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Quantitative reconstructions of atmospheric CO2 by using terrestrial and marine records are critical for understanding the 
so-called “greenhouse” conditions in the Cretaceous, but data from terrestrial plants for several stages of this period remain 
quite limited. Using the stomatal index (SI) technique, here we estimate the Santonian (Late Cretaceous) CO2 contents based 
on a sequence of fossil cuticles of Ginkgo adiantoides (Ung.) Heer from three beds of the Yong’ancun Formation in Jiayin, 
Heilongjiang Province, northeastern China. By the regress function, SIs of Ginkgo fossils reveal a pronounced CO2 reduction 
from the early to late Santonian (~661 and ~565 ppm, respectively). The relatively high CO2 levels provide additional evidence 
for paleoclimatic warmth in this interval. Moreover, available paleobotanical data illustrate a decline trend of CO2 contents 
throughout the Late Cretaceous, punctuated by several fluctuations in particular episodes with different magnitudes. The CO2 
contents shifted notably in the late Cenomanian, Turonian, early Santonian, late Campanian, and probably latest Maastrichtian. 
Furthermore, a comprehensive study based on CO2 data shows that the global mean land surface temperature (GMLST) fluctu-
ated several times accordingly. The change ratios of GMLST (ΔT) increased from ~3°C in late Cenomanian to ~4.7°C in mid 
Turonian, and then dramatically reduced to ~2.2°C in mid Coniacian. From the Santonian onward, it appears that the tempera-
ture gradually decreased with a few minor fluctuations. 
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In geological history, the Cretaceous represents one of the 
most remarkable periods for several critical geological 
events occurred, such as the Oceanic Anoxic Events [1] and 
K-T event [2]. Theses events triggered environmental 
changes and had profound impacts on the biosphere [3–5]. 
Among several factors, atmospheric carbon dioxide (CO2) 
contributed substantially to the environmental changes [3, 
5]. Many biological events in this interval have been linked 
to the trend of CO2, including the radiation and diversifica-

tion of angiosperms [3, 6]. However, the data of Cretaceous 
CO2 levels are derived mainly from geochemical models or 
proxies with different timescale resolution [7–10]. The 
quantitative reconstructions of the Cretaceous CO2 in sepa-
rate stages based on paleobotanical data [11–16] are far 
from complete. 

Plants employ various adaptation strategies to help them 
survive in different areas and environments. Almost all 
morphological features, including the epidermis and the 
overlying cuticle, vary according to particular environmen-
tal conditions under which the plants grow [17–19]. The cuti-
cle, with the stomata in it, is the interface between plant 
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interior and surrounding environment. On the one hand, it 
acts as a barrier that limits water loss from epidermal cells 
[20]; on the other hand, the plant controls stomatal move-
ments to regulate the uptake of CO2 from the ambient at-
mosphere and the evaporation of water out of the plant [21]. 
These and other physiological responses, in a given envi-
ronmental condition, have to be based on a most economic 
structure by which the plant can survive at an optimal effi-
ciency on obtaining basic resources [22], such as CO2, light 
intensity, and nutrients. 

The relationship between stomata and atmospheric CO2 
has long been recognized. Investigations on extant plants 
and fossil records, as well as from controlled experiments, 
have shown that stomatal parameters are inversely related to 
CO2 content [18, 19, 23, 24]. Two parameters are usually 
involved, stomatal density (SD, number of stomata per unit 
leaf area) and stomatal index (SI, percentage of stomata on 
the epidermis to the total cell number). But the SD varies 
considerably with the change of environmental factors, such 
as light intensity, temperature, and water stress. The SI, in 
contrast, is sensitive only to factors affecting cell initiation, 
of which CO2 appears to be one [25]. Thus, for a given spe-
cies, even if SD and SI show similar responses, SI yields 
more accurate estimates of CO2 content [18, 19, 23, 25]. 
And among the taxa used in paleo-CO2 reconstruction, co-
nifers and parallel-veined gymnosperms are favorite ones, 
because their stomata are initiated regularly in certain areas 
[12, 18, 26, 27]. 

