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a b s t r a c t
The Cretaceous was one of the most remarkable periods in geological history, with a “greenhouse” climate and
several important geological events. Reconstructions of atmospheric CO2 using proxies are crucial for understanding the Cretaceous “greenhouse.” In this paper we summarize the major approaches for reconstructing
CO2 based on paleobotanical or geochemical data, and synthesize the CO2 variations throughout the Cretaceous.
The results show that atmospheric CO2 levels remained relatively high throughout the Cretaceous, but were
lower in the early Cretaceous, highest in the mid-Cretaceous and gradually declined during the late Cretaceous.
However, this overall trend was interrupted by several rapid changes associated with ocean anoxic events (OAEs)
and the end-Cretaceous catastrophic event. New data on paleo-CO2 levels from paleobotanical and paleosol evidences support not only the overall trends indicated by geochemical models, but provide more precise records
of the short-term ﬂuctuations related to brief episodes of climate change. Temporal resolution within the long
quiet magnetic period in the middle Cretaceous is one of the obstacles preventing us from a more comprehensive
understanding of the CO2 climate linkage. But new paleo-CO2 determinations and climatic data from stratigraphic
sections of sediments intercalated with datable volcanic rocks will allow a better understanding of the relationships between ﬂuctuations of atmospheric CO2, climate change, and geological events.
© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

⁎ Corresponding authors.
E-mail addresses: ydwang@nigpas.ac.cn (Y. Wang), quan@jlu.edu.cn (C. Quan).
0012-8252/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.earscirev.2013.11.001

As one of the primary greenhouse gases, atmospheric CO2 affects the
surface temperature of the Earth, and is thought to be a major factor in
global warming (Boucot and Gray, 2001; Royer, 2006; Fletcher et al.,
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2008). During the geological history of the last 450 Ma, global temperatures have co-varied with atmospheric CO2 and it is considered the primary driver of Phanerozoic climate (Royer et al., 2004; Royer, 2008,
2010). Understanding paleo-CO2 variations during the Earth's ancient
greenhouse episodes are essential for predicting the response of climate
to future elevated atmospheric CO2 levels (Breecker et al., 2010).
The Cretaceous (145–65 Ma) represents one of the best examples
of greenhouse climates in Earth history. As the greenhouse climate
reached its summit in the mid-Cretaceous, the Earth was characterized by equably distributed warmth with mean annual polar temperatures exceeding 14 °C (Tarduno et al., 1998). There were no permanent
polar ice sheets (Frakes et al., 1992), and sea levels were 100–200 m
higher than those of today (Haq et al., 1987). During this time atmospheric CO2 levels are estimated to have been 4 to 10 times higher
than those prior to the Industrial Revolution (Cojan et al., 2000;
Berner and Kothavala, 2001; Bice and Norris, 2002; Huber et al., 2002)
and the Cretaceous Oceanic Red Bed (CORBS) are globally distributed
(Wang and Hu, 2005; Wang et al., 2011).
More precise quantitative reconstructions of atmospheric CO2
levels using terrestrial and marine records are critical for a better understanding of the “greenhouse” conditions of the Cretaceous, but
proxy data for several of the stages of this period remain quite limited. In the past decade, an increasing number of paleo-CO2 data have
been reported for the Cretaceous. In this paper, we summarize the
major approaches for paleo-CO2 reconstructions for the Cretaceous,
and review the progresses of paleo-CO2 data collection from various
parts of the world, covering different episodes during the Cretaceous.
Using our comprehensive data compilation, we analyze the variations in atmospheric CO2 during the Cretaceous, concentrating on
critical intervals representing geological and biological events.
2. Major paleo-CO2 reconstruction methods
For deep time, paleo-CO2 can be inferred from either proxies or by
the modeling of the long-term carbon cycle. Berner (1994) established
the ﬁrst model (GEOCARB) speciﬁcally designed to describe the evolution of atmospheric CO2 levels during the entire Phanerozoic. Since
then geochemical models have been reﬁned (Ekart et al., 1999; Tajika,
1999; Berner and Kothavala, 2001; Wallmann, 2001; Hansen and
Wallmann, 2003). During the last two decades a variety of proxies
have been developed to reconstruct past atmospheric CO2. These include fossil plant stomata (e.g. Beerling and Chaloner, 1993; McElwain
and Chaloner, 1995; Kürschner et al., 1998; Royer, 2001; Kouwenberg
et al., 2003; Konrad et al., 2008), stable carbon isotopes of paleosols
(Cerling, 1991; Ghosh et al., 1995; Breecker et al., 2009; Huang et al.,
2012), stable carbon isotopes of fossil liverworts (Fletcher, 2006;
Fletcher et al., 2008), boron isotope pH's derived from marine carbonate
microfossils (Hemming and Hanson, 1992; Pearson et al., 2009), and
marine alkenones (Pagani et al., 1999; DeConto and Pollard, 2003;
Pagani et al., 2005).
2.1. Paleo-CO2 reconstruction using fossil stomata
The relationship between stomatal parameters of fossil leaves
and paleo-CO 2 levels has been widely adopted as an effective tool
for reconstructing atmospheric CO2 levels of the past. Based on herbarium specimens, Woodward (1987) reported the negative correlation between the atmospheric CO2 concentration and stomatal
numbers. He demonstrated that both stomatal density (SD) (number
of stomata per unit area of leaf) and stomatal index (SI) (percentage
of leaf epidermal cells that are stomata) were inversely related to atmospheric CO2 level during leaf development. This relationship is
the basic principle that allows estimation of paleo-CO2 by comparing
the stomata of fossils to corresponding extant plants. The stomatal
method offers the best temporal resolution of all paleo-CO2 proxies
(several months to 102 years) (Royer et al., 2001a,b). It is considered

