5 86.2 216.4 87.0 254.3 86.0 160.8
20 18.9 38 2.7 83.3 164.2 84.7 133.8 83.9 175.9 84.0 154.8 84.0 246.8 82.8 287.8 85.4 151.9
30 29.5 23 3.8 81.5 169.2 83.7 132.6 81.8 190.7 82.8 158.1 79.1 266.1 76.6 291.0 85.1 162.2
40 40.0 24 3.2 79.5 174.4 82.6 139.2 79.0 201.1 81.3 162.4 73.1 272.4 71.7 289.8 84.3 172.4
50 52.2 31 3.4 77.9 179.3 82.1 141.8 76.9 210.3 80.9 164.4 63.3 276.4 68.2 293.0 84.7 174.7
60∗ ∗ 4 1.7 75.9 192.8 82.4 162.8 74.4 221.9 80.7 184.0 52.5 277.1 65.1 292.9 84.6 203.5
70∗ ∗ 4 1.7 75.9 192.8 83.2 157.7 74.2 224.4 81.0 182.5 39.1 280.0 64.4 298.5 86.6 209.5
80∗ ∗ 4 1.7 75.9 192.8 83.3 163.5 71.7 231.3 81.0 180.9 31.6 282.1 62.5 302.0 87.6 243.4
90∗ ∗ 4 1.7 75.9 192.8 84.8 161.1 68.2 239.5 80.8 179.7 24.2 288.2 61.3 309.3 88.5 341.6
100∗ ∗ 4 1.7 75.9 192.8 86.0 178.1 63.5 247.4 80.8 178.5 16.3 293.6 59.3 316.1 85.5 11.7
110∗ ∗ 4 1.7 75.9 192.8 87.9 217.6 59.8 254.9 80.6 178.9 11.3 294.9 57.2 325.2 80.5 22.0
120∗ ∗ 4 1.7 75.9 192.8 86.9 284.3 56.3 262.0 80.4 180.5 6.2 298.4 54.3 335.0 74.5 26.8

Paleopoles from different continents (NAM, North America; SAM, South America; AFR, Africa; EUR, Eurasia; IND, India; AUS, Australia; ANT, East Antarctica) had been
transferred to common (NAM) coordinates using rotation parameters from Besse and Courtillot (2002) and averaged in 20 Myr windows stepped every 10 Myr. The mean
paleopoles of the composite APW path were then transferred from NAM coordinates to the different continents. Mean paleopoles for 10 to 50 Ma are from Besse and
Courtillot (2003); mean paleopole for 60–120 Ma is the standstill superpole in NAM coordinates from Kent and Irving (2010). A1 is age of center of 20 Myr averaging window,
A2 is mean age of poles in the 20 Myr window,N = number of paleomagnetic pole entries, Lat is latitude and Lon is longitude of mean paleomagnetic pole and A95 is its radius
of circle of 95 % confidence.∗ Based on average of mean poles listed in Kent and Irving (2010; Table 6) for 60, 80, 100 and 120 Ma windows in NAM coordinates and
propagated to other continents via interpolated Euler poles from Besse and Courtillot (2002).

80, 100 and 120 Ma mean poles, which are independent but
not significantly different, to derive a 60–120 Ma superpole.
Mean paleopoles for 10 to 50 Ma, which are dominated by
global igneous data and thus also less prone to be biased
by sedimentary inclination error, are from Besse and Cour-
tillot (2002, 2003). The composite APWP should record the
geocentric axial dipole field, hence the different APWP for
the various continents shown in Fig. 2 simply reflect their
relative motions according to the finite rotation model. Un-
certainty in latitudinal positions of the continents should be
on the order of the radii of circles of 95 % confidence around
the mean paleopoles (∼ 3◦; Table 1).

The main elements of the plate tectonic scenario are the
convergence of Greater India with the Lhasa block, which
was accreted to Asia before the Late Jurassic (Allègre et al.,
1984; Chang and Cheng, 1973), and the convergence of Ara-
bia with the Iran block, which was accreted to Asia during the
Late Triassic–Early Jurassic Cimmerian orogeny (e.g. Mut-
toni et al., 2009; Zanchi et al., 2009) and was only moder-
ately disrupted by oblique subduction of the Tethyan Ocean
in the Cretaceous (Moghadam et al., 2009). A related tectonic
feature is the extrusion of the SE Asian blocks during the in-
dentation of India into Asia (Molnar and Tapponnier, 1975).
There is a vast literature on various aspects of the tectonics
of the Himalaya and adjacent Tibetan Plateau (e.g. more than
330 cited references in a review paper by Yin and Harrison,
2000 and more than 500 cited references in one by Hatzfeld
and Molnar, 2010), but what is critical to our analysis is to
locate within these reconstructions the position of the Asian
margin (Lhasa, Iran) and of the SE Asian blocks, which was
done as follows.
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Fig. 2. Apparent polar wander paths for Africa, Antarctica, Aus-
tralia, Eurasia, India, North America and South America based on
a composite APWP using paleopoles from all the main continents
that were brought to common coordinates using finite rotation poles
used by Besse and Courtillot (2002), averaged with a sliding 20 Myr
window every 10 Myr, and the mean poles transferred back to the
different continents; hence the differences in APWP for the various
continents reflect relative motions according to the finite rotation
poles used for the plate reconstructions. Mean paleopoles for 10 to
50 Ma are from Besse and Courtillot (2002, 2003); mean paleopole
for 60 to 120 Ma is an average of global igneous data (superpole la-
beled 60–120 Ma SP with 95 % confidence circle and based on 60,
80, 100 and 120 Ma mean poles from Kent and Irving, 2010) for a
standstill in apparent polar wander in North American coordinates
(Table 1). Circles of 95 % confidence that are shown on the India
APWP are in common for the APWP projected to other continents.
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Table 2.Total rotation poles for the SE Asian blocks.

Age W. Sumatra N. Indochina S. Indochina– C. Indochina–
E. Sumatra– Borneo

Java

Ma Lat Lon � Lat Lon � Lat Lon � Lat Lon �

0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
5 13.7 94.5 5.2 11.5 90.7 5.3 11.5 90.7 5.3 11.5 90.7 5.3
10 11.4 96.2 9.2 9.4 92.0 9.2 9.4 92.0 9.2 9.4 92.0 9.2
15 14.1 102.2 9.7 7.5 91.5 9.7 7.5 91.5 9.7 7.5 91.5 9.7
30 10.6 90.8 21.9 7.2 86.6 22.2 7.2 86.6 22.2 7.2 86.6 22.2
40 4.6 93.3 28.8 5.9 88.6 28.5 1.9 90.2 29.1 4.1 90.4 33.1
50 4.5 93.6 29.3 5.8 89.0 29.0 1.8 90.6 29.6 4.0 90.7 33.6
60 3.4 99.3 30.2 4.6 95.0 29.6 0.7 96.4 30.2 2.8 95.8 34.3
70 3.5 99.0 29.9 4.7 94.5 29.3 0.8 96.0 30.0 2.9 95.4 34.0
80 3.6 98.5 29.8 4.8 94.1 29.3 0.9 95.5 30.0 3.0 95.0 34.0
90 3.6 98.1 30.0 4.9 93.7 29.5 1.0 95.1 30.2 3.1 94.7 34.2
100 3.7 97.7 30.0 4.9 93.3 29.5 1.0 94.7 30.1 3.1 94.3 34.2
110 3.7 97.8 30.2 4.9 93.4 29.7 1.0 94.8 30.4 3.1 94.4 34.3
120 3.6 98.2 30.4 4.8 93.8 29.9 0.9 95.3 30.6 3.0 94.8 34.6

Rotation poles (Lat = latitude◦ N, Lon = longitude◦ E, � = rotation angle, positive counterclockwise) obtained by multiplying the
paleomagnetic Euler poles of Eurasia (derived from Table 1) with the step-by-step Euler poles of the SE Asian blocks relative to Siberia
(Eurasia) accumulated in the 0–40 Ma time window (derived from Replumaz and Tapponnier, 2003). For the previous 50–120 Ma interval, the
SE Asia blocks are considered tectonically coherent and moved with Siberia (Eurasia). N = North, S = South, E = East, W = West, C = Central.