Here we report some new data on CO2 contents during 
the Santonian (Late Cretaceous) derived from SIs of Ginkgo 
adiantoides (Ung.) Heer. The present and our previous 
studies in Jiayin [14] demonstrate that CO2 levels gradually 
declined during the Santonian to Campanian. Furthermore, 
the trend of Late Cretaceous atmospheric CO2 and global 
mean land surface temperature are discussed based on 
available paleobotanical CO2 estimates of separate stages. 
These results therefore add new elements to the atmospheric 
CO2 and paleoclimate reconstructions of the Late Creta-
ceous. 

1  Materials and methods 

1.1  Materials 

The Ginkgo fossils were collected from the Nanshan section 
of the Late Cretaceous Yong’ancun Formation in 2009 and 
2010 (Figures 1 and 2). This plant-bearing formation repre-
sents a shallow lacustrine and fluvial succession, consisting 
of grey mudstone, green-grey siltstone, and yellow-green 
sandstone [28]. It yields fossils of conchostracans, dinosaur 
footprints, fishes, and plants [28, 29]. Recent studies based 
on palynological data and stratigraphical correlation suggest 
that this formation is predominantly of Santonian age [29, 
30]. 

 

Figure 1  Geological scheme of the Jiayin basin and geographical posi-
tion of Ginkgo fossil locality in Jiayin, Heilongjiang, NE China. 1, Upper 
Jurassic to Lower Cretaceous; 2, Yong’ancun Formation; 3, Taiping-
linchang Formation; 4, Yuliangzi Formation; 5, lower Paleogene to middle 
Neogene; 6, Nanshan section of Yong’ancun Formation. 

The fossil plants of the Yong’ancun Formation come 
from fluvial accumulations of the upper delta plains, which 
appears to be related to freshwater environments and have 
no evidence of stress conditions produced by brackish-water 
environments near the fossil-bearing beds [30]. The plant 
assemblage is interpreted as the remains of an open vegeta-
tion developed in conditions of relatively high humidity 
[29].  

1.2  Cuticle preparation, counting data, and paleotem-
perature analysis 

A total of 31 leaves of G. adiantoides with well-preserved 
cuticles were collected from three beds of the Yong’ancun 
Formation, but most of them are fragmentary (Figure 2). 
The stomatal index measurements were performed on at 
least eight leaves per bed, more than the minimum number 
that ensures the fidelity of mean SI in Ginkgo (five leaves 
[18]). The cuticles are prepared and counted following our 
previous study [14]. In total, the counts were carried out on 
94 fragments of 31 specimens. The statistic stomatal values 
reported here are averages of all measurements for each leaf 
per bed. All experimental works were carried out in the Key 
Laboratory for Evolution of Past Life and Environment in 
Northeast China, MOE, Jilin University, and the fossil 
specimens and cuticle preparations are kept there. The pho-
tographic instruments are JSM-6700F for SEM and Olym-
pus DP12 for LM. 

The stomatal index is calculated as: SI (%) = [SD/(SD+ 
ED)]×100, where an ED = non-stomatal epidermal cell den-
sity (subsidiary cells and ordinary epidermal cells). The  
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Figure 2  Fossil leaves and abaxial cuticle of Ginkgo adiantoides from the Yong’ancun Formation. (a)–(c) Gross morphology of leaves, bars = 1 cm; (d) 
outer view of stomatal zone, bar = 50 μm; (e) outer view of coastal zone (middle), bar = 50 μm; (f) inner view of stomatal zone, bar = 40 μm; (g) inner view 
of coastal zone, bar = 20 μm; (h) inner view of the stoma, bar = 10 μm; (i) outer view of the stoma, bar = 10 μm. 

Santonian atmospheric CO2 contents are reconstructed from 
fossil Ginkgo cuticle SI by using the inverse regression 

function (RF) [31]: 

 2

(415 SI 1961) 2000
paleo-CO .

3337 SI 20000

× − ×
=

× −
 (1) 

This formulation was derived from herbarium collections 
and controlled experiments of extant Ginkgo biloba L. 
leaves [31]. It can be used for the present Santonian materi-
al (G. adiantoides) owing to the extreme similarity in both 
ecological and anatomical features of these two forms 
[32–34]. 

