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17 Abstract: In recent decades, several proxies have been developed to reconstruct atmospheric 

18 paleo-CO2 concentrations (pCO2). The confidence in paleo-CO2 estimates can be increased by 

19 comparing results from multiple proxies with multiple species at a single site. Here we present a 

20 new pCO2 record for the Hauterivian–Barremian using three methods based on two fossil 

21 coniferous species (Cupressinocladus sp. and Brachyphyllum obtusum) collected from Laiyang 

22 Basin, eastern China. The pCO2 values were approximately 579–663 ppmv (recent standardization) 

23 and 966–1106 ppmv (carboniferous standardization) based on the stomatal ratio (SR)-based 

24 method, and about 472–525 ppmv based on the mechanistic model. Both of these two methods 

25 were highly coincident with other SR-based and geochemical reconstructions for the early stage of 

26 the Early Cretaceous. The pCO2 value estimated using the carbon isotopes model was 

27 approximately 472–525 ppmv, which is generally lower than the pCO2 valueestimated using the 

28 other methods. The mechanistic model may be widely applied to more fossil taxa than the SR-

29 based method and retains sensitivity at high pCO2. Furthermore, by comparing with other pCO2 

30 records and Weissert event in the Early Cretaceous, the pCO2 values obtained from this study 

31 indicate a relatively low atmospheric CO2 concentration during the Hauterivian–Barremian, and 

32 reflect the cooling event in the last stage of the Weissert event.

33

34 Keywords: Hauterivian–Barremian, Cuticle, Stomatal ratio, Mechanistic model, Carbon isotope 

35 model, Weissert event

36

37 1. Introduction

38 The Early Cretaceous was a critical period for the globe to enter a typical greenhouse climate 

39 period in geological history. During this period, major changes occurred in the marine and 

40 terrestrial environment, a large number of rift basins were formed, large igneous provinces and 

41 oceanic anoxic event (OAE) frequently occurred, and the global climate fluctuated between arid 

42 and humid climates (Skelton et al., 2003; Föllmi, 2012; Jenkyns, 2010). These events have greatly 

43 affected the development and evolution of marine and terrestrial organisms (Skelton et al., 2003; 

44 Föllmi, 2012; Jenkyns, 2010). 

45 Atmospheric CO2 is one of the most important greenhouse gases and it is considered to be a 

46 major factor in global warming (Boucot and Gray, 2001; Royer, 2006; Fletcher et al., 2008; Wang 
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47 et al., 2014). Fluctuations in atmospheric CO2 concentrations have a significant impact on the 

48 carbonate saturation state in the oceans and the weathering rate of the continental surface, further 

49 leading to the mass extinctions of marine and terrestrial species (Li et al., 2019). As a result, a 

50 more complete understanding of atmospheric paleo-CO2 concentration (pCO2) variations during 

51 the Early Cretaceous could potentially provide us with a good reference for reconstructing the past 

52 climate environment and predicting the response of climate to future elevated atmospheric CO2 

53 levels.

54 In addition to early long–term atmospheric carbon cycle models (such as GEOCARB, 

55 GEOCARB II, GEOCARB III, GEOCARBSULF and COPSE), several proxies have been 

56 developed to reconstruct pCO2 in recent decades, including stable carbon isotopes of paleosols, 

57 boron isotope pH derived from marine carbonate microfossils and marine alkenones, stable carbon 

58 isotopes of fossil liverworts, and stomatal parameters from terrestrial vascular plant fossils 

59 (Mcelwain and Chaloner, 1995; Pearson and Palmer, 2000; Beerling et al., 2001; Beerling and 

60 Royer, 2002a, 2002b; Retallack, 2005; Fletcher et al., 2005; Wang et al., 2014). Among these 

61 methods, the fossil plant stomatal ratio (SR)-based method has been widely used in CO2 estimates 

62 reconstruction from Paleozoic to Cenozoic. In recent years, an increasing number of mathematical 

63 models for pCO2 reconstruction have been proposed and widely used, such as the mechanistic CO2 

64 model proposed by Franks (2014) (Konrad et al., 2008; Franks et al., 2014; Konrad et al., 2017). 

65 The advantage of this mechanism model is that it can be used to estimate the paleo-CO2 in any 

66 period from the Devonian to the present, and it is considered to be more sensitive at high pCO2 

67 (Franks et al., 2014; Royer et al., 2019). Furthermore, with the continuous updating of the 

68 methods, increasing attention has been given to the error analysis, and the requirements for the 

69 pCO2 reconstruction accuracy are also increasing. The pCO2 estimates based on multiple species 

70 are generally thought to be more effective than the pCO2 estimates based on single species to 

71 reduce the range of error (Reichgelt and D’Andrea, 2019).