1. The southern (collisional) margin of the Lhasa block
was drawn assuming that it coincided with the north-
ern margin of Greater India (which is much easier to
place using the APWP described above) at full India–
Lhasa collision at 50 Ma; for pre-50 Ma times, the Lhasa
margin was kept coherent and therefore rotated with
Asia. The∼ 50 Ma collision age, instrumental to lo-
cating the position of the margin, is based on several
lines of geological evidence (Garzanti, 2008; Garzanti
et al., 1987; Zhu et al., 2005; and references therein),
and is supported by the marked decrease in convergence
rate between India and Eurasia observed in the Indian
Ocean between magnetic Anomaly 22 (∼ 49.5 Ma) and
Anomaly 21 (∼ 48.5 Ma) (Copley et al., 2010; Patriat
and Achache, 1984; see also Cande and Stegman, 2011;
Molnar and Stock, 2009). An age of∼ 50 Ma for the
India–Lhasa collision is preferred to the much younger
age of∼ 35 Ma envisaged by Aitchison et al. (2007)
and Ali and Aitchison (2008) essentially for the argu-
ments made by Garzanti (2008). Our reconstructions are
in substantial agreement with the available albeit sparse
paleomagnetic data indicating that the margin had a pa-
leolatitude comprised between∼ 10◦ N and∼ 20◦ N in
the Cretaceous–early Cenozoic (Achache et al., 1984;
Chen et al., 1993, 2012). Other results and compilations
of paleomagnetic data that try to take into account sed-
imentary flattening of paleomagnetic directions suggest
that collision of northern India with the Lhasa block oc-
curred at 46± 8 Ma (Dupont-Nivet et al., 2010) and that
the southern margin of the Lhasa block extended as far

south as 20◦ N during the Eocene (Lippert et al., 2011),
which we regard as in substantial agreement with our re-
constructed tectonic framework given the uncertainties
in reference paleopoles.

2. Following similar reasoning, the southern (collisional)
margin of the Iran block was drawn assuming that it
coincided with the northern margin of Arabia at full
collision at ∼ 20 Ma. The Arabia–Iran collision may
have started at∼ 35 Ma based on geologic evidence
(Agard et al., 2005; Allen and Armstrong, 2008); how-
ever, complete western Tethys closure seems not to have
occurred until∼ 20 Ma based on recent apatite fission-
track data indicating that the last oceanic lithosphere be-
tween Arabia and Eurasia was not consumed until the
early Miocene (Okay et al., 2010).

3. The position of the SE Asian blocks (north, central,
and south Indochina, west and east Sumatra, Borneo,
and Java) have been reconstructed in the 0–40 Ma in-
terval using the (cumulative) rotation poles of Re-
plumaz and Tapponnier (2003) relative to Siberia (Eura-
sia) (Table 2). For the previous 50–120 Ma interval,
the SE Asian blocks are considered tectonically coher-
ent and moved with Siberia (Eurasia). Accordingly, our
Cretaceous reconstructions are similar to those of Chen
et al. (1993) with Indochina placed using Cretaceous pa-
leomagnetic data from Yang and Besse (1993) across
paleolatitudes spanning from∼ 10◦ N to 30◦ N close
to Siberia. Moreover, our 65 Ma reconstruction predicts
a paleolatitude for western Yunnan (North Indochina

www.clim-past.net/9/525/2013/ Clim. Past, 9, 525–546, 2013
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block) that is consistent, within paleomagnetic resolu-
tion, with a paleolatitude of 17◦ ± 9◦ N calculated for
the area from (sparse) paleomagnetic data from the Pa-
leocene (Yang et al., 2001). Southward extrusion of the
SE Asian blocks basically stopped at about 15 Ma with
cessation of seafloor spreading in the South China Sea
(Briais et al., 1993) even though overall southerly move-
ment continued as Eurasia rotated clockwise accord-
ing to its APWP. Our reconstructions are similar to the
classic India–SE Asia indentor-extrusion model (Mol-
nar and Tapponnier, 1975; Replumaz and Tapponnier,
2003; Royden et al., 2008) and differ from alternative
reconstructions that question evidence for extrusion and
locate the SE Asian blocks since before the onset of
India–Asia collision at essentially the latitudes they are
found today (Aitchison et al., 2007; Hall et al., 2008;
see also exchange between Garzanti, 2008 and Aitchi-
son et al., 2008). Hall et al. (2008) support their fixist
reconstructions citing paleomagnetic data from Borneo
and surrounding regions (Fuller et al., 1999; Schmidtke
et al., 1990) that (a) do not seem to indicate a clear
pattern of clockwise rotations, and (b) show no consis-
tent southward displacement of blocks over the Ceno-
zoic, both expected from the extrusion model. As ac-
knowledged by Fuller et al. (1999), however, the qual-
ity of the paleomagnetic data from Borneo is problem-
atical given that many results come from igneous in-
trusions with no control on paleo-horizontal and “the
intimate mixing throughout Borneo of rotated and unro-
tated results is easier to explain in terms of remagnetiza-
tion than by a special distribution of local shears”. The
details of the paleolatitudinal evolution of Borneo can
hardly be resolved by these data. However, results from
the Late Cretaceous and early Cenozoic Segamat basalts
and supporting data from the Kuantan dike swarm all
from the Malaysia Peninsula indicate paleolatitudes at
time of emplacement of 20◦ N (compared to a present-
day latitude of∼ 2.5◦ N) (Richter et al., 1999) and pro-
vide in our opinion robust (e.g. not influenced by sed-
imentary inclination flattening) paleomagnetic data in
support of the SE Asia southward extrusion model and
Eurasia clockwise rotation.

To summarize in a broader paleogeographic context,
Greater India resided for much of the Mesozoic in the south-
ern hemisphere as part of the classical Gondwana super-
continental assembly (Smith and Hallam, 1970), which be-
gan to disperse in the Late Jurassic with the opening of
the Somali basin (Rabinowitz et al., 1983) and the separa-
tion of East Gondwana (which included India, Madagascar,
Antarctica, and Australia) from West Gondwana (Africa and
South America). Greater India commenced its∼ 6000 km
northward drift toward Lhasa (Asia) when it separated (with
Madagascar) from Antarctica at around 120 Ma (Fig. 3a) and
continued its journey after separation from Madagascar at

around 84 Ma, approached the equatorial belt (5◦ S–5◦ N)
at 65 Ma (Fig. 3b) and began to collide with Lhasa (Asia)
at around 50 Ma (Fig. 3c). The extrusion of the SE Asian
blocks with the indentation of India into Asia was such that
at ∼ 30 Ma Borneo was approaching the equatorial humid
belt (Fig. 3d). Convergence between Arabia–Iran caused fi-
nal collision at∼ 20 Ma, whereas the southward extrusion
of SE Asia largely ceased by∼ 15 Ma (Fig. 3e). Continued
clockwise rotation of Eurasia gradually brought SE Asia to
its present position during which time New Guinea, on the
northern margin of the Australia plate, impinged on the equa-
torial humid belt from the south (Fig. 3f).

3 Did the Tethyan CO2 factory produce
Cretaceous–Eocene greenhouse climate?

The northward drift of India involved the subduction un-
der Asia of oceanic crust that must have transited through
the equatorial belt (Fig. 3a–c). This is because the paleo-
magnetic (i.e. latitudinal) constraints indicate that the Lhasa
(Asia) southern margin remained in the northern hemisphere
(10◦ N–20◦ N) from practically the time India separated from
Antarctica at∼ 120 Ma until incipient collision at∼ 50 Ma.
In modern oceans, equatorial regions are generally associ-
ated with upwelling and high organic productivity, giving
rise to enhanced deposition of biogenic sediments (Berger
and Winterer, 1974) that sequester CO2 from the atmosphere.
This has been especially true since the diversification of
planktonic marine protists by the mid-Mesozoic, when open
oceans became important loci of carbonate deposition, pro-
gressively replacing shallow water carbonates (Wilkinson
and Walker, 1989). Calcareous nannoplankton became the
most efficient sediment-forming group in Cretaceous oceans,
sometimes forming thick chalk deposits, whereas planktonic
foraminifers became relevant sediment-producers only since
the Late Cretaceous (Erba, 2004). Biogenic sediments de-
posited on oceanic crust are more readily subducted than
shallow water carbonates on buoyant continental crust, hence
pelagic sediments are more prone to metamorphic decarbon-
ation, potentially augmenting the global flux of CO2 to the
atmosphere (Caldeira, 1992; Volk, 1989). The subduction of
Tethyan sea floor from 120 to 50 Ma may thus have consti-
tuted a productive source of additional CO2, which according
to some scenarios may have been responsible for the gener-
ally equable climates in the Cretaceous to Eocene (Edmond
and Huh, 2003; Hansen et al., 2008; Kent and Muttoni, 2008;
Schrag, 2002). Alternatively, much of the subducted carbon
may have remained buried in a deep-seated mantle reservoir
(Selverstone and Gutzler, 1993). Here we attempt to estimate
the maximum amount of subducted carbon as a source of
CO2 to the atmosphere by invoking high biogenic productiv-
ity on oceanic crust and assuming that an appreciable fraction
of the subducted carbon is returned to the atmosphere.
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Fig. 3. Paleogeographic reconstructions based on a composite APWP (Table 1, Fig. 2), the finite rotation poles given by Besse and Cour-
tillot (2002) from Muller and Roest (1992), Muller et al. (1993), and Srivastava and Tapscott (1986) for the major continents and the rotation
poles of Replumaz and Tapponnier (2003) for SE Asian blocks, as discussed in text.(A) 120 Ma at about Magnetic Anomaly M0;(B) 65 Ma
at about Anomaly 29;(C) 50 Ma at about Anomaly 21;(D) 30 Ma at about Anomaly 11;(E) 15 Ma at about Anomaly 5B;(F) present-day
geography. The equatorial humid belt (P >E: precipitation> evaporation) between 5◦ S and 5◦ N is represented by darker green shading,
the temperate humid belts (P > E) from 30◦ to beyond the latitudinal limits (60◦) of our paleogeographic reconstructions are represented
by lighter green shading, with the intervening arid belts (P < E) unshaded, all based on general circulation climate model with idealized
geography by Manabe and Bryan (1985). Large continental basaltic provinces are shown in red, large submarine provinces in orange. Paleo-
geographic maps were made with PaleoMac software (Cogné, 2003).