137

to be the most suitable technique for detection of multi-millennial
paleo-CO 2 perturbations in the geological record (Royer et al.,
2001a,b) because the time resolution of the stomatal proxy is less
than 100 years. The precision of the reconstructed paleo-CO 2 can
be within ~ 10–40 ppm.
Four parameters are involved in the paleo-CO2 reconstruction:
1) epidermal density (ED); 2) stomatal density (SD); 3) stomatal index
(SI); and 4) the stomatal ratio (SR). The ED and SD are expressed as epidermal and stomatal numbers per mm2. The SI is [SD/(ED + SD)] × 100.
The SR is the ratio of SIs between the fossil and its modern equivalent. Although both SD and SI respond to CO 2, SD increases under
drought conditions because of a reduction in epidermal cell size,
causing the stomata to be packed closer together (Salisbury, 1927;
Beerling, 1996). Hence, SD is susceptible to ﬂuctuations in the growing environment and is therefore a less reliable indicator of past CO2
levels. In contrast, SI emphasizes the proportion of epidermal cells
that are stomata. It is independent of epidermal cell size and measures
stomatal initiation and development. It is not affected by subsequent
cell expansion or contraction. SI is insensitive to changes in soil moisture supply, atmospheric humidity and temperature (Beerling, 1996)
and is considered the best indicator for reconstruction of paleo-CO2
using fossil plant cuticles. However, the epidermal cells can become difﬁcult or impossible to count on poorly preserved fossil cuticles. Such
fossil material requires the use of SD, with a suitable measure of caution
(Beerling and Chaloner, 1993; McElwain and Chaloner, 1995).
Methodologically, the stomata-based paleo-CO2 reconstructions
can be subdivided into two categories: one based on comparison
with the nearest living equivalent (NLE) and the other based on a regression function (RF). An NLE is a modern taxon that has a comparable
ecological setting and/or structural similarity to its fossil counterpart.
The SR (stomatal ratio) is deﬁned as the stomatal index of the NLE to
the fossil plant. SR values are related to the level of atmospheric CO2
at the time when the NLE materials were collected (McElwain and
Chaloner, 1995; McElwain, 1998). The NLE-based SR method has been
used to make semi-quantitative estimates of paleo-CO2 back to the
Early Mesozoic and even into the Paleozoic (McElwain and Chaloner,
1995; Uhl and Herp, 2005). The SR method shows a pattern of paleoCO2 trends through geological time similar to those predicted from
the GEOCARB geochemical models for the long-term carbon cycle
(Royer et al., 2001a). It is assumed that a stomatal ratio of 1 is equal to
either 300 ppm (1 SR = 2 RCO2 — Recent standardization) or
600 ppm (1SR = 2RCO2 — Carboniferous standardization) (McElwain
and Chaloner, 1995). The Recent and Carboniferous standardizations
are regarded as broad minimum and maximum estimates of paleo-CO2.
Alternatively, the regression function of a particular taxon is derived
from “greenhouse experiments” with the related modern plant. The
regression function is based on the assumption that in the geological
past the stomatal features of a plant responded to CO2 change in the
same way that they do today (Royer, 2001, 2003; Quan et al., 2010).
Although experimental data are used to develop functions for comparison with pre-Quaternary fossil leaves, it turns out that in many
cases the experimental growth conditions in a greenhouse produce
results that are very different from those obtained from plants in the
open. Cross calibration is required, e.g. by comparing the SI values of
leaves grown at ambient CO2 partial pressure with those grown under
experimental conditions before combining the data sets (Royer et al.,
2001a). To date, dozens of regression functions have been reported
from diverse plant taxa (Table 1). However, the use of the RF method
is largely limited to the Cenozoic because it requires that the taxon involved be a direct ancestor of the modern plant.
Considerable care is required in developing experimental ‘training
sets’ for making paleo-CO2 reconstructions. (A ‘training set’ is a collection of data on morphology of modern leaves and their growth environment that can be used to infer from measurements on fossils in the
environmental conditions under which fossil plants lived.) Efforts are
being made to obtain data from a wide range of plants with different
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Table 1
Selected regress functions derived from herbarium or training set of modern plants for CO2 reconstruction.
Regression function

Taxon based

Reference

1.

Þ×2000
pCO2 ¼ ð415×SI−1961
3337×SI−20000

Ginkgo biloba

Royer (2003)

2.

52−SI−243
×5000
pCO2 ¼ 1049×SI−6250

G. biloba

Beerling et al. (2002)

3.

pCO2 ¼

G. biloba

Royer et al. (2001b)

4.

ð50×SI−391Þ
pCO2 ¼ 70000×
12301×SI−100000

Metasequoia glyptostroboides

Royer (2003)

5.

pCO2 ¼

M. glyptostroboides

Royer et al. (2001a,b)

6.
7.
8.

pCO2 = 101.9624 − 0.4284 × log(SI)
pCO2 = 102.9567 − 0.4284 × log(SI)
pCO2 = 103.173 − 0.5499 × log(SI)

Ocotea foetens
O. foetens
Laurus nobilis

Kürschner and Kvaček (2009)
Kürschner et al. (2008)
Kürschner et al. (2008)

9.

pCO2 ¼ 211:504×SI−4053:26
SI−24:8996

Stenochlaena palustris

Beerling et al. (2002)

10.

pCO2 = 419.48 − 7.6871 × SI

Neolitsea dealbata

Greenwood et al. (2003)

Tsuga heterophylla

Kouwenberg et al. (2003)

Myrica cerifera
Osmunda regalis
Ilex cassine
Quercus robur

Wagner et al. (2005)
Wagner et al. (2005)
Wagner et al. (2005)
van Hoof et al. (2008)

1−0:1564×SI
0:00374−0:0005485×SI

SI−6:672
0:003883×SI−0:02897

11.

pCO2 ¼

12.
13.
14.
15.

pCO2
pCO2
pCO2
pCO2

16.

pCO2 ¼

SI
8:1309×100:0009

Callitris preissii

Haworth et al. (2010)

17.

pCO2 ¼

SI
−5:2908×100:0022

Callitris oblonga

Haworth et al. (2010)

18.

pCO2 = 559.67 − 27.447 × SI

Hypodaphnis zenkeri

Barclay et al. (2010)

=
=
=
=

SI−16:19
0:0038

103.1649 − 0.5055 × log(SI)
102.973 − 0.3445 × log(SI)
102.8861 − 0.317 × log(SI)
−63.902 ln(SI) + 484.33

genotypes growing under a variety of different environmental conditions (Birks et al., 1999; Royer et al., 2001a).
Some published data indicate a range of CO2 values having little
congruence, not only with those derived from geochemical methods,
but also among different plant stomatal criteria (Yapp and Poths, 1992;
Berner, 1997; McElwain et al., 1999; Retallack, 2001; Royer, 2001; Royer
et al., 2001a; Tanner et al., 2001; Haworth et al., 2005). Paleobotanically,
this inconsistency may be partly avoided by using multi-species
analyses where different taxa show varying responses to CO2 levels
and CO2 change. Mono-species-based paleo-CO2 estimates are considered to be a more effective way to reduce the potential sources
of error than multi-species approaches (Quan et al., 2009).
For the Cretaceous, the speciﬁc plant fossil groups used for
reconstructing paleo-CO2, based on either the RF- or NLE-method
are ginkgos (Retallack, 2001; Chen et al., 2001; Beerling et al., 2002; Sun
et al., 2007; Quan et al., 2009; Wan et al., 2011) and Cheirolepidiaceae
and Cupressaceae conifers (Haworth et al., 2005; Passalia, 2009;
Haworth et al., 2010).
2.2. Paleo-CO2 reconstruction using paleosol carbonate
Pedogenic (soil) carbonate (calcite, CaCO3) forms in soil where
evaporation exceeds precipitation. This occurs typically in arid to
subhumid regions that receive less than 800 mm of annual precipitation
(Cerling, 1984; Royer et al., 2001a; Retallack, 2005). The carbonate ion
incorporated into carbonates is predominantly derived from the
atmospheric CO2 that diffuses into the soil and the biological respired
CO2 produced by decomposition of organic matter in the soil, root respiration, etc., assuming the absence of groundwater CO2 and CO2 from
carbonate weathering (Cerling et al., 1989; Quade et al., 1989; Royer,
2010). There is a marked difference in isotopic compositions of carbon
in atmospheric CO2 and biologically respired CO2. In case of the variations of atmospheric CO2 concentrations, the higher or lower partial
pressure of isotopically heavier atmospheric CO2 offsets changes due
to the isotopically lighter respired CO2, and the carbon isotopic value
of pedogenic carbonate also accordingly rises or falls. The concentration
of atmospheric CO2 can be estimated from the known soil CO2 concentration and the isotopic compositions of both sources (Cerling, 1991;
Royer, 2010).