72 In this study, we selected the well-preserved leaves of Brachyphyllum and Cupressinocladus 

73 from the Lower Cretaceous of the Laiyang Basin, and used three methods: the SR-based method, 

74 mechanistic model and carbon-isotope model, to reconstruct the pCO2 during the Hauterivian–

75 Barremian (Early Cretaceous). Moreover, a greater insight into the relationship between the pCO2 

76 concentration and the Weissert event during the Early Cretaceous is discussed. 
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77 2. Material and methods

78 2.1. Geological and stratigraphical settings

79 The Laiyang Basin refers to the Mesozoic depression in the Laiyang area of Shandong 

80 Province, and this Mesozoic depression is located on the north side of the Sulu orogenic belt and 

81 the east of the North China Craton (Luo et al., 1990; Li and Zhang, 2000; Jin et al., 2018; Fig. 1A, 

82 B). The Cretaceous strata from this basin are well-developed, continuously exposed and complete 

83 and contain abundant and various fossil categories (Luo et al., 1990; Li and Zhang, 2000; Jin et al., 

84 2018). This area is one of the most desirable areas for studying the geologic evolution of Asia in 

85 the Cretaceous (Luo et al., 1990; Li and Zhang, 2000). The Laiyang Basin developed mainly the 

86 Lower Cretaceous Laiyang Formation, the Qingshan Formation, and the Upper Cretaceous 

87 Wangshi Formation, which do not conform to the underlying strata of the Proterozoic Jingshan 

88 Group, the Archean Jiaodong Group or the overlying strata of Paleogene (Luo et al., 1990; Fig. 1A, 

89 B). According to the various lithological characteristics, sedimentary cycles and fossil beds, the 

90 Laiyang Formation is divided into four members (Luo et al., 1990). The third member is the main 

91 fossiliferous layer of the Laiyang Formation. The total thickness of this member is 181 to 472 

92 metres, and most of the area is approximately 400 m, which is composed mainly of shale and 

93 sandstone and contains small amounts of carbonate sediments (Fig. 1C). Current fossils have also 

94 been collected from this member in the Huangyadi–Beibozi profile (Fig. 1C).
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95

96 Fig. 1. A) Location of the fossil site and the tectonic units of the Laiyang Basin; B) Stratigraphic 

97 section of the Early Cretaceous Laiyang Formation, Laiyang Basin and the fossil–bearing horizon.

98

99    Various paleoentomologists have conducted detailed studies on the geological age of the 

100 Laiyang Formation (Luo et al., 1990; Lin, 1995; Hong, 1998; Ren and Hong, 1998; Zhang, 2003; 

101 Grimaldi and Engel, 2005; Zhang and Rasnitsyn, 2006). Now the point of view that the Laiyang 

102 Formation belongs to the Early Cretaceous has been accepted by most researchers (Chen et al., 

103 1980; Luo et al., 1983). The significant SHRIMP U-Pb age shown by the tuff in the basal 

104 conglomerates of the Laiyang Group confirms that the age of the Laiyang Group is in the range of 

105 120–149 Ma (Early Cretaceous) (Zhang et al., 2018). According to the 40Ar/39Ar age of 

106 hornblende and the U-Pb dating of zircons by many researchers, the maximum deposition age of 

107 the Laiyang Formation is approximately 130 Ma in the Hauterivian–Barremian (the early stage of 

108 the Early Cretaceous) (Ling et al., 2007; Zhang et al., 2008; Xie et al., 2012; Huo et al., 2015; 

109 O’Reilly et al., 2015). Therefore, the Laiyang Formation belongs to the Early Cretaceous, and the 

110 stratigraphic position of the current fossils is assigned to the Hauterivian–Barremian.

111 2.2. Fossil materials and living relatives
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112 2.2.1 Description of the fossil species

113 In our study, two fossil species from two plant families were recorded in the Laiyang 

114 Formation in the Laiyang Basin: Brachyphyllum obtusum Chow et Tsao (family Cheirolepidiaceae) 

115 and Cupressinocladus sp. (family Cupressaceae). Brachyphyllum obtusum is characterized by 

116 incomplete twigs up to 3-4 mm wide with spirally disposed scale-like leaves (Fig. 2F–I). Leaves 

117 are adpressed and imbricate, broad rhomboidal in face view, approximately 2.5-2.7 mm wide and 

118 2-3.4 mm long (Fig. 2F–I). The leaf margin is entire, and the apex is relatively obtuse, with a 

119 mucro at the top. A single midvein is prominent on the abaxial leaf surface. The leaf cuticles are 

120 amphistomatic (Fig. 2F–I). The abaxial cuticle is very thick, and the stomata are arranged in 

121 longitudinal rows all over the surface (Fig. 3F–I). Each row is separated by 5-10 abaxial epidermal 