To assess the results of this RF procedure, an alternative 
stomatal-based CO2 method, nearest living equivalent 
(NLE), is used. An NLE is a modern taxon that has a com-
parable ecological setting and/or structural similarity to its 
fossil counterpart, and it is assumed that a stomatal ratio 
(SR, the ratio of the stomatal index of a modern NLE spe-
cies to its fossil counterpart) of 1 is equal to 300 ppm (Re-
cent standardization) or 600 ppm (Carboniferous standardi-
zation) [35]. The Recent and Carboniferous standardizations 
are regarded respectively as the broad minimum and maxi-
mum estimates of paleo-CO2 [35]. However, we supposed 
that the Recent Standardization is more suitable than the 
Carboniferous one for the present material because the sim-
ilarity in morphological, anatomical, and ecological features 

[32–34], and relatively short geological span between these 
two Ginkgo species. 

For tracking CO2 fluctuations on a larger scale, the 
NLE-based Santonian ratio of CO2 values (RCO2

, the ratio of 
the mass of CO2 in the atmosphere in the past to that of 
pre-industrial level) of present study are also calculated. 
The NLE of fossil Ginkgo adiantoides is obviously G. bi-
loba, yielding an SI of 12.1 on average [18]. 

Based on obtained paleobotanical data from Jiayin and 
some others’ results, the global mean land surface tempera-
ture (GMLST) is also calculated. The extent of associated 
climate change was calculated with the formula given by 
Kothavala et al. [36]: 

 
2CO4.0 ln( ),T RΔ = ×  (2) 

where ΔT is the change ratio in mean global surface tem-
perature. This model-based formulation assumes a green-
house-gas relation between CO2 and temperature [36]. 

2  Results and comparisons 

2.1  Stomatal index and paleo-CO2 

The statistical stomatal indices of all specimens are summa-
rized in Table 1, and the average value per bed is plotted on  
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Table 1  Measurements of stomatal parameters of Ginkgo adiantoides 
from the Yong’ancun Formation of Jiayin 

Beds Specimens ED (mean) SI (%) Mean SI (%) Std of SI 

YN3 

YN09023 462.14 6.71 

6.99 0.79 

YN09024 446.54 6.78 

YN09026 438.21 7.30 

YN09027 425.53 6.77 

YN09028 472.60 6.95 

YN09030 482.18 6.22 

YN09031 458.59 6.76 

YN09042 433.88 7.22 

YN09046 435.48 7.37 

YN09049 453.37 6.37 

YN09051 451.43 7.73 

YN09052 424.58 6.57 

YN09055 456.55 7.72 

YN09056 455.31 7.14 

YN09058 499.64 7.22 

YN2 

YN09017 455.54 6.81 

7.11 0.65 

YN09018 459.36 7.47 

YN10005 633.92 5.71 

YN10018 459.17 7.11 

YN10019 445.84 7.53 

YN10020 417.88 6.97 

YN10023 438.64 7.60 

YN10024 484.17 7.69 

YN1 

YN09001 485.75 6.57 

6.76 0.83 

YN09002 547.37 7.27 

YN09003 535.44 6.66 

YN09006 567.77 6.04 

YN09008 441.37 6.17 

YN09014 517.09 6.57 

YN09015 539.70 7.67 

YN09016 552.71 7.12 
 

Figure 3. The SI value of each fossil G. adiantoides is sig-
nificantly lower than the value of extant G. biloba (about 
12.1 on average [18]) (Table 1), indicating a much higher 
atmospheric CO2 content in the Santonian. 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 (Table 2), which is 150–280 ppm higher 
than the present day (~380 ppm [37]). 