The pedogenic carbonate CO2 paleobarometer developed by Cerling
(1991) is expressed by the following equation (Cerling, 1999; Ekart
et al., 1999):

Pa ¼ Pr


δ13 Cs−1:0044δ13 Cr−4:4

δ13 Ca−δ13 Cs

where Pa is atmospheric CO2 (ppm), Pr is soil-respired CO2 concentration (ppm) and δ13Cs, δ13Cr and δ13Ca are the stable carbon isotopic
compositions of soil CO2, soil-respired CO2, and atmospheric CO2,
respectively.
The isotopic composition of biologically respired soil CO2 (δ13Cr) is
approximated by the δ13C of paleosol organic carbon (δ13Co) (Cerling,
1991). Consequently, the coexisting paleosol δ13Co can be substituted
for δ13Cr in the model equation (Cerling, 1999). Fractionation of carbon
isotopes induced by aerobic decomposition after burial of the paleosol
can result in δ13C enrichment by several per mil, so the organic carbon
concentration in the paleosol must either approximate its maximum
concentration in similar modern soils, or the paleosol organic matter
must not enclose the 13C-enriched products of microbial decay in
order to obtain a realistic δ13Co value (Wynn, 2007). The isotopic compositions of a well-preserved fossil terrestrial plants may be used as
proxies for δ13Cr instead of δ13Co, but they are not abundant enough in
paleosols to be able to construct a geological time series for paleo-CO2
(Retallack, 2009a). An alternative method is to estimate δ13Ca through
geological time from δ13C of planktic foraminifera from high resolution
marine sediments (Pagani et al., 1999; Passey et al., 2002; Nordt et al.,
2003; Retallack, 2009a), and calculate δ13Co using the equation proposed by Arens et al. (2000).
The isotopic composition of soil CO2 (δ13Cs) is routinely derived
from that of pedogenic carbonate (δ13Cc), corrected for temperature
dependent fractionation following Romanek et al. (1992). To determine
the temperature, one approach is to use an isotopic composition of
oxygen in pedogenic carbonates (δ18Oc) representing modern climates
(Dworkin et al., 2005; Prochnow et al., 2006). However, this method
is questionable because of potential diagenetic effects on the oxygen
isotopic composition of pedogenic carbonate after burial, the potential
evaporative enrichment effects in arid climates (Cerling, 1984; Cerling
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and Quade, 1993), and orographic rain-shadow effects (Kent-Corson
et al., 2006; Retallack, 2009a).
The transfer function relating the molar ratios of K2O and Na2O to
Al2O3 to mean annual temperature (Sheldon et al., 2002) was widely
employed to infer paleotemperature (e.g., Kahniann and Driese, 2008;
White and Schiebout, 2008; Retallack, 2009a,b; Retallack and Huang,
2011). However, considering the alteration of chemical composition by
various pedogenetic processes and agents, not solely by temperature,
this geochemical proxy should be applied cautiously in estimating
paleotemperatures, particularly in paleosols developed under marsh, desert and tropical conditions (Nordt et al., 2006; Sheldon and Tabor, 2009).
The clumped-isotope carbonate paleothermometer is of potential
utility despite the requirement of calibration for paleosols (Ghosh
et al., 2007; Retallack, 2009a). Atmospheric CO2 estimates scale directly with partial pressure of respired CO 2 in soil (Royer, 2010).
Poorly constrained estimates of soil CO2 for Cerling's (1991) pedogenic
CO2 paleobarometer limit the resolution in determining ancient CO2
levels (Montañez et al., 2007; Leier et al., 2009; Retallack, 2009a;
Breecker et al., 2010; Huang et al., 2012). Commonly, the Pr value is
given within wide limits, such as 5000 or 10,000 ppm (Leier et al.,
2009).
For much of the geologic past, estimates of paleo-CO2 using different
methods are generally consistent (Royer, 2006). The major exception is
the paleosol carbonate proxy, whose CO2 estimates are often more than
twice as high as coeval estimates from other methods. This discrepancy
has led some to question the validity of the other methods and has
hindered attempts to understand the linkage between paleo-CO 2
and other parts of the Earth's system (Royer, 2010). Breecker et al.
(2010) break important new ground for resolving this conﬂict, and
have contributed signiﬁcantly towards improving one of the more
popular paleo-CO2 proxies (Royer, 2010). They point out that
paleo-CO2 concentrations calculated using the paleosol barometer
are overestimates by a factor of two or more because of the arbitrary
assumption of ~ 5000–10,000 ppm for soil CO2 concentrations rather
than Pr = 2, 500 ppm (Breecker et al., 2010). The higher range was
primarily based on a mean growth season CO 2 concentrations in
modern soils that do not contain pedogenic carbonate.
Carbonate precipitation in soils is highly seasonal, so assumptions
based on a yearly average are likely to be incorrect (Breecker et al.,
2010). It is an oversimpliﬁcation to assume the “best guess” value of
2500 ppm for soil CO2 concentration in all cases (Royer, 2010). Soil
CO2 concentrations are highly variable; they differ in diverse soils
and at different depths. Furthermore, within a soil proﬁle different
proportions come from the atmosphere and from biogenic respiration.
A reﬁned proxy for estimating the soil CO2 level is the transfer function
between soil CO2 and the depth to the calcic horizon (Retallack, 2009a);
it incorporates the variations of productivity, porosity and other variables with soil depth, and may provide a higher resolution estimate of
the paleo-CO2 concentration (Royer, 2010; Huang et al., 2012).
2.3. Relevant geochemical methods
Berner et al. (1983) proposed the ﬁrst geochemical model (which
became known informally as the BLAG model) relating carbonates,
silicates and atmospheric CO2 concentrations over the past 100 Ma.
Berner (1991) proposed a more comprehensive model, now known
as GEOCARB I, for calculating the atmospheric CO2 levels during all of
Phanerozoic time, the past 570 Ma, based on inputs of geological, geochemical, biological, and climatological data. Berner (1994) revised
and improved this as GEOCARB II. In this model the decrease of atmospheric CO2 values during the Mesozoic differs from the results of
GEOCARB I. Berner and Kothavala (2001) made a further revision,
GEOCARB III. It shows an overall pattern similar to that of GEOCARB II,
with very high CO2 values during the early Paleozoic, followed by a
large drop during the Devonian and Carboniferous, and then a rise to
moderately high values during the Mesozoic, followed by a gradual
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decline through both the late Mesozoic and Cenozoic. These geochemical models are incapable of delimiting shorter term CO2 ﬂuctuations
(e.g. late Ordovician glaciation, Paleocene–Eocene boundary) because
the input data are 10 Ma or longer averages. Nevertheless, both
GEOCARB II and GEOCARB III indicate an overall trend of paleo-CO2
showing a correlation with paleotemperatures derived from other
data. They provide clear support for the concept of an atmospheric
greenhouse effect driven by CO2.
More recently, a new model, GEOCARBSULF, has been constructed
for the combined long-term cycles of carbon and sulfur (Berner,
2006). It shows little overall change in the curves of CO2 over time
from the earlier GEOCARB models and isotope mass balance modeling.
Bergman et al. (2004) have also presented a model of biogeochemical
cycling over Phanerozoic time: COPSE (Carbon–Oxygen–Phosphorus–
Sulfur Evolution). Both GEOCARBSULF and COPSE show a Late Paleozoic
minimum of paleo-CO2, but their results for the Mesozoic and Cenozoic
(the past 250 Ma) differ considerably. The Phanerozoic paleo-CO2 estimates from the COPSE model differ from GEOCARB in that there is a
broad minimum of paleo-CO2 in the Triassic, a gentle rise to a peak in
the Cretaceous and a decline over the past 100 Ma. GEOCARB III indicates a paleo-CO2 peak in the middle Jurassic and a decrease since
that time.
Fletcher et al. (2004, 2006, 2008) tested the potential of fossil
bryophyte isotopes as a new pre-Quaternary paleo-CO2 proxy. They
found that carbon isotope discrimination (Δ13C) by bryophytes (liverwort and moss) shows a positive relation with paleo-CO2 level. An extended model of bryophyte carbon isotope discrimination, BRYOCARB,
was set up to integrate the biochemical theory of photosynthetic
CO2 assimilation with controls on CO2 supply by diffusion from the
atmosphere (Fletcher, 2006; Fletcher et al., 2006). Using this model,
Fletcher et al. (2008) show that fossil bryophytes provide a more coherent record of ﬂuctuations in the Earth's atmospheric CO2 levels over the
Mesozoic and early Cenozoic than other techniques in the same
interval. However, as a new paleo-CO2 proxy, it is less widely utilized;
more data on fossil bryophytes should be used to estimate paleo-CO2
and reduce the uncertainties in the geological past (Beerling and
Royer, 2011). As bryophytes are normally small and delicate, some of
them are not easily fossilized and their remains may be ignored by the
researchers so that, compared to higher plants, there are not many records of fossil bryophytes. Nevertheless, at least two beneﬁts of the
bryophyte BRYOCARB model have been recognized: 1) they are systematically independent and the preliminary experiments are simpler than
those for the stomatal proxy; 2) as one of the earliest land plants
(Wellman et al., 2003; Wellman, 2010), their geological time span is
longer than most other proxies so that it is possible to get a long
paleo-CO2 curve using this technique.
Geochemical models provide paleo-CO2 estimates for the entire
Phanerozoic, but most provide 5–10 Ma mean values. They do not
often resolve short-term excursions. The error estimates for geochemical models range from ± 70–200 ppm for the Tertiary to as much as
±300 ppm for the Paleozoic (Royer et al., 2001a). Geochemical models
are very important for reconstructing the general trends of the background paleo-CO2 level during geological history but other proxies
need to be used to detect the short-term variations of atmospheric CO2.
3. Paleo-CO2 variations in the Cretaceous
Estimates of Cretaceous atmospheric paleo-CO2 levels have been
published for a variety of localities in North and South America,
Europe, and Asia, based on either stomata or isotope analysis. In addition, several geochemical models also estimate the trend of Cretaceous
CO2 levels (e.g., Tajika, 1999; Wallmann, 2001; Berner and Kothavala,
2001; Berner, 2006). The data cover the geological intervals from
Berriasian–Valanginian and Hauterivian–Albian of the Early Cretaceous,
and Cenomanian–Turonian, Coniacian–Campanian and Maastrichtian
of the Late Cretaceous, as well as some remarkable events in the
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Cretaceous: the Ocean Anoxic Events (OAEs) and Cretaceous–Tertiary
Boundary (KTB). The major results, based on analysis of fossil stomata
and paleosol isotopes are summarized and listed in Table 2. They are
plotted in Fig. 1 along with results from geochemical models and
other isotope studies.
3.1. Early Cretaceous paleo-CO2 variations
Several studies have been carried out to reconstruct Early Cretaceous
paleo-CO2 based either on paleosols (Robinson et al., 2002; Leier et al.,
2009; Huang et al., 2012) or fossil plants compared with their nearest
living equivalents (Retallack, 2001; Chen et al., 2001; Beerling et al.,
2002; Haworth et al., 2005; Sun et al., 2007; Passalia, 2009; Barclay
et al., 2010). For Berriasian to Valanginian time two studies have been
undertaken, based on the fossil Ginkgo coriacea from the Early Cretaceous Huolinhe Formation in northeastern China. Chen et al. (2001) reported a RCO2 of 2.8 (840 ppm), similar to the RCO2 of 2.55–3.20
(765–960 ppm) determined by Sun et al. (2007) for the Berriasian.
(RCO2 is deﬁned as the ratio of the mass of CO2 in the atmosphere
at some time in the past to a pre-industrial value assumed to be
300 ppm). Sun et al. (2007) proposed that during the Berriasian the
paleo-CO2 increased from ~ 1530 ppm in the early Berriasian to
1920 ppm in the late Berriasian (Fig. 1). From the local geology they
linked the Berriasian paleo-CO2 increase to the Yanshanian movement
during the Early Cretaceous that produced intense volcanic activity.
They noted that the plant-based results essentially agree with those of
GEOCARB III of Berner and Kothavala (2001). All of the results lie
below the median line but are within the error envelope. However,
taking all available geochemical models into account, their results
are in closer agreement with those of Tajika (1999) (Fig. 1).
There are few data on atmospheric paleo-CO2 for the earliest stages
of the Early Cretaceous from paleosol carbonates. Recent calculations
of paleo-CO2 levels from Chinese paleosols (Huang et al., 2012) suggest
that the paleo-CO2 levels were low during the early-middle Berriasian,
389 ppm at most and an average of 360 ppm. There is also a mean
value of at most 241 ppm in the early Valanginian (Huang et al., 2012)
(Fig. 1). By contrast, Cerling (1991) reported an atmospheric CO2
concentration range from 1600 ppm to 3300 ppm in the Early Cretaceous based on pedogenic carbonates. Fluctuations between 1700 ppm,
3200 ppm and 2300 ppm were calculated from late Valanginian and
Hauterivian based on paleosol carbonates in Japan and southeast Korea
(Lee, 1999; Lee and Hisada, 1999), respectively. Paleo-CO2 estimates
based on paleosols from Liaoning in Northeast China show a range during
the late Barremian between 365 ppm and 644 ppm with an average of