122 cells. Ordinary epidermal cells are rectangular or irregular polygonal, with strongly thickened and 

123 straight anticlinal walls and well-developed papillae. Stomatal complexes are rounded or narrowly 

124 rounded in outline, haplocheilic and monocyclic. The guard cells are sunken and generally 

125 surrounded by 4-6 subsidiary cells that form a ring. The epidermal cells and stomata of the adaxial 

126 cuticle are similar to those of the abaxial cuticle.
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127

128 Fig. 2. Morphological structures of Cupressinocladus and Brachyphyllum from the Lower 

129 Cretaceous of the Laiyang Basin. A–E, Cupressinocladus sp. (Specimen No: A, LDGSW–2016–

130 508A; B, LDGSW–2016–1401; C, LDGSW–2015–501A; D, LDGSW–2016–462A; E, LDGSW–

131 2015–907); F–I, Brachyphyllum obtusum (Specimen No: F, LDGSW–2015–154A; B, LDGSW–

132 2015–159B; C, LDGSW–2015–162A; D, LDGSW–2015–178A).
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133

134 Fig. 3. Cuticular structures of Cupressinocladus and Brachyphyllum from the Lower Cretaceous 

135 of the Laiyang Basin. A, B, Abaxial cuticle of Cupressinocladus sp. under stereomicroscope 

136 showing epidermal cells and stomata; scale bar 100 μm; C, The detail of stomatal showing guard 

137 and subsidiary cells of Cupressinocladus sp. abaxial cuticle; scale bar 50 μm; D–F, Abaxial leaf 

138 cuticle of Cupressinocladus sp. under fluorescence microscope showing epidermal cells and 

139 stomata; scale bar 200 μm; G, H, Adaxial cuticle of Cupressinocladus sp. under SEM showing 

140 epidermal cells and stomata; scale bar 200 μm; I, The detail of stomatal under SEM showing 
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141 guard and subsidiary cells of Cupressinocladus sp. adaxial cuticle; scale bar 50 μm; J, K, Abaxial 

142 cuticle of Brachyphyllum obtusum under stereomicroscope showing epidermal cells and stomata; 

143 scale bar 100 μm; I, The detail of stomatal under stereomicroscope showing guard and subsidiary 

144 cells of Brachyphyllum obtusum abaxial cuticle; scale bar 50 μm; M–O, Adaxial cuticle of 

145 Brachyphyllum obtusum under stereomicroscope showing epidermal cells and stomata; M, Scale 

146 bar 200 μm; N, O, Scale bar 100 μm.
147

148 Cupressinocladus sp. preserved as last-second or last-third leafy twigs. The leaves on 

149 ultimate leafy shoots are sessile, decussate and imbricate arranged. The base of the leaves is 

150 decurrent and partly concealed by the leaves of the lower pair. The lateral leaves are conduplicate 

151 and oval, with the entire margin and obtuse apical tip, approximately 1.7-2.5 mm long and 0.8-1.2 

152 mm wide in the exposed part. The facial leaves are rhombic at the exposed part, without keels, 

153 appressed to the shoot axis. The leaves on last-third leafy shoots are ovate to broadly lanceolate, 

154 approximately 2.3–5.2 mm long and 1–1.4 mm wide. The leaf cuticles are amphistomatic. The 

155 stomata on the adaxial cuticle are arranged in longitudinal rows all over the surface. Each row is 

156 separated by 4–6 epidermal cells, and a small number of stomata are irregularly distributed. The 

157 epidermal cells between the two bands are rectangular, with straight anticlinal walls and well-

158 developed papillae, approximately 65–89 μm long and 27–41 μm wide. The epidermal cells in 

159 rows are short rectangular or irregular polygonal with papillae. Stomatal complexes are rounded or 

160 elliptic, haplocheilic, monocyclic. The guard cells are sunken and generally surrounded by 5-6 

161 subsidiary cells with papillae. The abaxial cuticle epidermal cells and stomata are similar to those 

162 of the adaxial cuticle.

163

164 2.2.2. Selection of nearest living equivalents (NLEs)

165 Numerous studies have already discussed the nearest living equivalent species (NLEs) of 

166 Brachyphyllum (Cheirolepidiaceae), the most common of which are Athrotaxis cupressoides (9.0 

167 ± 1.5), Tetraclinis articulate (11.7 ± 1.1), Calocedrus decurrens (9.9 ± 1.4), Callitris columnaris 

168 (8.9 ± 1.6), and Callitris rhomboidea (8.2 ± 1.4) as NLEs of Brachyphyllum to restore the pCO2 

169 during the Cretaceous period (McElwain and Chaloner, 1996; Haworth et al. 2005; Haworth et al., 

170 2010). Hence, we also selected these five species as NLEs of B. obtusum, and took their average 

171 value of 9.5 ± 1.4 as the stomatal index (SI) of NLEs of B. obtusum.