From stomatal index measurements (Table 2), we next 
calculated the stomatal ratios (SR, the ratio of the SI of the 
nearest living ecological equivalent to that of the fossil). 
These were then converted to RCO2

 values following the 
standard procedure of NLE method [35]. Calculated in this 
way, the NLE-based CO2 reconstructions closely agree with 
the RF-based result (Table 2, Figure 4(a)). The CO2 content 
declined from the early Santonian (~503 ppm, bed YN1, 
recent standardization) to the minimum in the mid Santoni-
an (~478 ppm, bed YN2), and then rebounded slightly in the 
late Santonian (~486 ppm, bed YN3) (Table 2). As shown 
in Figure 4(a), it is apparent that RF-results fall in the 
range of NLE ones. Moreover, despite the slightly higher 
estimates of RF method (~97 ppm on average), the two  

 

Figure 3  SIs of G. adiantoides and paleo-CO2 estimates for separate beds 
of the Yong’ancun Formation (error bars show standard deviation). 

Table 2  Inferred Santonian CO2 based on Ginkgo cuticlesa) 

Bed YN1 YN2 YN3 

Mean SI (%) 6.76 7.11 6.99 

Standard deviation 0.83 0.65 0.79 

RF-CO2 (ppm) 660.82 530.58 565.19 
RCO2

 1.68 1.59 1.62 

R.S. (ppm)* 502.90 477.89 486.26 

Sigma−1 (ppm) 452.61 430.10 437.63 

C.S. (ppm)* 1005.80 955.79 972.52 

Sigma +1 (ppm) 1106.38 1051.36 1069.77 

a) * R.S., Recent standardization; C.S., Carboniferous standardization. 

 
sets of stomata-based results suggest a modest decrease of 
CO2 throughout the Santonian (Table 2, Figure 4(a)). 

2.2  Comparison to geochemical data 

To date, few paleobotanical data of Santonian CO2 have 
been published, so the new data are compared to the esti-
mates from geochemical proxies and predictions from geo-
chemical models of the long-term global carbon cycle. 

The present data of Santonian CO2 content are most 
compatible with the levels estimated by GEOCARB II of 
Berner [7]. Although the RF-results of present study show a 
higher value than that of GEOCARB II in the early Santo-
nian (about 90 ppm), the late Santonian ones of both studies 
are almost the same (Figure 4(a)). Moreover, the NLE-re-     
sults (Recent standardization) are also closely comparable 
to GEOCARB II (Figure 4(a)). GEOCARB III [8] predicts a 
Santonian CO2 value of about 1270 ppm, which is much 
higher than the present study although the present values 
(both RF- and NLE-based) lie in the overall range of 
GEOCARB II and III. Some authors [12, 16] have argued, 
although as a more refined model, GEOCARB III produces 
higher concentrations in Cretaceous CO2 than that of 
GEOCARB II, and GEOCARB II might be better supported  
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Figure 4  Atmospheric CO2 (a) and global mean land surface temperature (b) trends in the Late Cretaceous. 1, RF-results of the present study; 2, 
NLE-results of the present study; 3, RF-based Campanian results from Quan et al. [14]; 4, NLE-based Campanian results from Quan et al. [14]; 5, recali-
brated results (NLE) from Retallack [15]; 6, RF-based Maastrichtian results from Beerling et al. [11]; 7, Cenomanian result from isotope of fossil bryophytes 
[44]; 8, GEOCARB II with error range [7]; 9, GEOCARB III [8]; 10, box model of Wallmann [39]; 11, geochemical values from Ekart et al. [9]; 12, bioge-
ochemical carbon cycle model from Tajika [10]; 13, change ratios of global mean land surface temperature (ΔT). 

by independent paleobotanical data. It appears that this may 
also be the case for the Late Cretaceous Jiayin materials. 

Ekart et al. [9] reported a CO2 content by a paleobarom-
eter derived from carbon isotope record of pedogenic car-
bonate, which implies the CO2 levels lowered through the 
Cretaceous, dropping to less than 1000 ppm prior to the 
Cretaceous-Tertiary boundary. The Santonian CO2 value of 
Ekart et al. [9] is about 1270 (±500) ppm. The present result 
is within the ranges proposed by geochemical values by 
considering its error bars (Figure 4(a)). It is noteworthy that 
the paleosol-derived CO2 estimates are mostly much higher 
than the paleobotanical ones, which might be caused by the 
different sensitivities of different proxies [18, 38]. 