530 ppm (126 Ma) (Huang et al., 2012). A Barremian–Aptian CO2 level
was estimated by Retallack (2009b) to be 400 ppm (126 Ma), inferred
from Ginkgo stomatal index, but an average CO2 concentration for that
time of 1478 ppm (125 Ma) was suggested using data from carbonate
paleosols of South Asia (Leier et al., 2009).
Haworth et al. (2005) made estimates of paleo-CO2 variations
during the Hauterivian to Albian (Early Cretaceous) from the UK
and USA based on multi-NLEs of the extinct Cretaceous conifer
Pseudofrenelopsis parceramosa. They used the ratio between stomatal
indices of fossil cuticles and those from four modern NLEs. Their results
indicate a relatively long-term low and only slightly varying paleo-CO2
over the Hauterivian–Albian interval, a low of ~ 560–960 ppm in the
early Barremian and a high of ~620–1200 ppm in the Albian. These results are largely consistent with GEOCARB II.
Using the carbon isotope composition of calcrete nodules, Robinson
et al. (2002) estimated a similar paleo-CO2 of 560 ppm for the early
Barremian from the same bed of the Wealden Group in southern
England. However, Retallack's (2001) paleo-CO2 reconstruction,
based on stomatal indices of fossil ginkgoales using modern Ginkgo
biloba for calibration, differs from the above record. The recalibrated
results of paleo-CO2 using the NLE approach demonstrate a close
agreement between Retallack's ginkgoales-based estimates and
those of the Pseudofrenopsis conifers (Haworth et al., 2005).
Another suite of paleo-CO2 estimates was reported by Passalia
(2009), based on stomatal frequency analysis of several Early Cretaceous fossil conifers and ginkgoalean taxa from Patagonia, Argentina.
These indicate that the atmospheric CO2 content was similar during
the middle Aptian but may have become slightly higher during the
late Albian–early Cenomanian (Passalia, 2009). The CO2 content estimated from the conifers ranges between ~ 700 and 1400 ppm. This is
2–4 times higher than at present, and is consistent with those predicted previously. The paleo-CO 2 level indicated by the middle
Aptian conifers is generally higher than the range determined from
ginkgoales in Patagonia. The CO2 estimates from conifers are based on
more extensive and complete data sets than those of the ginkgoales
(Passalia, 2009).
For the Early Cretaceous the paleosol paleobarometer estimates
vary from ca. 241 ppm to ca. 3200 ppm, because of different assumptions (Boucot and Gray, 2001; Leier et al., 2009; Retallack, 2009a). The
discrepancy is largely due to the assumed values of soil CO2. These
conﬂicting results for Early Cretaceous paleo-CO2 levels estimated
from stomatal indices and paleosol carbonates are shown in Fig. 1.
Early Cretaceous CO2 concentrations were very low based on the
paleosol data of Huang et al. (2012), and indicate that not all of the