We estimated the productivity of the Tethyan CO2 factory
over the Cretaceous–Cenozoic by reconstructing the latitudi-
nal component of motion for a point on the northern margin
of the Indian plate (filled star in Fig. 3a) compared with the
latitudinal evolution of a point on the Lhasa southern margin
(unfilled star in Fig. 3a). The paleolatitude curves (Fig. 4a)
were used to predict the timing of subduction of oceanic crust
attached to Greater India that was loaded with equatorial
(5◦ S–5◦ N) bulge sediments. In a simple 2-plate model, the
onset of northward motion of Greater India at∼ 120 Ma pre-
saged the onset of subduction of the equatorial bulge under-
neath the Lhasa margin at around 97 Ma and until the bulge
that formed under the equatorial belt at around 72 Ma was
subducted at∼ 55 Ma and the last sediments were consumed
in the trench at 50 Ma. In other words, a full equatorial load

of sediment was probably continuously subducted in south-
ern Asia trenches from at least∼ 97 Ma to collision at 50 Ma.

The amount of equatorial bulge sediments subducted with
time can be estimated from the loading time, loading area,
and mass accumulation rate, as follows:

1. The time spent by the Tethyan crust under the pre-
sumed 5◦ S–5◦ N upwelling belt (loading time) was cal-
culated acknowledging that the Tethyan crust was load-
ing sediments under the 5◦ S–5◦ N belt since well be-
fore the onset of India–Asia convergence; we therefore
assumed an initial, nominal loading duration of 20 Myr
to which we added the loading times directly derived
from the plate’s latitudinal velocity (Fig. 4b). For exam-
ple, oceanic crust entering the Lhasa trench at∼ 80 Ma
(Fig. 4a) was already sediment-loaded for 20 Myr when
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Fig. 4. Estimates of decarbonation in Tethyan subduction factory. Panels(A)–(D) refer to the subduction of Tethyan crust between Greater
India and Lhasa (Asia).(A) Paleolatitude curves for northern Greater India (filled star in Fig. 3a) and southern Lhasa block (unfilled star in
Fig. 3a) with 2nd order polynomial fits used to calculate the subduction time and the loading time of oceanic crust during passage through
hypothesized equatorial upwelling belt (5◦ S–5◦ N). (B) Sediment loading time for passage through equatorial upwelling belt (5◦ S–5◦ N) of
oceanic crust subducted under Asia. Curve starts at 97 Ma with a nominal 20 Myr loading time because the oceanic crust was sitting in the
equatorial belt since appearance of pelagic carbonates and well before onset of subduction.(C) Amount of Tethyan crust as function of time
between northern Greater India and southern Lhasa block that was eventually subducted under Asia plotted with a 2nd order polynomial
fit resampled every 1 Myr (blue line) and red curve showing subduction rate (scale on right) as 1st derivative of the polynomial subduction
curve.(D) Amount of equatorial bulge sediments on Tethyan crust subducted under Asia per unit time as a function of geologic age. The
axis on the right is the CO2 emitted by these sediments expressed as percentage of the present-day global volcanic CO2 emission rate of
260 Mt yr−1, assuming the sediments were 100 % carbonates and 10 % recycled. Panels(E)–(H) refer to the subduction of Tethyan crust
between Arabia and Iran (Asia) following the same procedure illustrated for India–Lhasa in panels(A)–(D), with the only notable differences
that the time scale extends to 20 Ma and the paleolatitude curves – in(E) – are for the southeastern margin of Arabia (filled circle in Fig. 3a)
and the western margin of the Iran block (unfilled circle in Fig. 3a).

it started moving from 5◦ S at 120 Ma across the equa-
torial belt to 5◦ N at 89 Ma thus accumulating addi-
tional ∼ 31 Myr of loading (total of∼ 51 Myr at sub-
duction; Fig. 4b). As another example, oceanic crust
entering the Lhasa trench at∼ 70 Ma (Fig. 4a) was al-
ready sediment-laden for 20 Myr when it crossed the
equatorial belt from∼ 93 Ma to∼ 78 Ma accumulating

an additional∼ 16 Myr of loading (total of∼ 36 Myr at
subduction; Fig. 4b).

2. The surface area of Indian oceanic crust displaced
northward at any given time and eventually con-
sumed at the trench (subduction rate) was calcu-
lated from the paleogeographic reconstructions (Fig. 3
and additional ones) and found to steadily increase
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from ∼ 0.09 km2 yr−1 to ∼ 0.45 km2 yr−1 for a to-
tal subducted crust of∼ 19.0 Mkm2 (Fig. 4c). Most
of this crust (∼ 14.7 Mkm2) resided on or crossed
the equatorial upwelling belt before being subducted,
whereas the remainder (∼ 4.3 Mkm2) was located be-
tween 5◦ N and the Lhasa margin and presumably never
got loaded with equatorial sediments (see Fig. 3a).

3. A nominal mass accumulation rate (MAR) of
1.5 g cm−2 kyr−1 (15 t km−2 yr−1) for the Tethyan
equatorial belt 5◦ S–5◦ N was derived from estimates
for the Cretaceous equatorial Pacific Ocean (Ogg et al.,
1992), which is within the range of values found for the
Cenozoic equatorial Pacific (Mitchell and Lyle, 2005;
Mitchell et al., 2003).

Summarizing and clarifying the above, oceanic crust tran-
siting under the equatorial upwelling belt gets a full bio-
genic (calcareous and biosiliceous) sediment load that is es-
timated by multiplying the loading time (1) by the load-
ing area (2) by the MAR value (3). This subducted load
is found to vary between∼ 60 Mt yr−1 at ∼ 120 Ma up to
∼ 220 Mt yr−1 at ∼ 80 Ma and dropping to virtually zero at
50 Ma (Fig. 4d). Even allowing the subducted sediment to be
entirely carbonate, a recycling rate of 10 % (although gener-
ally less) based on10Be data in arc volcanics (Tera et al.,
1986) would imply that the amount of CO2 that was po-
tentially generated by the decarbonation of Tethyan pelagic
biogenic sediments was maximally∼ 9.7 Mt CO2 yr−1 at
around 80 Ma, corresponding to only∼ 4 % of the present-
day global volcanic CO2 emission rate of∼ 260 Mt CO2 yr−1

(Fig. 4d).
A similar scenario of convergence and equatorial bulge

subduction can be traced between Arabia and Iran in the
western Tethys (Fig. 4e–h). Using the procedure outlined
above for India, the mean latitudinal velocity of a point on the
northeastern margin of Arabia (filled circle in Fig. 3a) is used
in conjunction with the paleolatitude evolution of a point on
the southwestern Iran margin (unfilled circle in Fig. 3a) to
predict that the oceanic crust loaded with equatorial bulge
sediments started subducting at around 74 Ma and ended at
∼ 20 Ma with the terminal Arabia–Iran collision (Fig. 4e).
The loading time of this subducted oceanic crust was esti-
mated to steadily increase from an initial value of∼ 20 Myr
(for similar reasons previously illustrated for India) to a max-
imum of ∼ 60 Myr (Fig. 4f). The subduction rate was found
to decrease from∼ 0.18 km2 yr−1 to ∼ 0.04 km2 yr−1 for a
total subducted crust of∼ 8.1 Mkm2 (Fig. 4g). Of this crust,
only ∼ 2.1 Mkm2 resided on or crossed the equatorial up-
welling belt before being subducted, whereas the remainder
presumably never got loaded with equatorial sediments (see
Fig. 3a). These numbers lead us to calculate a subducted sed-
iment load that varies between∼ 23 Mt yr−1 at 70 Ma and
∼ 35 Mt yr−1 at 20 Ma (Fig. 4h); assuming again that the
subducted sediments were entirely carbonates and a recy-
cling rate of∼ 10 %, the maximum amount of CO2 that was

potentially generated by the decarbonation of these biogenic
sediments was∼ 1.6 Mt CO2 yr−1 at around 20 Ma, corre-
sponding to only∼ 0.6 % of the present-day global volcanic
CO2 emission rate of∼ 260 Mt CO2 yr−1 (Fig. 4h).