The carbon cycle and climate change during the Creta-
ceous are also reconstructed by using a carbon cycle model 
by Tajika [10]. This model takes into account the effects of 
both long-term (e.g. organic carbon burial rates) and 
short-term (e.g. the enhanced magma eruption) biogeo-
chemical processes on atmospheric CO2, both of which are 
thought to influence the carbon cycle during the Creta-
ceous [10]. This model predicts a notable CO2 decline 
from the Santonian to Campanian (~970 – ~650 ppm). For 
the Jiayin data, by comparison, although a decline trend of 
CO2 is recognized, the magnitude is of narrow range (Fig-
ure 4(a)). 

More recently, Wallmann [39] reported his 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 or-
ganic carbon (POC). According to Wallmann [39], the high 
Ca concentrations during the Cretaceous indicate the de-
cline of atmospheric CO2, since the negative feed-back pro-
vided by POC burial, which is coupled to CO2-dependent 
weathering rates. For the Santonian atmospheric CO2, the 
present result is in agreement with Wallmann’s model; both 
show a downward trend (Figure 4(a)). However, the present 
result demonstrates that the CO2 declined more rapidly from 
the early to mid and late Santonian (661, 531 and 565 ppm, 
respectively; RF). This difference is possibly caused by the 
different resolutions of these two studies. In addition, based 
on geochemical data, Wallmann [39] and other authors [40] 
inferred the Santonian as a climate optimum period, and 
probably caused by enhanced volcanic or tectonic activity 
by which greenhouse gases released, such as CO2 and pos-
sibly methane [41]. The similar conditions might be in the 
Jiayin area of Santonian age because tuffaceous mud- and 
siltstone can be found in several beds of the Yong’ancun 
Formation [28]. 

3  Discussion 

3.1  Late Cretaceous CO2 

Haworth et al. [12] published long time-scaled mid-Creta-     
ceous CO2 reconstruction using the NLE method based on 
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SIs of Pseudofrenelopsis. Their results show relatively low 
and only slight varying CO2 over the Hauterivian-Albian 
interval. Two studies have also been undertaken based on 
Ginkgo coriacea Florin from the early-middle Early Creta-
ceous Huolinhe Formation of northeastern China [16, 42]. 
For the Late Cretaceous atmospheric CO2, however, a few 
paleobotanical data have been published. The Late Creta-
ceous is the essential transition period during which bio-
sphere evolved from Mesozoic to Cenozoic, and several 
profound events occurred in this period, including environ-
ment changes and the rise of angiosperms [3, 4, 43]. Here 
we combine the available paleobotanical data to discuss the 
trend of Late Cretaceous CO2. 

Fletcher et al. [44] developed a novel CO2 proxy based 
on the stable carbon isotope composition (δ13C) of astoma-
tous land plants. The analysis on fossil liverworts, from 
Alexander Island of Antarctica, yields an early Cenomanian 
CO2 content of 1000 – 1400 ppm. Their value consist of 
independent proxy data and long-term carbon cycle models 
[44]. And this value is also well supported by recalibrated 
stomatal data of conifers and ginkgoals from the Southern 
Hemisphere [13].  

Retallack [15], by gathering data from the extant Ginkgo 
and four fossil relatives, first published stomata-based CO2 
reconstruction back to 300 million years ago. The general 
CO2 pattern is correlated well with the long-term tempera-
ture pattern established by oxygen isotope ratios derived 
from marine fossils. This study is of importance since the 
record is based on the stomatal indices of ginkgoalean affin-
ities, by which it minimizes the potential influences such as 
humidity, temperature, and light irradiation. However, some 
of the data suffer a large variability of stomatal index be-
cause of the small sample size (commonly less than 4) and 
by the use of an inappropriate transfer function [18]. Here 
we re-calculated the Retallack’s original ginkoalean data of 
Late Cretaceous since few paleobotanical data have been 
reported from this interval. The NLE method is used here 
rather than RF. First of all, the stomatal responses to CO2 
are species-specific [25]. Retallack’s species include Gink-
go sibirica Heer, G. pilifera Samylina, and G. transsenoni-
cus Krassilov; the regression function derived from extant G. 
biloba consequently is impracticable here. Secondly, the 
morphological and anatomical features of some species ap-
pear varying significantly, such as G. pilifera and G. 
transsenonicus, which yield amphistomatous cuticles [14].  