Table 2
Major results using fossil stomata and paleosol proxy data from the Cretaceous deposits.
Age

Stages

Estimated paleo-CO2 results (ppm)

Proxy or methods

Locality

References

Late Cretaceous

Maastrichtian
Campanian
Santonian
Coniacian–Turonian
Cenomanian

Early Cretaceous

Albian
Aptian–Barremian

530, 590–550–592
531–620
661–531–565
680–630–970–520
37–2000–500
700–1400
1000–1400
~620–1200
700–1400
400, 1478
365–(530)–644
560–960
~560
1700–3200
740 (RCO2 2.8)
241
389 (360)
765–960 (RCO2 2.55–3.2)
~1530–1920

Stomata
Stomata
Stomata
Stomata
Stomata
Stomata
Liverwort isotope
Stomata
Stomata
Stomata
Paleosol
Stomata
Paleosol
Paleosol
Stomata
Paleosol
Paleosol
Stomata
Stomata

NE China
NE China
NE China
NE China
USA
UK, USA
Antarctica
UK, USA
Argentina
USA
NE China
UK, USA
UK
Japan, Korea
China
China
China
China
China

Quan et al. (2009)
Quan et al. (2009)
Wan et al. (2011)
Wan et al. (2011)
Barclay et al. (2010)
Haworth et al. (2005)
Fletcher et al. (2006)
Haworth et al. (2005)
Passalia (2009)
Retallack (2009a,b)
Huang et al. (2012)
Haworth et al. (2005)
Robinson et al. (2002)
Lee (1999), Lee and Hisada (1999)
Chen et al. (2001)
Huang et al. (2012)
Huang et al. (2012)
Sun et al. (2007)
Sun et al. (2007)

Hauterivian–Valanginian

Berriasian
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Fig. 1. Cretaceous paleo-CO2 reconstructions based on plant fossil, isotope and geochemical models.

Cretaceous was a CO2 greenhouse episode. This result is supported by
the paleo-CO2 estimates of Robinson et al. (2002) inferred from
Barremian pedogenic carbonates in England. It is also supported by
the studies of Haworth et al. (2005) using the stomatal index of fossil
plants and Retallack's (2009b) paleosols. The proposition of higher
levels of atmospheric CO2 during the Early Cretaceous than those of
the Late Cretaceous and Early Eocene (Cerling, 1991, 1992; Sinha and
Stott, 1994) is in disagreement with the geological climatic data. Their
atmospheric CO2 levels for that period were overestimates (Boucot
and Gray, 2001).
A reduction in sea-ﬂoor spreading rates and/or increase in continental weathering from the Late Jurassic to the mid-Cretaceous and burial
of organic carbon during OAEs are thought to have contributed to low
atmospheric paleo-CO2 concentrations between episodes of high atmospheric CO2 (Robinson et al., 2002; Gröcke et al., 2005).
3.2. Late Cretaceous paleo-CO2 variations
Late Cretaceous paleo-CO2 levels have been mainly deduced from
fossil stomatal analysis in USA, Argentina and China (Passalia, 2009;
Quan et al., 2009, 2010; Barclay et al., 2010; Wan et al., 2011) and
geochemical models (e.g. Berner, 1994; Tajika, 1999; Berner and
Kothavala, 2001; Fletcher et al., 2006). Barclay et al. (2010) reported
an increase by ~ 20% over the background level of 370 ppm in
Cenomanian, and a decrease up to 26% in the Turonian based on

fossil stomatal analysis of the family Lauraceae. Isotope analysis on
fossil liverworts, from Alexander Island, Antarctica, indicates an
early Cenomanian paleo-CO 2 level of 1000–1400 ppm (Fletcher
et al., 2006). This value is consistent with independent proxy data
and long-term carbon cycle models (Fletcher et al., 2006). It is also
supported by recalibrated stomatal data of conifers and ginkgoales
from the Southern Hemisphere (Passalia, 2009), which indicate a
CO2 range between 700 and 1400 ppm for the Cenomanian.
Recently, Wan et al. (2011) recalculated Retallack's (2001) original
ginkgoalean data for paleo-CO2 during the Cenomanian to Coniacian.
The recalculated results illustrate a series of dramatic changes during
this interval (Fig. 1). In the mid-Cenomanian to late Turonian, the CO2
content declined from ~680 ppm to ~630 ppm, followed by a rebound
up to 970 ppm. Then began a continuous CO2 decrease to ~ 520 ppm
in the mid-Coniacian. Although with drastic ﬂuctuations, as illustrated
in Fig. 1, the recalibration results show an overall decline from the
mid-Cenomanian (~680 ppm) to mid-Coniacian (~520 ppm).
A sharp decline in atmospheric CO2, from ~970 ppm to ~520 ppm,
from the late Turonian to mid-Coniacian has a resolution of about
1 Ma. It is not recognized in most geochemical models except that of
Berner (2004). The ﬂuctuations of the recalibrated data match well
with Tajika (1999) in the mid-Turonian to early Coniacian. However,
it should be noted that the late Cenomanian to mid-Turonian CO2
trend is opposite to that of geochemical data, which shows a decline
(Fig. 1). A more detailed evidence is needed to conﬁrm the CO2 levels
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during this interval. Although no paleobotanical data are available for
the late Coniacian, it appears that there is a slightly declining trend during this interval (Fig. 1).
Using the stomatal index technique, Wan et al. (2011) and Quan et al.
(2009) reconstructed CO2 levels in the Santonian through Campanian by
both RF and NLE methods based on one fossil species, Ginkgo adiantoides,
from a single proﬁle. In comparison to multispecies-based CO2 reconstructions, the monospecies-based reconstruction minimizes potential
bias produced by data using different species, because the stomata-CO2
response is species-speciﬁc (Royer, 2001; Beerling and Royer, 2002;
Haworth et al., 2010, 2011). RF-based CO2 estimates from the SI analyses
vary from ~661 ppm in the early Santonian to ~531 ppm in the middle
and ~565 ppm in the late Santonian. The NLE-based CO2 reconstructions
closely agree with the RF-based results, and indicate that the atmospheric
CO2 content declined from the early Santonian (~503 ppm) to a minimum in the mid-Santonian (~478 ppm), and then rebounded slightly
in the late Santonian (~486 ppm) (Wan et al., 2011). Despite the slightly
higher estimates using the RF method (~97 ppm on average), the two
sets of stomata-based results suggest a modest decrease of CO2 throughout the Santonian (Fig. 1). These Chinese data for Santonian CO2 content
are compatible with the levels estimated by GEOCARB II of Berner (1994).
However, GEOCARB III (Berner and Kothavala, 2001) predicts a Santonian
CO2 value of about 1270 ppm, which is much higher than the Chinese
proxy data, although those values (both RF- and NLE-based) lie in the
overall range of GEOCARB II and III.
High resolution estimates of paleo-CO2 levels from mid-Santonian to
early Campanian have been proposed based on Chinese fossil Ginkgo
stomatal data. These show a rapid rise, from ~ 531 to ~ 620 ppm
(Quan et al., 2009). However, this needs to be conﬁrmed because
the earliest Campanian paleo-CO2 estimate was based only on a single
fossil Ginkgo specimen. From this interval onward, the CO2 levels
show a long-term gradual decrease, from ~ 590 to 550 ppm, with the
exception of a short ﬂuctuation (up to ~ 690 ppm) in the late Campanian. This short-term CO2 peak is followed by a rapid return to background values of 592 ppm (Fig. 1). This rise and fall represents a real
short-term carbon dioxide ﬂuctuation of paleo-CO2. Similar ﬂuctuations
have been recognized in critical vegetation turnover intervals, such
as at the Triassic–Jurassic boundary (McElwain et al., 1999), at the
Cretaceous–Tertiary boundary (Beerling et al., 2002), at the Paleocene–
Eocene boundary (Royer et al., 2001b), and at the early-middle Miocene
transition (Kürschner et al., 2008). All of these suggest short-term
coupling between atmospheric CO2 and coeval geological events.
After the late Campanian CO2 ﬂuctuation, there appear to be no sudden
changes in paleo-CO2 during the Maastrichtian. The atmospheric CO2
level gradually decreased to 530 ppm until the K–T boundary event
(Beerling et al., 2002; Beerling and Royer, 2002; Royer et al., 2007)
(Fig. 1).
Geochemical studies predict that atmospheric CO2 levels underwent
a long-term decline through the Late Cretaceous (Berner, 1994; Ekart
et al., 1999; Tajika, 1999; Berner and Kothavala, 2001; Wallmann,
2001), from about 1975 ppm to 450 ppm (Fig. 1). Recent RF-based
paleobotanical results also indicate a declining trend in CO2 content
with a magnitude of ~ 100 ppm, but showing several ﬂuctuations
(Fig. 1). These are not recognized by the geochemical results, probably because of the different resolutions of the two approaches.
Wallmann (2001) reported on the results of a box model for the
Cretaceous to Cenozoic global carbon–calcium strontium cycle. This
model accounts for carbon masses in ocean and atmosphere, in carbonate, and in particulate organic carbon (POC). According to Wallmann
(2001), the high Ca concentrations during the Cretaceous reﬂect the decline of atmospheric CO2, because of the negative feed-back provided by
POC burial, which is coupled to CO2-dependent weathering rates. For
the Late Cretaceous, his model shows a downward trend of atmospheric
CO2, from Cenomanian to Campanian. However, the stomata-based results from China indicate that CO2 declined more rapidly from the early
to middle and late Santonian (Wan et al., 2011).