It appears that subduction decarbonation of Tethyan
pelagic sediments may have reached∼ 10 MtCO2 yr−1 from
80 to 50 Ma, which is only∼ 4 % of the present-day global
volcanic CO2 emission rate of 260 Mt CO2 yr−1.

We can also approach this from the long-term mean ocean
production rate of 3.4 km2 yr−1 from Rowley (2002), which
would imply that 340 Mkm2 of oceanic crust was subducted
globally in the 100 Myr from 120 Ma (about when pelagic
carbonates and chalks become important) to 20 Ma (end of
major Tethyan subduction after which there has been only
minor overall subduction of pelagic carbonates elsewhere,
mainly Central America), or nearly 13-fold what was cal-
culated for subduction just of Tethyan crust (∼ 27 Mkm2

for India plus Arabia). However, a substantial fraction of
the oceanic crust that was subducted must have been in
the Pacific which did not systematically transit through the
equatorial upwelling belt and consequently probably had
a much lower MAR, perhaps by an order of magnitude
(∼ 1.5 t km−2 yr−1) than for equatorial bulge pelagic sedi-
mentation (Mitchell and Lyle, 2005). Even if additional sub-
duction decarbonation doubled the rate estimated just for
Tethyan pelagic sediments, to perhaps 20 Mt CO2 yr−1, this
would nevertheless still be a small fraction (less than 10 %)
of the present-day global volcanic CO2 emission rate. This
leads us to conclude that unless its efficiency was much
higher (Johnston et al., 2011) the decarbonation subduction
factory was a rather modest contributing factor in producing
higher pCO2 and presumably related warm climate in the
Cretaceous–Eocene. We also note that the total deep (mantle)
carbon storage of about 1000 Tt CO2 for the past 125 Myr
suggested by Selverstone and Gutzler (1993) to be in re-
sponse to the Alpine–Himalaya collision amounts to about
the same magnitude flux (8 Mt CO2 yr−1) as the decarbona-
tion flux albeit of opposite sign and would thus further re-
duce its relative importance as a net long-term source of
CO2. More generally, subduction decarbonation would seem
to be precluded as a major source of CO2 prior to when open
oceans became important loci of carbonate deposition with
the abundant appearance of calcareous plankton at∼ 120 Ma.
Edmond and Huh (2003) reached similar conclusions about
the general efficacy of subduction decarbonation as a source
of CO2.

Mantle CO2 that emanated from the emplacement of sub-
marine LIPs (e.g. Ontong Java Plateau, Caribbean Plateau)
probably significantly increased globalpCO2 levels that may
have triggered environmental responses like oceanic anoxic
events (e.g. Jenkyns, 2003; Tejada et al., 2009) but for not
over much longer durations than each of their relatively short
emplacement times (Self et al., 2005). This is because model
calculations (Dupŕe et al., 2003; Misumi et al., 2009) and
available supporting proxy measurements (Schaller et al.,

www.clim-past.net/9/525/2013/ Clim. Past, 9, 525–546, 2013



534 D. V. Kent and G. Muttoni: Modulation of Late Cretaceous and Cenozoic climate

2011) indicate that the excess CO2 would be adsorbed by
negative feedback mechanisms on less than a million year
time scale. In fact, continental LIPs are likely to be net CO2
sinks due to enhanced consumption from their weathering
(Dessert et al., 2003; Schaller et al., 2012).

4 Variable weathering sinks of CO2

If the long-term source flux of CO2 stayed basically con-
stant and experienced only transient changes, persistent vari-
ations in CO2 sink fluxes must have been in the driver’s seat
in controlling the concentration of atmosphericpCO2. The
most important CO2 sink is weathering of continental sili-
cates (Walker et al., 1981), a negative feedback mechanism
dependent on surface temperature and runoff as a function of
the CO2 greenhouse effect and incorporated in most quanti-
tative carbon-cycling models (e.g. Berner, 1991, 1994, 2006;
Berner and Kothalava, 2001; Berner et al., 1983; Goddéris
and Joachimski, 2004; Goddéris et al., 2008).

Recent evaluations have emphasized the importance of
continental basalt weathering as a major sink for atmospheric
CO2, representing anywhere from one-third to nearly one-
half of the CO2 consumption flux from weathering of all
continental silicates even though subaerial basalt provinces
today constitute less than 5 % of world land area (Table 2
in Dessert et al., 2003). The compilation of Dessert et
al. (2003) also shows that for a given gross basin lithology
(granitic or basaltic), chemical weathering and CO2 con-
sumption rates are strongly dependent on runoff and tem-
perature, which are markedly potent in the equatorial humid
belt. It is noteworthy that SE Asia in the equatorial humid
belt with a mean annual temperature of 25◦C and nearly
140 cm yr−1 runoff has by far the highest CO2 consumption
flux (1.033× 1012 mol yr−1 = 45.5 Mt CO2 yr−1), which con-
stitutes about 25 % of the total CO2 consumption flux esti-
mated for all basaltic provinces and small volcanic islands
(4.08× 1012 mol yr−1 = 180 Mt CO2 yr−1 for total land area
of 7.249 Mkm2; Dessert et al., 2003), even though SE Asia
represents less than 8 % of their combined surface area. In
contrast, basalt provinces in cold or dry regions are not
weathering rapidly and are thus consuming far less CO2.
For example, the Siberian Traps, a LIP that was emplaced in
the latest Permian and presently straddles the Arctic Circle
with a mean annual temperature of−10◦C and 40 cm yr−1

runoff, contributes a paltry 1.3 % (2.3 Mt CO2 yr−1) to the
overall basalt CO2 consumption flux even though it repre-
sents about 11 % of the surface area of all continental basalt
provinces and small volcanic islands today (Dessert et al.,
2003). The Ethiopian Traps, with a comparable surface area
to the Siberian Traps, are just within the tropical arid belt
with a much higher mean annual temperature of 21◦C but
only 13 cm yr−1 runoff and hence end up contributing∼ 3 %
(5.3 Mt CO2 yr−1) to the overall basalt total CO2 consump-
tion flux (Dessert et al., 2003). Mg and Ca-poor granitic
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Fig. 5. Latitudinal distributions of (left panel) zonal average pre-
cipitation minus evaporation (P − E) and (right panel) zonal mean
surface air temperature based on a general circulation model with an
annual mean insolation and idealized geography obtained for vari-
ous multiples of atmosphericpCO2 (pre-industrial) values, shown
here ranging from one-half (X/2) to eight fold (8X) (extracted from
Figs. 4 and 19 in Manabe and Bryan, 1985).

terranes have total CO2 consumption fluxes that are 2 to
10 times lower than basaltic provinces in comparable climate
conditions (Dessert et al., 2001; Gaillardet et al., 1999).

To gauge the latitudinal position of climate belts in the
past, we use values for zonal mean annual surface air tem-
perature and the difference between precipitation and evap-
oration (P − E) based on a general circulation model from
Manabe and Bryan (1985) with idealized geography, an an-
nual mean insolation, and atmosphericpCO2 concentrations
that vary from one-half to 8-times the modern (pre-industrial:
280 ppm) value (Fig. 5). Compared with studies of silicate
weathering rate using more comprehensive global climate
numerical models (e.g. Donnadieu et al., 2006; Godderis et
al., 2008) that include a variety of feedbacks as well as mon-
soons and other phenomena related to details of geography,
the idealized zonal model employed here has the advantage,
at this stage, of allowing us to keep the latitudinal depen-
dency of climate more or less fixed while the distribution of
land masses varies with plate tectonics. Indeed, their ideal-
ized zonal climate model “... completely bypasses the inter-
action of climate and the carbon cycle itself” (Manabe and
Bryan, 1985, p. 11705).