The re-calibration illustrates a series of dramatic changes 
during the mid Cenomanian to mid Coniacian (at a resolu-
tion of about 1 million years, Figure 4(a)). We subdivide it 
into four stages (marked respectively as A–D in Figure 4(a)). 
In stage A, atmospheric CO2 declines from ~680 to ~630 
ppm, and then rebounds up to 850 ppm in stage B. In stage 
C, the level rises continuously to 971 ppm on the basis of 
stage B, but in a lower trend. A sharp decline occurs in 
stage D, falling from ~970 to ~520 ppm (Figure 4(a)). As a 
whole, although with drastic fluctuations as illustrated in 

Figure 4(a), the recalibrated result shows an overall decline 
from the mid Cenomanian (~680 ppm) to mid Coniacian 
(~520 ppm). Besides, the fluctuation pattern of the recali-
brated data matches well with Tajika [10] in the mid Tu-
ronian to early Coniacian. However, it is noteworthy that 
the late Cenomanian to mid Turonian CO2 is opposite to 
those of geochemical data, which show a decline in trend 
(Figure 4(a)). Therefore more detailed evidence is needed to 
confirm the CO2 levels of this interval. 

For the late Coniacian, there are no paleobotanical data 
available, but it appears there is a slightly decline trend in 
the interval (Figure 4(a)). 

Ginkgo fossils form Jiayin provided solid evidence for 
the Santonian to Campanian CO2 as showing in the present 
and previous studies [14] (Figure 4(a)). Our paleobotanical 
data demonstrate a considerable decrease with magnitude of 
~100 ppm (RF-based). This is not recognized by other geo-
chemical results, probably due to the different resolutions of 
the two approaches.  

For the mid Santonian to early Campanian, our data 
show a relative rapid rise, from ~531 to ~620 ppm (arrow in 
Figure 4(a)). However, this rapid rise needs to be further 
confirmed because the earliest Campanian CO2 was recon-
structed based only on one fossil Ginkgo specimen [14]. 
From this interval onward, the CO2 levels show a gradual 
decrease from ~580 to 550 ppm with the exception of a 
short-time fluctuation (up to ~690 ppm) in the late Campa-
nian. After the late Campanian CO2 fluctuation, it appears 
that no striking changes in paleo-CO2 occurred during the 
Maastrichtian, and the CO2 level gradually decreased to 530 
ppm until the K-T event [11] (Figure 4(a)). 

In summary, geochemical studies predict that atmos-
pheric CO2 levels underwent a long-term decline through 
the Late Cretaceous [7–10, 39], ranging from about 1975 
to 450 ppm (Figure 4(a)). By comparison, the paleobotan-
ical results also indicate a decline trend in CO2 content, 
but several fluctuations are recognized, as shown in Figure 
4(a). 

3.2  Global mean land surface temperature 

The variation of global mean land surface temperature 
(GMLST) depends on the sensitivity of the climate system 
to changes in greenhouse gas concentrations, such as carbon 
dioxide and methane [45]. But because of the short resi-
dence time of CH4 for its easy oxidability, the CO2 pertains 
more directly to the long-term global land surface tempera-
ture. This relationship has long been recognized [37]. The 
generally accepted range for the equilibrium means temper-
ature change in response to a doubling of the atmospheric 
CO2 content [45]. 

Geochemical data show that warmer conditions prevailed 
during much of the Cretaceous with exception of brief epi-
sodes of cooling (~3 Ma), such as mid-Cenomanian, 
mid-Turonian, and Maastrichtian [46]. Retallack [15] pro-
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vided a broad picture of CO2 variation throughout the 
Phanerozoic. His results are largely consistent with the pre-
dictions of carbon mass-balance models and with recon-
structions inferred from marine geochemical data [17], 
showing that warming trends are accompanied by increas-
ing CO2 levels, whereas cooler periods are accompanied by 
reduced CO2. However, these paleobotanical records are 
incomplete; some gaps still need to be filled. Here we com-
pile the present and published stomata-based CO2 data to 
discuss GMLST during the Late Cretaceous. 