4. Cretaceous paleo-CO2 and major geological events
The Cretaceous represents one of the most remarkable periods of
geologic history. It was not only a long greenhouse episode, but several
unusual geological phenomena occurred: the Oceanic Anoxic Events
(OAEs) (Schlanger and Jenkyns, 1976; Wang et al., 2005) and the K–T
boundary catastrophe (KTB) (Alvarez et al., 1980). These triggered
rapid environmental and climate changes and had profound impacts
on the biosphere (McElwain et al., 2005; Davis et al., 2009; Royer
et al., 2007). They have also been linked to variations of paleo-CO2.
4.1. Paleo-CO2 of the Ocean Anoxic Events (OAEs)
The most dramatic environmental changes during the Cretaceous
concerned the oxidation state of the ocean, recognized as the “Oceanic
Anoxic Events” (OAEs). OAEs were ﬁrst described by Schlanger and
Jenkyns (1976) as global-scale transient periods of marine anoxia,
accompanied by the widespread deposition of organic carbon-rich
sediments, occurring at the Aptian–Albian and Cenomanian–Turonian
boundaries. Subsequent studies on sedimentary sections across the
globe have expanded the stratigraphic record of such events. The
major anoxic intervals were the Weissert OAE in the late Valanginian,
the early Aptian Selli event (OAE1a), at the Cenomanian–Turonian
boundary (OAE2, Bonarelli event), and the Coniacian–Santonian event
(OAE3) (Leckie et al., 2002; Erba, 2004). OAEs are believed to have
been associated with major perturbations in the global carbon cycle.
They show signiﬁcant δ13C excursions, both positive and negative
(Arthur et al., 1988). They are represented by organic-rich sediments
(“black shales”) and were often accompanied by biotic extinctions
(Leckie et al., 2002).
OAEs were often succeeded by deposition of Fe-oxide-rich “Oceanic
Red Beds” (CORBs) (Hu et al., 2005; Wang et al., 2005; Hu et al., 2006,
2009; Wang et al., 2011). Brief episodes of CORB deposition occurred
after the mid-Cretaceous OAEs in the Tethyan Realm (e.g. Hu et al.,
2006); some of them are correlated with cold episodes (Wagreich
et al., 2009a,b). Following OAE 2, CORBs became common throughout
the deep ocean.
The early Aptian OAE1a (ca. 120 Ma) represents the ﬁrst globally
distributed black shale event of the Cretaceous and is regarded as a
major turning point of mid-Cretaceous paleoceanography (Gröcke
et al., 1999; Jenkyns, 1999, 2003; Heimhofer et al., 2004). OAE1a is accompanied by dramatic turnovers in calcareous nannoplankton (Erba,
1994) and by high extinction and origination rates of siliceous and calcareous plankton (Erbacher and Thurow, 1997; Leckie et al., 2002). The
deposition of organic-rich sediments during the Early Aptian OAE1a has
been interpreted as resulting in a major decrease of atmospheric CO2
concentrations. Haworth et al. (2005) documented a relatively low
and only slightly varying paleo-CO2 over the Hauterivian–Albian interval; it apparently lacked the large-magnitude rapid ﬂuctuations in
paleo-CO2 of later times. However, due to the sparse nature of the sampling, their results have a low resolution across the OAE1a event, and
thus could not delimit a pronounced variation of CO2 associated with
this event. By contrast, Heimhofer et al. (2004), using carbon isotope
values of presumed algal biomarkers, inferred a paleo-CO2 excursion
during the OAE1a event of 840–1120 ppm. After OAE1a, the paleoCO2 decreased to about 714–950 ppm (Fig. 1), reﬂecting a 10–15%
reduction in the level of atmospheric CO2. This sharp decline of CO2
happens within 1 Ma across the OAE1a event boundary sampled
with a high resolution. It reﬂects the close relationship between
paleo-CO2 and the OAE1a event.
The relatively low paleo-CO2 levels (even in the Aptian–Albian
interval) and the reduction in paleo-CO2 after OAE1a is consistent with
compilations of oxygen isotope data (Veizer et al., 2000; Weissert and
Erba, 2004), which indicate a relatively cool mid-Cretaceous.
The Cenomanian–Turonian OAE2, the Bonarelli event, is the classic
example and probably the best-studied of the OAEs. It is characterized
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by global deposition of organic-rich sediments (Schlanger and Jenkyns,
976; Jenkyns, 2003) accompanied by a positive carbon isotope excursion in bulk organic matter of 4‰ and in marine carbonates of
2–3‰. To reconstruct the paleo-CO2 across OAE2, Barclay et al.
(2010) incorporated NLE with the RF method. For counting stomatal
frequency of dispersed leaf cuticle from a paralic facies in Utah, USA,
that brackets the OAE2 interval, they selected Laurus nobilis and
Hypodaphnis zenkeri of the family Lauraceae as the NLE of the mother
plants of the dispersed cuticle types. They used the published transfer
function for L. nobilis and the training set function of H. zenkeri to estimate paleo-CO2 across OAE2. Their results have a resolution of about
2 Ma. The paleo-CO2 increased by ~ 20% over the background level of
~ 370 ppm immediately before the onset of OAE2, but dramatically
dropped by up to 26% during OAE2. This was followed by two peaks
of paleo-CO2 rebound immediately after the event (Fig. 1). A similar
paleo-CO2 pattern across OAE2 was observed in phytane carbon isotope
records from ODP Site 1260 in Demerara Rise of western Atlantic (van
Bentum et al., 2011) (Fig. 1), suggesting that the lowered paleo-CO2 at
OAE2 is in response to enhanced organic matter burial. The paleo-CO2
peaks before and after the event are responses to coeval volcanism
and magmatic activity (Barclay et al., 2010; van Bentum et al., 2011).
4.2. Paleo-CO2 across the Cretaceous–Tertiary boundary
The catastrophic event that occurred at the Cretaceous–Tertiary
boundary (KTB), about 65 Ma ago, resulted in one of the ﬁve largest
mass extinction events in the Earth's history. It profoundly inﬂuenced
the course of biotic evolution (Hsü et al., 1982; Benton, 1995). The
extinctions coincided with a major extraterrestrial impact event
and massive volcanism in India. Determining the importance of
the event as a driver of environmental and biotic change across
the Cretaceous–Tertiary boundary (KTB) depends on constraining the
mass of CO2 injected into the atmospheric carbon reservoir (Beerling
et al., 2002). The two hypotheses to explain this biotic crisis attribute
it either to outgassing of CO2 during eruption of the Deccan Traps in
India (Courtillot et al., 1986; Ofﬁcer et al., 1987) or to CO2 release
from carbonate rocks by impact of an extraterrestrial object (Alvarez
et al., 1980).
It has taken some time to evaluate the magnitude of the CO2 ﬂuctuation through the KTB. Paleobotanical studies show that up to 57%
of plant species were wiped out at the KTB (Johnson et al., 1989;
McIver, 1999; Wilf and Johnson, 2004; Ocampo et al., 2006; Nichols
and Johnson, 2008). Other taxa survived the catastrophe probably
due to their special ecological niche or refuges (Tschudy et al.,
1984). They allow estimation of the atmospheric CO2 change across
the boundary using the stomatal technique.
Using the reverse relationship between paleo-CO2 and the stomatal
index of land plant leaves, Beerling et al. (2002) reconstructed atmospheric CO2 concentrations across the KTB based on fossil cuticles of
Ginkgo and the fern Stenochlaena. By calibrating regression functions
between paleo-CO2 and SIs of these two genera, their results demonstrate that the background paleo-CO2 values are around 350–540 ppm
between the Late Cretaceous and the Early Tertiary. All lie within the
ranges predicted by a long-term geochemical carbon cycle modeling
(Berner and Kothavala, 2001) and paleo-CO2 reconstructed from pedogenic carbonates (Ekart et al., 1999), demonstrating a congruence between the estimates based on paleobotany and nonbiological proxies.
Immediately above the KTB, the SI of fossil fronds of a fern aff.
Stenochlaena have extremely low SIs in comparison to fronds of modern
Stellaria palustris suggesting a much higher atmospheric paleo-CO2 level
of at least ~2300 ppm. This indicates an increase of about 1900 ppmv
within 10,000 years following the KTB (Beerling et al., 2002). However,
the assumption that the low SI values reﬂect a very high paleo-CO2 level
must be considered cautiously. The highly elevated paleo-CO2 just after
the extinction event is based on the fern SI, whereas the background
paleo-CO2 is based on Ginkgo. The sharp paleo-CO2 variation across