Although the amplitude or climate severity ofP − E in-
creases with increasingpCO2, the latitudinal positions of
the crossovers (P − E = 0) stay relatively fixed (Manabe and
Bryan, 1985) (Fig. 5, left panel). Accordingly, we set the
equatorial humid belt (P >E) as occurring between 5◦ S and
5◦ N and the hemispheric limits of the tropical arid belts
(P <E) as extending from 5◦ to 30◦ latitude and that of
the temperate humid belts from 30◦ to the latitudinal lim-
its (60◦) of our paleogeographic maps (Fig. 3). Zonal mean
temperatures generally increase with higherpCO2 but for
any givenpCO2 level they are uniformly high in the tropics
(nominally 23◦ S to 23◦ N) before decreasing to about two-
thirds of equatorial values by the lower latitude regions of
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the temperate humid belts (30◦ N or S) and to around freez-
ing (0◦C) by 60◦ N or S for today’spCO2 level (Fig. 5, right
panel). The most potent and persistent combination of high
temperature and high moisture for silicate weathering clearly
resides in the equatorial humid belt (5◦ S–5◦ N, constituting
44 Mkm2 or 8.7 % of Earth’s total surface area) at anypCO2
level and that is where we focus attention in estimating CO2
consumption rates.

5 Quantification of CO2 silicate weathering sinks

Total continental area in the equatorial humid belt was
relatively steady at∼ 12 Mkm2, which is a little more
than one-quarter (27 %) of the available surface area in
this zone and about 8 % of present total continental land
area (∼ 150 Mkm2), from at least 120 Ma to around 65 Ma
(Fig. 6a; see also paleogeography in Fig. 3a and b). Over
this time interval, South America had a decreasing areal con-
tribution that was essentially balanced by Africa plus Ara-
bia’s increasing areal contribution in the equatorial humid
belt. Other land areas had almost negligible contributions
until the arrival of Greater India, whose northward passage
through the equatorial humid belt provides the distinctive
humped signature of the total area curve (Fig. 6a). From the
peak of 15 Mkm2 at∼ 55 Ma, total land area within the equa-
torial humid belt decreased with the northward indentation
of India into Asia and leveled out at around 11 Mkm2 by
25 Ma when the southerly motion of SE Asia (plus the widen-
ing equatorial expanse of South America and the northerly
motion of New Guinea attached to Australia) balanced the
decreasing contributions from the narrowing equatorial ex-
panse of Africa.

The only large land-based basalt province straddling
the equatorial humid belt during the entire Mesozoic was
the 201 Ma (earliest Jurassic) Central Atlantic magmatic
province (CAMP; Marzoli et al., 1999), whereas the 250 Ma
Siberian Traps remained in high (> 60◦ N) latitudes, the
130 Ma Parana and Entendeka provinces of South Amer-
ica and Africa were in the austral tropical arid belt, and
the ∼ 120 Ma Rajmajal Traps formed poleward of 50◦ S in
the austral temperate humid belt (Fig. 3). CAMP basalts
were apparently thin (100–200 m-thick) but emplaced over
a large area across tropical Pangea (5–10 Mkm2; Marzoli et
al., 1999; McHone 2003), and only minor exposures of lavas
in isolated rift basins and widely scattered presumed feeder
dikes now remain (McHone, 2003). The bulk of the CAMP
lavas were probably weathered, eroded or buried soon after
their emplacement, very likely within a few hundred thou-
sand years of volcanic activity as suggested by estimates of
atmosphericpCO2 from paleosols interbedded and overlying
CAMP lavas in eastern North America (Schaller et al., 2012)
and tantalizing indications of rapid global cooling (Schoene
et al., 2010). In any case, we suppose that any remaining
exposed CAMP fragments were probably too small or had
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Fig. 6. (A) Estimates of land area within equatorial humid belt
(5◦ S–5◦ N) as a function of time since 120 Ma obtained by apply-
ing the composite APWP (Table 1; Fig. 2) and finite rotation poles
of Besse and Courtillot (2002) for major continental blocks and the
rotation poles of Replumaz and Tapponnier (2003) for SE Asian
blocks as discussed in text.(B) Estimates of key (most weatherable
in the most favorable environment) land areas comprised of vol-
canic arc provinces (Java, Sumatra, Andes), large basaltic provinces
(Deccan Traps, Ethiopian Traps), and mixed igneous-metamorphic
provinces (South Indochina, Borneo, New Guinea) in the equato-
rial humid belt (5◦ S–5◦ N) as a function of time from 120 Ma to
present. The rest of the world’s continental regions in the equato-
rial humid belt are generally characterized by low elevation (Ama-
zon and Congo basins), hence weathering tends to be low and
transport-limited.

already drifted out of the equatorial humid belt to be impor-
tant factors in weathering CO2 consumption by Cretaceous
times. The more or less constant area (0.9 Mkm2) of basaltic
rocks from 120 to 50 Ma is mostly in the Andes with some
contribution from the Sumatra–Java arc (Fig. 6b).

The Deccan Traps (current surface area of 0.5 Mkm2; orig-
inal volume of∼ 2 Mkm3; Courtillot and Renne, 2003) were
emplaced at∼ 65 Ma in the austral arid belt (Fig. 3b) and
in our view became a major consumer in the long-term CO2
budget only when the Indian plate with the Deccan drifted
into the equatorial humid belt at 50 Ma (Fig. 3c), just about
when Greater India began to collide with Asia. At 30 Ma,
the Ethiopian Traps (current surface area of 0.4 Mkm2 = 1/2
of original extent; Rochette et al., 1998) erupted virtually
on the equator just as the Deccan Traps drifted out of the
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equatorial humid belt where Java and Sumatra already be-
gan to impinge (Fig. 3d). Tectonic extrusion of SE Asia may
have effectively ceased by 15 Ma but a gradual southerly
drift due to Eurasia clockwise rotation brought Borneo into
the equatorial humid belt (Fig. 3e) where it was eventually
joined by New Guinea (attached to Australia) coming from
the south (Fig. 3f). Today, there are more than 2 Mkm2 of
highly weatherable basaltic and mixed arc and related rocks
in the equatorial humid belt (Fig. 6b).

To estimate the total CO2 consumption rate of the
varying land areas within the equatorial humid belt as
a function of time, we use the following rates for the
dominant lithologies. The rate for basaltic-rich provinces
(Deccan and Ethiopian Traps, Andes, Java and Sumatra
arc) was set to a nominal value of 100 t CO2 yr−1 per
km2; this value represents a rounded estimate falling in
the lower (conservative) side of a present-day total CO2
consumption span ranging from 84.5 t CO2 yr−1 per km2

(1.92× 106 mol CO2 yr−1 km−2) for SE Asia in toto to
282 t CO2 yr−1 per km2 (6.41× 106 mol CO2 yr−1 km−2) for
the island of Java alone (Dessert et al., 2003). A nomi-
nal 1/2 of the basalt weathering rate (50 t yr−1 per km2)
was applied to mixed (basaltic-granitic-gneissic) land areas
(South Indochina, Borneo, New Guinea) following Dessert et
al. (2001); for example, the basaltic island of Réunion (21◦ S;
∼ 240 cm yr−1 runoff, 19◦C mean annual temperature) has
an annual total CO2 consumption rate that is roughly twice
that of the climatically similar, mixed basaltic-granitic is-
land of Puerto Rico (18◦ N, ∼ 360 cm yr−1 runoff, 22◦C
mean annual temperature; Fig. 2 in Dessert et al., 2001). To-
tal CO2 consumption rates for continental cratonic regions
are expected to be much lower due to much less weather-
able granitic lithologies and generally low topographic relief
(i.e. transport-limited regimes; see Sect. 7 below). With all
due caveats, we use 5 t yr−1 per km2 for continental cratonic
areas, a rate that is an order of magnitude less than for mixed
lithology land areas like New Guinea and compatible with
the relative sense of total CO2 consumption rates deduced
from the chemistry of large rivers in such areas (Gaillardet et
al., 1999).

In applying these weathering rates to the past, we
would note that paleotemperature estimates from planktonic
foraminiferal oxygen isotope records point to tropical cli-
mate throughout the Eocene only a few degrees warmer
than modern sea-surface temperatures (Pearson et al., 2007).
Extrapolation to the past of modern total CO2 consump-
tion rates for the tropics should therefore provide reasonably
compatible estimates as far as the temperature component is
concerned although the ancient weathering rates are likely
to be underestimated due to more vigorous hydrological cy-
cles when atmosphericpCO2 levels were higher (Manabe
and Bryan, 1985; Held and Soden, 2006), as they almost in-
variably were over the past 120 Myr and longer.