Applying the paleo-CO2 estimations from Ginkgo and af-
finities of separate stages into the transfer function shown as 
formulation (2) (see Materials and methods), we plotted the 
change ratios of GMLST (ΔT) from present day values in 
Figure 4(b). It illustrates that during the mid Cenomanian to 
mid Coniacian the temperature fluctuated several times, 
ranging from ~2.2–4.7°C (Figure 4(b), Table 3). From the 
Santonian onward, although the punctuations exist (one 
decline in the mid Santonian and one increase in late Cam-
panian), the stomatal data broadly display a stepwise reduc-
tion in GMLST (Figure 4(b)). To the latest Maastrichtian, 
however, the stomatal data show an evident GMLST de-
cline, suggesting a slight cooling from ~1.9 to 1.2°C (Figure 
4(b), Table 3). This GMLST curve is largely in agreement 
with the stable carbon- and oxygen-isotopic patterns  

Table 3  Stomata-based RCO2 and change ratios of global mean land sur-
face temperature during the Late Cretaceousa) 

Stage Age (Ma) or bed Mean SI (%) RCO2 ΔT (°C) 

Maast.* 

65.4 8.40 1.35 1.20 

65.5 8.30 1.37 1.24 

65.8 7.10 1.60 1.87 

65.9 7.00 1.62 1.93 

Camp. 

TP11 7.01 1.62 1.92 

TP10 6.98 1.62 1.94 

TP09 6.97 1.63 1.94 

TP08 6.92 1.64 1.97 

TP07 6.91 1.64 1.98 

TP06 6.70 1.69 2.10 

TP05 6.96 1.63 1.95 

TP04 6.98 1.62 1.94 

TP03 6.94 1.63 1.96 

TP02 6.93 1.63 1.97 

TP01 6.83 1.66 2.02 

Sant. 

YN3 6.99 1.62 1.93 

YN2 7.11 1.59 1.86 

YN1 6.76 1.68 2.07 

Ceno.–Con. 

87 6.5 1.74 2.22 

88 5.9 1.92 2.61 

89 4.4 2.58 3.78 

90 3.5 3.24 4.70 

94 4.0 2.83 4.16 

95 5.4 2.10 2.96 

96 5.0 2.27 3.27 

a) *Assuming the K-T boundary = 65 Ma [11]. 

based on hemipelagic carbonate facies from the Upper Cre-
taceous of Tibet, China by Li et al. [47], especially in the 
Santonian, Campanian, and Maastrichtian stages. 

4  Conclusions 

Paleobotanical data derived from fossil G. adiantoides of 
the Yong’ancun Formation suggest the Santonian CO2 con-
tent declined from ~661 to ~565 ppm (RF). Our stoma-
ta-based CO2 estimates (both RF and NLE methods) are 
most compatible with the GEOCARB II model. A relatively 
higher atmosphere CO2 helps explain the environment of 
this stage. 

Available paleobotanical data show a decrease trend of 
CO2 level throughout the Late Cretaceous, punctuated by 
several fluctuations in particular episodes. The atmospheric 
CO2 fluctuated notably in the late Cenomanian, Turonian, 
early Santonian, late Campanian, and probably latest Maas-
trichtian. All these episodes appear to be in certain critical 
geological intervals, but the ultimate mechanisms underly-
ing the shift remain unknown from the present study. 

In addition, the change ratios of CO2-driven GMLST il-
lustrate that the trend of temperature during the Late Creta-
ceous varies in a very similar way to that of carbon- and 
oxygen-isotopic records. To view the variation as a whole, 
ΔT increased from ~3°C in late Cenomanian to ~4.7°C in 
mid Turonian, and then dramatically reduced to ~2.2°C in 
mid Coniacian. From the Santonian onward, it appears that 
GMLST gradually declined with a few punctuations. 
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