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the KTB should be treated as provisional due to the less than ideal situation of plant sample availability (Beerling et al., 2002).
Accepting this distinctive paleo-CO2 change, a global biogeochemical
carbon cycle model shows that the two phenomena, e.g. volcanic CO2
outgassing from the eruption of the Deccan Traps and the carbonate vaporization by a bolide impact are both likely to have been involved in
the post-KTB paleo-CO2 increase. It shows that there would have to be
6400–13,000 Gt of CO2 gasiﬁed from the carbonate terrace into the atmospheric carbon reservoir by the impact event. This is largely in accordance with the magnitude derived from the calculations (O'Keefe and
Ahrens, 1989) but greater than the range of 350 to 3500 Gt CO2 derived
from geophysical model studies of the Chicxulub impact (Pope et al.,
1997; Pierazzo et al., 1998). Their results suggest that the paleo-CO2
reached its maximum immediately after the impact event.
In contrast to the results of both geochemical modeling and plant
stomatal indices, paleosol studies show that paleo-CO2 might have
even declined, instead of increased, at the KTB (Nordt et al., 2002,
2003). Applying the paleosol barometer, stable carbon isotope analyses
on 40 pedogenic carbonate nodules from Alberta, Canada, indicate extreme ﬂuctuations between 77 and 63 Ma (Nordt et al., 2002, 2003).
Paleosol data indicate that the paleo-CO2 rose dramatically from
780 ppm in the Maastrichtian to 1440 ppm near the KTB, but declined
sharply to 760 ppm at the boundary (Nordt et al., 2002). A similar
paleo-CO2 pattern was also found across the KTB in the Tornillo Basin
of Texas, USA, based on paleosol stable carbon isotopes (Nordt et al.,
2003). It is argued that the paleo-CO2 drawdown at the KTB might reﬂect a cessation of volcanic activity in Deccan Plateau, India, and coincides with coeval collapse of marine planktonic productivity (Nordt
et al. (2002)).
The age and duration of the Deccan trap volcanism remain highly
controversial. Dating of the basalts based on various methods yields
ages ranging from ca. 65 Ma to ca. 69 Ma, suggesting that eruption of
the traps spanned or was prior to the KTB (Duncan and Pyle, 1988;
Allègre et al., 1999; Hofmann et al., 2000; Rao and Lehmann, 2011). Furthermore, the planktonic productivity collapse at the KTB may not have
been as extensive as previously thought. A recent study of deep-sea records from the Paciﬁc, Southeast Atlantic, and Southern Oceans demonstrates that phytoplankton-dependent benthic foraminifera did not
suffer signiﬁcant extinction (Alegret et al., 2012). Because of the two
sources of paleosol carbon, atmospheric CO2 and biological CO2, the seasonal and climatic biases of paleosol barometer-derived atmospheric
paleo-CO2 may be unreliable unless these two kinds of carbon can be
distinguished (Breecker et al., 2009, 2010; Royer, 2010). Finally, it
should be noted that a paleosol indicates the existence of a geological
unconformity (Demko et al., 2004; Retallack, 2008), so that it is often
difﬁcult to estimate the duration of the hiatus and the age of the
paleosol. A paleosol-based reconstruction of KTB paleo-CO2 ﬂuctuations
should be supported by comprehensive barometer calibration and appropriate age constraints.
5. Paleo-CO2 and the variability of Cretaceous greenhouse climates
The Cretaceous represents a classic greenhouse climate period in
Earth history. During this time, the warm climate was equably distributed around the world. The polar regions were much warmer than today.
There were no polar ice sheets. Instead, thermophilic ﬂoras and faunas
spread to high latitudes. The latitudinal temperature gradient was
much lower than today. This general picture of a Cretaceous climate is
depicted by Frakes et al. (1992) and Francis and Frakes (1993). However, the trends and shorter-term variations of atmospheric CO2 suggest
that the Cretaceous climate was far from unvarying as previously
thought (Sloan and Barron, 1990).
We now know that large and rapid climate perturbations occurred
during the “greenhouse world” of the Cretaceous, with short-term
paleo-CO2 level changes (Jenkyns, 2003). These suggest that the greenhouse conditions may have been transient rather than persistent
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(Retallack, 2009a). Long-term changes in atmospheric CO2 levels were
forced by magmatism and tectonic activity (Jahren, 2002). The idea of
an equable, greenhouse climate throughout the Cretaceous has become
suspect for a variety of reasons (Frakes et al., 1992; Wallmann, 2001;
Gröcke et al., 2005; Kessels et al., 2006).
It is widely accepted that paleo-CO2 is a primary driver of Phanerozoic climate (Royer et al., 2004; Royer, 2010). The broad picture of
climate and CO 2 variation through the Phanerozoic shows that
warming trends are accompanied by increasing CO2 levels, whereas
cooler periods are associated with reductions of atmospheric CO 2
(Retallack (2001)). A high level of atmospheric CO2 is thought to be
responsible for the warm climates of the Cretaceous (Francis and
Frakes, 1993). However, paleo-CO 2 levels in the Cretaceous were
variable. Evidence from both paleobotany and paleosols demonstrate not only the general trends of paleo-CO2, but also the shortterm ﬂuctuations in some intervals (Fig. 1).
Oxygen isotopes of marine fossils indicated that the early Cretaceous
was cool, the mid-Cretaceous hot, and the late Cretaceous warm
(Huber et al., 2002). Both stomatal and pedogenic carbonate analyses
demonstrate generally lower paleo-CO2 levels in the Early Cretaceous,
especially in Berriasian, Valanginian and Barremian to Aptian (Fig. 1).
This paleo-CO2 level is consistent with suggestions of overall cooler
climate and extensive deposits of ice-rafted detritus at high latitudes
during the Early Cretaceous (Frakes et al., 1992; Podlaha et al., 1998;
Wallmann, 2001; Robinson et al., 2002; Alley and Frakes, 2003;
McArthur et al., 2007; Huang et al., 2012). During the Cretaceous
the global sea level ﬂuctuated by more than 50 m and it has been
proposed that from time to time there were polar ice sheets (Stoll
and Schrag, 1996; Hay, 2008; Keller, 2008; Price and Nunn, 2010).
The ﬂuctuations of seawater paleotemperatures have been conﬁrmed by several studies (Veizer et al., 2000; Wallmann, 2001;
Came et al., 2007). A general cooling prevailed during the Early Cretaceous, from the Berriasian through the Valanginian with the
coolest temperatures in the early Hauterivian. Subsequent warming
peaked during the mid-Cretaceous (Podlaha et al., 1998; Veizer et al.,
2000; Huber et al., 2002; Kessels et al., 2006; Keller, 2008). This variation of paleotemperature coincides with the decreasing trend of atmospheric CO2 levels from the early-middle Berriasian to the early
Valanginian and a rise in the late Barremian.
During the middle Cretaceous, from late Albian to Cenomanian and
early Turonian, paleo-CO2 levels show a distinct increase, with several
short-term ﬂuctuations (Fig. 1). This indicates a generally hot midCretaceous climate condition, consistent with the extreme warmth
evidenced by the deep-sea paleotemperature record (Huber et al.,
2002). The rapid paleo-CO 2 increase during the Cenomanian–
Turonian interval (Fig. 1) corresponds to the Cenomanian–Turonian
Thermal Maximum. During this time the equatorial Atlantic may
have experienced an extremely hot climate with temperatures up
to 42 °C (Bice et al., 2006). A sharp CO 2 decrease occurred during
the Cenomanian to Turonian transition (Fig. 1). It is reﬂected by a
short climate cooling event, which may correspond to one of the
possible brief glacial episodes in the Cretaceous greenhouse world
proposed by Miller et al. (1999, 2005), Stoll and Schrag (2000), and
Price (1999).
The Late Cretaceous was a transition period during which the biosphere evolved from the Mesozoic towards a Cenozoic aspect. Geochemical data show that warmer conditions prevailed during much of
the Late Cretaceous with exception of brief (~3 Ma) episodes of cooling,
in the mid-Cenomanian and mid-Turonian as mentioned above, and
Maastrichtian (Royer, 2006). However, the interval from Cenomanian
to Santonian appears to have been a time of quite variable climate as
there is conﬂicting evidence for both warming and cooling (Francis
and Frakes, 1993).
The Global Mean Land Surface Temperature (GMLST) trend during the
Late Cretaceous varies as interpreted from the oxygen- and carbonisotopic records. GMLST(ΔT) is the difference from today's GMST,