Total CO2 consumption values corresponding to these
rates were calculated for areas of subaerial basalts and mixed
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Fig. 7. Total CO2 consumption rates from silicate weathering
since 120 Ma of land areas in equatorial humid belt (5◦ S–5◦ N)
obtained by multiplying a nominal CO2 consumption rate of
100 t CO2 yr−1 km−2 for basaltic provinces and 50 t yr−1 km−2 for
mixed basaltic-metamorphic provinces (Dessert et al., 2003) and an
order of magnitude less (5 t yr−1 km−2) for the remaining continen-
tal land areas (Gaillardet et al., 1999) to the corresponding cumula-
tive distribution curves in Fig. 6. Note that these total consumption
rates should be divided by 2 for net CO2 consumption rates be-
cause half of the CO2 consumed by silicate weathering is returned
to the atmosphere–ocean during carbonate precipitation. For exam-
ple, total CO2 consumption of 190 Mt CO2 yr−1 would correspond
to a net CO2 consumption of 190/2 = 95 Mt CO2 yr−1, or∼ 35 % of
present-day global volcanic CO2 outgassing of 260 Mt CO2 yr−1.
For reference, the consumption of 1 Mt CO2 yr−1 can be sus-
tained by introducing into the equatorial humid belt or rejuvenating
roughly 10 000 km2 (or ∼ 20 000 km2 for net) of the SE Asia arc
terrane every million years.

crust and for the remaining continental cratonic areas in
the equatorial humid belt in 5 Myr intervals (Fig. 7). Un-
der these assumptions, areas of subaerial basalts and mixed
crust contribute about 50 % more than the remaining much
vaster continental cratonic areas (all in the equatorial humid
belt) from 120 to 50 Ma, after which the contribution of sub-
aerial basalts and mixed crust eventually increases to nearly
3.5 times that of the remaining continental cratonic areas.
The combined CO2 consumption profile for all subaerial
crust in the equatorial humid belt (top curve in Fig. 7) has
much of the character of the potent subaerial basalts and
mixed crust component, for example, the downward blip
at ∼ 35 Ma is essentially due to an apparent gap of highly
weatherable basalts in the equatorial humid belt between the
northward drift of the Deccan Traps out of the belt before
the eruption of the Ethiopian Traps at 30 Ma (Fig. 6b). We
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cannot exclude that this short-term variation might in part be
an artifact associated with uncertainties of a few degrees in
continent paleolatitudes combined with the tight and fixed
latitudinal bounds of the equatorial humid belt in the sim-
ple zonal climate model we used. Hence the smoothed curve
in Fig. 7 may provide at this juncture a more substantiated
representation of the secular change in total equatorial con-
sumption of CO2. Even allowing that the total consumption
flux of CO2 should be halved to account for the CO2 re-
turned to the atmosphere–ocean during carbonate precipita-
tion, it is remarkable that the net CO2 consumption rate of up
to 190/2 = 95 Mt CO2 yr−1 from silicate weathering of only
a small fraction of total land with basaltic and mixed crust
provinces currently residing in the equatorial humid belt may
balance a substantial fraction (∼ 35 %) of the present-day
global volcanic emission rate of 260 Mt CO2 yr−1.

6 Himalayan uplift-erosion hypothesis

According to the uplift-erosion hypothesis (Raymo and Rud-
diman, 1992), uplift of the Himalayas and Tibetan Plateau
as a consequence of the India–Asia collision resulted in
enhanced silicate weathering rates and higher associated
consumption of CO2, causing Earth’s climate to cool with
the eventual formation of Antarctic ice sheets by∼ 34 Ma.
This was largely based on the supposition that the pro-
gressive increase in87Sr/86Sr values of marine carbonates
since∼ 40 Ma (Hess et al., 1986; Richter et al., 1992) was
due to enhanced delivery of radiogenic Sr from increased
global chemical weathering rates from mountain building,
especially the uplift of the Himalayas (Raymo et al., 1988).
It is not clear in this model what would have been respon-
sible for initiating decreasing atmosphericpCO2 over the
prior 10 Myr since the87Sr/86Sr seawater curve is essentially
flat from at least 50 Ma (when cooling starts according to
δ18O data, see Fig. 1a) to 40 Ma. More importantly, others
have argued rather persuasively that most of the overall in-
crease in87Sr/86Sr resulted from the unroofing and chemi-
cal erosion of particularly radiogenic Himalayan rocks, such
as leucogranites (Edmond, 1992) and metasediments (Har-
ris, 1995) including metamorphosed limestones (Quade et
al., 1997), in which case the87Sr/86Sr seawater curve would
not serve as a simple proxy forglobal weathering rates of
continental silicates.

The general principle of the uplift-erosion hypothesis is
nevertheless difficult to dismiss and the drift-weathering idea
proposed here bears a general resemblance to it: both call
upon tectonic mechanisms (uplift, plate motion) to initiate
and sustain higher CO2 consumption via silicate weathering.
Compared to a carbon cycling model driven on the supply-
side, a sink-side model like the uplift-erosion hypothesis
may have to contend with the absence of an effective feed-
back mechanism that is well-coupled to the climate system
to stabilize atmosphericpCO2 levels even over relatively

short geologic time scales (e.g. Berner and Caldiera, 1997;
Broecker and Sanyal, 1998). Kump and Arthur (1997) mod-
ified the Himalayan uplift-erosion concept by invoking com-
pensatory factors to high local (Himalayan) chemical erosion
and associated CO2 drawdown: according to their model,
global chemical erosion rates did not increase over the Ceno-
zoic because higher erosion rates in the Himalayan region
were more or less balanced by decreased erosion rates else-
where as climate cooled. What caused CO2 to decline, ac-
cording to them, was that the continents somehow became
more susceptible to chemical erosion, or more weather-
able, since the Miocene (20 Ma), even though their calcu-
lated weatherability factor was flat or even decreased from
50 to 20 Ma over which time global cooling started, atmo-
sphericpCO2 levels declined and there was even a major
glacioeustatic fall at 34 Ma (Fig. 1).

But what if tectonic uplift occurred closer to the equator:
global climate would cool with the drawdown of CO2 but
the resulting decreased silicate weathering and reduced CO2
consumption elsewhere might not be able to compensate for
the continued drawdown of CO2 due to the presence of more
weatherable landmasses in the relatively warm and wet con-
ditions of the equatorial humid belt. This is effectively the
drift-weathering scenario and may be the ongoing case today
with the high landmasses of the SE Asian islands like Java,
Sumatra, Borneo (world’s 3rd largest island at 0.75 Mkm2

with mountain peaks rising to over 4000 m), as well as New
Guinea (2nd largest island after Greenland at 0.79 Mkm2

with peaks rising to nearly 5000 m) impinging upon the equa-
torial humid belt and shedding prodigious amounts of sedi-
ment intensely weathering in the heat and humidity of the
lowland aprons, even though atmosphericpCO2 levels are
very low (probably as a result). This is also reflected by the
global annual fluvial sediment flux from the world’s main
drainage basins to the oceans that shows a disproportion-
ately high contribution to the global sediment yield by the
SE Asian islands straddling the modern equator (Milliman,
1990).

Although the weathering flux per unit area on the Ganges
floodplain may be appreciable (West et al., 2002), it seems to
us that the specific Himalayan uplift-erosion hypothesis does
not actually do enough early enough and for long enough in
terms of CO2 drawdown from silicate weathering to account
for the cooling over the Cenozoic that led to the formation of
major polar ice sheets. Besides, there are mountains in many
parts of the world that at any given time are being actively
eroded. The action really needs to happen in the equatorial
humid belt where whenever significant weatherable litholo-
gies are inserted via horizontal plate motion and/or vertical
uplift – as is presently happening – negative feedbacks may
not be efficient enough to inhibit net CO2 drawdown and an
eventual ice age.
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7 Transport-limited negative feedback

The relatively small surficial carbon reservoir compared to
the large carbon fluxes implies that there is close parity
on million year time scales between inputs (volcanic out-
gassing and metamorphism) and outputs (silicate weathering
followed by deposition of carbonate minerals and burial of
organic carbon) to maintain a stable level of CO2 in the
atmosphere (Berner and Caldeira, 1997). This fine balance
requires a negative feedback that depends strongly on the
level of atmospheric CO2. A powerful concept for polic-
ing the CO2 content of the atmosphere is the CO2-silicate
weathering feedback mechanism of Walker et al. (1981) that
underlies the BLAG model (Berner et al., 1983) and the
GEOCARB lineage of supply-side carbon cycling models
(Berner, 2004): increases or decreases in CO2 outgassing in-
duce an opposing response from higher or lower chemical
weathering rates via associated greenhouse effects. A stabi-
lizing negative feedback is more difficult to identify in a sink-
side model, for example, an uplift-weathering mechanism
(i.e. model of Raymo and Ruddiman, 1992) left uncoupled
to the CO2 content of the atmosphere would eventually pro-
duce a crash in atmosphericpCO2 (Kump and Arthur, 1997).
After evaluating alternative mechanisms, such as a possible
albeit tenuous link between erosion and organic carbon burial
(Raymo, 1994), Broecker and Sanyal (1998) concluded that
thepCO2 level of the atmosphere almost certainly has to act
as the controller of a silicate weathering feedback.

So what is to keep atmosphericpCO2 from plunging or
wildly oscillating in our drift-weathering, sink-side model?
We suggest that as a continental silicate province drifts into
the equatorial humid belt and is subject to relatively intense
chemical weathering, there may eventually be a transition
from weathering-limited to transport-limited regimes with
thickening of cation-deficient soils that will tend to retard
further chemical weathering of the bedrock; this is likely
to characterize cratonic areas with low relief (Kump et al.,
2000; West et al., 2005). In the case of continental basaltic
provinces entering the equatorial humid belt, they are pro-
vided with initial relief from plume head uplift and the stack-
ing of lava flows that would prolong the weathering-limited
phase; nevertheless, they may eventually be either consumed
by intense weathering or drift out of the intense weathering
regime, resulting in a reduction to their contribution to CO2
drawdown. The Deccan and Ethiopian Traps soon enough
drifted out of the equatorial humid belt and escaped this
fate of complete consumption by weathering and erosion,
whereas most of the once widespread CAMP lavas were ev-
idently largely consumed probably not long after their em-
placement at around 201 Ma (Schaller et al., 2012), leaving
only a few remnants amongst the now-dispersed Atlantic-
bordering continents.

An interesting exception is SE Asia, a major CO2 sink
(Dessert et al., 2003) that has been straddling the equato-
rial humid belt since at least 25 Ma and which, as a set of

island arc terranes, has been continuously rejuvenated by up-
lift and magmatism and therefore subjected to persistent in-
tense weathering. There would be rather weak negative feed-
backs in this case, making SE Asia (along with New Guinea)
a prime candidate responsible for very weakly regulated con-
sumption of enough CO2 to plunge Earth’s climate system
into a glacial mode and keep it there in the later part of the
Cenozoic. Higher east–west sea-surface temperature gradi-
ents and more vigorous Walker circulation in the equatorial
Pacific, much like normal conditions today, apparently re-
sulted from the end of continual El Nino due to global shoal-
ing of the oceanic thermocline at around 3 Ma (Fedorov et
al., 2006; Ravelo, 2006); we are tempted to speculate that
increased rainfall over the SE Asia–New Guinea equatorial
archipelago may have caused sufficiently higher CO2 con-
sumption from runoff-enhanced silicate weathering to trigger
Northern Hemisphere glaciations.

8 Temperate-latitude safety valves

Although significant variations in potential sources of CO2
such as oceanic crust production rates and hydrothermal ac-
tivity cannot be precluded even though they are notoriously
difficult to calibrate, the drift-weathering model of varying
CO2 sinks arising from the changing latitudinal distribution
of land masses, and especially basaltic provinces and island
arc terranes, provides a measurable and hence testable mech-
anism to account for long-term variations in atmospheric
pCO2 levels over the Late Cretaceous and Cenozoic, and fur-
ther back in Earth’s history.

The key is the sporadic presence of highly weatherable
continental basalt provinces in the equatorial humid belt, the
engine of Earth’s climate system that is characterized by
warm temperatures and high rainfall at widely varying at-
mosphericpCO2 levels. With no highly weatherable basaltic
provinces in the equatorial humid belt from at least 120 to
50 Ma, atmosphericpCO2 levels tended to be elevated giv-
ing rise to warm climates such as the intervals centered on
the CTM and the EECO. These super-greenhouse conditions
would have activated enhanced weathering of continents and
especially basaltic provinces in a warmer and wetter temper-
ate humid belt. For example, many of the lavas of the British
Tertiary igneous province, a subprovince of the North At-
lantic igneous province LIP of late Paleocene to early Eocene
age that was emplaced and remained at mid-paleolatitudes
of ∼ 45◦ N (Ganerød et al., 2010), were erupted subaeri-
ally (Saunders et al., 1997) and are often closely associated
with well-developed laterites, such as the 30 m-thick unit
belonging to the Interbasaltic Formation in Antrim, North-
ern Ireland (Hill et al., 2000) and the red boles on the Isles
of Mull and Skye in Scotland (Emeleus et al., 1996). Else-
where in ostensibly temperate Europe, bauxite was named
from Les Baux-de-Provence in France (∼ 44◦ N) for a lat-
eritic aluminum ore that mainly formed on carbonate rocks
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Fig. 8. (A) Bottom water temperatures (Cramer et al., 2011; see caption to Fig. 1 for explanation);(B) δ13C carbonate data from whole
sediment (Bulk) (smoothed SSA curve from Katz et al., 2005) and(C) δ13C carbonate data from benthic foraminifera (BF) from the Pacific
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both curves;(D) Secular change in net (one-half of total) CO2 consumption rate from silicate weathering of all land masses in equatorial
humid belt (5◦ S–5◦ N) (smoothed curve from Fig. 7) expressed as percentage of the present-day global volcanic CO2 emission rate of
260 Mt CO2 yr−1 (Gerlach, 2011; Marty and Tolstikhin, 1998).

of Jurassic and Cretaceous age (Retallack, 2010). In western
North America, some of the highest calculated denudation
rates for crystalline bedrock for non-glacial times were doc-
umented in the Green River Basin (42◦ N) and ascribed to
enhanced silicate dissolution rates associated with elevated
atmosphericpCO2 levels that occurred during the EECO
(Smith et al., 2008).

These and other examples support the concept that basaltic
provinces outside the equatorial humid belt effectively act as
safety valves that limit extreme accumulations of CO2 in the
atmosphere. Equable climates are the norm or default mode;
ice ages are the exception, due to fortuitous latitudinal dis-
tributions of potent silicate weathering sinks of CO2 with
only weak negative feedbacks. In other words, the silicate-
weathering thermostat, so effective at the high temperature
end, sometimes cannot sufficiently decrease weathering rates
of highly weatherable (i.e. basaltic) continental provinces in
the equatorial humid belt that is only loosely coupled to at-
mosphericpCO2 levels, thus paving the way to an ice age
as in the late Cenozoic (or at the extreme, a Snowball Earth:
Hoffman and Schrag, 2002; Godderis et al., 2003).

9 Role of organic carbon burial

Excess burial of organic carbon has been suggested as con-
tributing to the progression from greenhouse climate of the
Mesozoic to icehouse conditions that prevailed by the late
Cenozoic (Katz et al., 2005) and is briefly considered here.
The relative fractions of carbonate and organic carbon buried
in sediments are reflected in carbon isotopes of carbonate
produced in surface waters (Broecker and Woodruff, 1992;
Kump, 1991) as revealed, for example, by the bulk sediment
record compiled by Katz et al. (2005) that mainly reflects
calcareous plankton. A comparison between this (δ13Ccarb)
dataset and the benthic foraminiferaδ13CBF record compiled
by Cramer et al. (2009), which is reasonably continuous from
∼ 77 Ma to present (Fig. 8), also provides insight into the
evolving role of the biological pump that transfers carbon
from the shallow to deep water reservoirs (Volk and Hoffert,
1985).