generally taken to be 15 °C. The GMLST(ΔT) increased from ~ 3 °C in
late Cenomanian to ~ 4.7 °C in mid Turonian, and then dramatically
fell to ~2.2 °C in mid-Coniacian. From the Santonian onward, it appears
that the GMLST declined gradually with some variations (Wan et al.,
2011).
Our analysis indicates that paleo-CO2 levels were relatively low
during the Coniacian to Campanian interval (around ca. 500 ppmv
or less), although there were two short CO2 ﬂuctuations (Fig. 1).
There was a distinct cooling trend and both ocean and land temperatures dropped considerably. Stomatal data show a GMLST decline, suggesting a cooling by about ~1.9 to 1.2 °C (Wan et al., 2011). In the late
Campanian, a sharp CO2 spike is recorded in Northeastern China based
on high resolution stomatal analysis (Quan et al., 2009). The paleo-CO2
ﬂuctuation in the late Campanian corresponds to the extensive regional
development of tuff (Quan et al., 2009). In the global context, a shortterm sea water warming in the late Campanian is indicated by isotope
records of both planktonic and benthic foraminifera (Abramovich
et al., 2003). The late Campanian paleo-CO2 ﬂuctuation correlates with
global warming. The latest part of the Maastrichtian appears to have
been especially cool, with low temperatures, even freezing, at high latitudes and overall conditions similar to those of the Early Cretaceous
(Francis and Frakes, 1993).

6. Summary and prospects
This paper synthesizes the CO2 variations throughout the Cretaceous
to contribute to understanding its contribution to global warming in
deep time. The results indicate that CO2 concentrations remained at a
relatively high level throughout the Cretaceous, but at lower levels in
the early Cretaceous, higher in the mid-Cretaceous and with a gentle
decline during the late Cretaceous. These trends were punctuated at
several intervals by rapid paleo-CO2 changes often associated with
critical events, such as OAEs and the KTB.
However, although the available data largely suggest the CO2 concentration is coupled to temperature during the Cretaceous, their
exact relationship remains uncertain. Temporal resolution due to
the length of the quiet magnetic zone in the middle part of the Cretaceous is one of the obstacles that prevent us from a comprehensive
understanding of the CO2-climate linkage. But paleo-CO2 determinations and climatic data extracted from sediments intercalated with
volcanic rocks will yield a better understanding of the relation between CO2 ﬂuctuations, climatic change, and geological events. In
the meanwhile, other potential driving forces or feedbacks such as
the widely released sulfur dioxide from extensive volcanic eruptions
should not be overlooked in the study of Cretaceous climates.
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