The organic fraction (forg) of the total carbon burial flux
at steady state can be estimated according to Kump and
Arthur (1999):

forg =
(
δ′
w − δcarb

)
/1B
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whereδ′
w is the average carbon isotopic composition of the

riverine flux (assumed to be−5 ‰), δcarb is the isotopic
composition of carbonate sediments that reflect the oceanic
carbon reservoir, and1B represents the isotopic difference
between organic matter and carbonate deposited from the
ocean. If1B is assumed to be constant (say−29 ‰) from
77 to 15 Ma, the meanδcarb of 2.3 ‰ would imply a typ-
ical averageforg of 0.25; a dependence of1B on ambi-
ent pCO2 (Kump and Arthur, 1999) would tend to slightly
increase the average organic burial fraction with declining
atmosphericpCO2 levels since∼ 35 Ma, for example,forg
would be 0.27 forpCO2 of ∼ 350 ppm. The large (up to
∼ 2.5 ‰) decrease in the bulk sediment (and benthic) records
from 15 Ma to present (Fig. 8b and c) was interpreted by
Shackleton (1987) as due to a decreasing fraction of or-
ganic carbon burial although its origin has remained enig-
matic (Broecker and Woodruff, 1992). Katz et al. (2005)
suggested that about 1.1 ‰ of the decrease could be ac-
counted for by the rise of C4 photosynthetic pathways with
the remaining∼ 1.4 ‰ decrease due to weathering (i.e. un-
burial) of organic-rich shales. Although France–Lanord and
Derry (1997) suggested that net burial of organic carbon dur-
ing Himalayan sedimentation consumed several times more
CO2 than weathering of Himalayan silicates in the Neogene,
there seems to be little evidence for increasing net organic
carbon burial on global scale to account for cooling cli-
mate from the middle Miocene climate optimum (MMCO)
(Flower and Kennett, 1994; Miller et al., 1987; Wright et al.,
1992; You et al., 2009).

The other prominent feature in the bulk (and benthic) sed-
iment carbon isotope record is the 1.5 ‰ increase starting
at around 62.5 Ma that peaks at 57 Ma and followed by a
2 ‰ decrease to a prominent trough at 52 Ma (Fig. 8b). The
run-up to the peak at 57 Ma implies an increasing fraction of
organic carbon burial (forg up to 0.3), which may be related
to burial of organic-rich sediments, whereas the subsequent
large decrease in carbon isotope values (implyingforg de-
creased to∼ 0.22) starting at around 57 Ma may mark the ex-
humation and oxidation of organic carbon-rich Tethyan ma-
rine sediments during the early stages of the India–Asia colli-
sion according to Beck et al. (1995), who suggested that this
may have increased atmosphericpCO2 sufficiently to have
contributed to global warming in the early Cenozoic (albeit
somewhat prior to peak warmth at the EECO).

A comparison between the bulk sediment and benthic car-
bonateδ13C records (Fig. 8b and c) shows that the aver-
age value for benthic data between 77 Ma to just before
the Cretaceous–Paleogene boundary perturbation at 65 Ma
(D’Hondt et al., 1998) is 1.2 ‰, about 1.1 ‰ higher than
the bulk sedimentδ13C mean of 2.3 ‰. From 50 Ma, just af-
ter the Paleocene–Eocene boundary perturbation (Hilting et
al., 2008), to 35 Ma, just before Oi-1 at around the Eocene–
Oligocene boundary, as well as from 33 Ma, just after Oi-
1, to 18 Ma, just before the MMCO, the benthic means are
0.7 ‰ or about 1.6 ‰ lighter compared to the corresponding

bulk sediment means of 2.3 ‰. It would thus appear that the
biological pump spun-up soon after EECO (∼ 50 Ma), well
before the inception of large Antarctic ice sheets and the
strengthening of ocean circulation at Oi-1 at around 34 Ma
(e.g. Cramer et al., 2009; Kennett, 1977), and stayed rela-
tively constant from 35–50 to 18–33 Ma. A sustained higher
input of nutrients, notably phosphates (Schrag et al., 2002),
may have resulted from enhanced weathering of continental
silicates starting with the arrival of the Deccan in the equa-
torial humid belt at∼ 50 Ma (marked also by the formation
of abundant cherts in the world’s oceans; Muttoni and Kent,
2007). This may have spurred biological productivity even
though the fraction of organic carbon burial hardly varied in
concert.

10 Conclusions

1. Contrary to what has sometimes been assumed includ-
ing in our earlier work (Kent and Muttoni, 2008), the de-
gree to which decarbonation of pelagic sediments con-
tributes to atmosphericpCO2 is calculated to be rather
modest compared to present-day global volcanic out-
gassing, suggesting that subduction decarbonation was
not a decisive factor in the higher atmosphericpCO2
levels associated with warm climates of the Late Creta-
ceous and early Cenozoic let alone earlier, before prolif-
eration of pelagic carbonate deposition in the deep sea.

2. The small estimated contribution of decarbonation
along with the null hypothesis of a constant rate of
ocean crust production (Rowley, 2002) suggest that
changes in the long-term budget of atmosphericpCO2
are more likely governed by the carbon sinks rather than
in response to variations in the carbon supply as typi-
cally invoked in many carbon cycling models for at least
the late Mesozoic and Cenozoic.

3. To explain long-term changes in atmosphericpCO2, we
consider a time-varying CO2 sink model largely driven
by the amount of land area, and highly weatherable sub-
aerial basaltic terranes in particular, brought by tectonic
plate motions into the equatorial humid belt, the most
potent venue for continental silicate weathering and as-
sociated consumption of CO2.

4. According to the drift-weathering hypothesis, the long-
term decrease in atmosphericpCO2 levels since the
EECO was initiated by the arrival of Greater India car-
rying the highly weatherable Deccan Traps into the
equatorial humid belt at around 50 Ma, and was sus-
tained by the emplacement of the 30 Ma Ethiopian
Traps near the equator, the southerly tectonic extrusion
of SE Asia, an arc terrane that presently is estimated to
account for∼ 1/4 of the total CO2 consumption by con-
tinental basalt weathering and volcanic islands that in
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turn represents∼ 1/3 of total continental silicate weath-
ering (Dessert et al., 2003), joined by the incursion of
New Guinea into the equatorial belt from the south.

5. The equatorial humid belt is likely to maintain po-
tent (warm and wet) conditions for weathering over a
broad range of atmosphericpCO2 levels with only weak
negative feedbacks to limit weathering rates, which
would therefore tend to dwell on the high side. Low at-
mosphericpCO2 levels leading to global cooling and
glaciation depend on enhanced and sustained presence
of weatherable rocks, especially subaerial basalts, near
the equator.

6. Paleosols and other evidence of more intense chemi-
cal weathering in temperate latitudes tend to be asso-
ciated with times of very high atmosphericpCO2 lev-
els and warm global climates, for example,terra rossa
between subaerial lavas of the North Atlantic igneous
province of late Paleocene to early Eocene age, which
evidently acted as safety valves providing the strong
negative feedback that acts to squelch a runaway green-
house when there are insufficient weatherable terranes
in the equatorial humid belt to adequately balance CO2
outgassing.

7. The drift-weathering hypothesis bears some resem-
blance to the Himalayan uplift-erosion hypothesis of
Raymo and Ruddiman (1992) to the extent that it
does not seem to make much difference whether more
weatherable lithologies are introduced by horizontal
plate motion – as we suggest – or as vertical uplift in
mountain building processes, as long as it happens close
to the warm and humid equatorial belt.

8. Basalt terranes are highly weatherable and thus very ef-
fective in CO2 consumption within the equatorial humid
belt but large changes in area of more typical continental
lithologies are also capable of affecting the atmospheric
pCO2 balance (Godderis et al., 2003, 2008).

9. Comparison of bulk (mainly planktic) carbonate and
benthic carbon isotope records indicates that the biolog-
ical pump (surface to deep ocean isotopic gradient) in-
creased just after the EECO (∼ 50 Ma) and continued at
more or less the same high level through most of the rest
of the Cenozoic, a pattern that could reflect higher pro-
ductivity associated with increased availability of nutri-
ents from the same silicate weathering in the equatorial
humid belt that was drawing down atmosphericpCO2.

10. The drift-weathering hypothesis provides motivation for
obtaining accurate estimates of the latitudinal distribu-
tion of landmasses and especially basaltic provinces
over time, independent of inferences about sea-floor
production rates, and incorporating climate models that

Appendix A

Acronyms and abbreviations.

APWP apparent polar wander path
CAMP Central Atlantic Magmatic Province
CTM Cretaceous Thermal Maximum
EECO Early Eocene climatic optimum
kyr 103 yr
Ma 106 yr ago
MAR mass accumulation rate
Mkm2 106 square-kilometers
MMCO Middle Miocene climatic optimum
Mt megaton, 109 kilograms
Myr 106 yr
P − E precipitation minus evaporation
Tton teraton, 1015kg
SE Asia Southeast Asia

take into account factors like relief, lithology and vege-
tation and include the necessary feedbacks and adequate
spatiotemporal resolution for a more comprehensive un-
derstanding of the carbon cycle and climate change.
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