172 Many leafy-shoots assignable to the Cupressinocladus have been reported from the Mesozoic 

173 strata in Europe and Asia (Florin, 1958, 1963; Harris, 1969; Miller, 1977; Shi et al., 2011; Jin et 

174 al., 2017). These leafy shoots resemble in external appearance the leafy shoots of extant 

175 Cupressaceae, but as far as their leaf-cuticle is concerned, many of the leafy shoots belong to the 
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176 extinct family Cheirolepidiaceae, such as Cupressinocladus obatae and Cupressinocladus 

177 ramonensis (OKUBO and KIMURA, 1991; Srinivasan, 1995). The external appearances of the 

178 present species Cupressinocladus sp. is very similar to the external appearances of Cupressaceae, 

179 whereas the stomata are distributed all over the surface of the leaves, and the leaves do not form 

180 stomatal bands. Such stomatal distribution has also has been seen in the Cheirolepidiaceae 

181 conifers. In addition, two adjacent stomata often share a single subsidiary cell in cupressaceous 

182 conifers, but such characteristics have has not been observed in the present species C. sp. and 

183 other cheirolepidiaceous conifers (except in Pseudofrenelopsis parceramosa, Glenrosa 

184 pagiophylloides, Glenrosa texensis, Glenrosa falcate and Glenrosa virginiensis) (Watson, 1977;  

185 Watson and Fisher, 1984; Srinivasan, 1992; Gomez et al., 2012). To date, as far as the cuticular 

186 features mentioned above are concerned, the present species more resembles to Cheirolepidiacea. 

187 Based on the similarities of ecology and morphology, the extant Athrotaxis cupressoides, 

188 Tetraclinis articulate, Calocedrus decurrens, Callitris columnaris, Callitris rhomboidea and 

189 Salicornia virginica have been selected as the NLEs of the extinct Cheirolepidiaceae conifers by 

190 numerous researchers (McElwain and Chaloner, 1996; Haworth et al. 2005; Haworth et al., 2010). 

191 Among these conifers, Tetraclinis articulate, Calocedrus decurrens, Callitris columnaris, Callitris 

192 rhomboidea also belong to Cupressaceae, and the external appearance of these four speciesis are 

193 similar to the external appearance of the present leafy-shoots. Therefore, we select these four 

194 species as NLEs of C. sp., and take their average value 9.7 ± 1.5 as the SI of NLEs of C. sp..

195

196 2.3. Proxy models and methods

197 2.3.1 SR-based method

198 McElwain and Chaloner (1995) proposed the SR-based method and the conception of “the 

199 nearest living equivalent (NLE)”. NLE refers to the living species that share similar 

200 ecoenvironments and functional structures with fossil plants (McElwain, 1998; Chen et al., 2001). 

201 NLE is applied mainly in the comparison of the stomatal parameters between living and fossil 

202 plants and then to reconstruct the pCO2 semiquantitatively (McElwain, 1998; Chen et al., 2001). 

203 Four parameters need to be calculated when using SR-based method in pCO2 reconstruction: 

204 stomatal density (SD), epidermal density (ED), SI and SR, and detailed descriptions of all the 

205 parameters and equations involved are listed in Table 1. This method was standardized by 

206 McElwain and Chaloner (1996) and McElwain (1998) with two standardizations: carboniferous 

207 standardization (1SR=2RCO2) and recent standardization (1SR=1.2RCO2). Carboniferous 

208 standardization has been found to be most appropriate for pCO2 reconstruction based on the 

209 Paleozoic and Mesozoic taxa, whereas recent standardization is more applicable to the pCO2 
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210 reconstruction of Cenozoic taxa (Steinthorsdottir et al., 2011; Steinthorsdottir et al., 2013; 

211 Steinthorsdottir and Vajda, 2015). Here, we used both standardizations to obtain the minimum and 

212 maximum paleo-CO2 estimates. The relation between pCO2 and stomatal parameters can be 

213 expressed by the equation pCO2 (ppmv) =SR×300.

214 Table 1  Parameters required by the SR-based method.

Parameter Unit Description
SD mm–2 Stomatal density, the number of stomata in unit area (mm2)
ED mm–2 Epidermal density, the number of epidermic cells in unit area (mm2)
SI % Stomatal index, the percentage of stomata to the total number of stomata 

and epidermal cells, SI=SD/(SD+ED)×100
SR - Stomatal ratio, the stomata index ratio between the NLEs and fossil 

species, SR=SINLEs/SIfossil

SINLEs % The stomatal index of the NLEs
SIfossil % The stomatal index of the fossil species
RCO2 - The ratio of the paleo-CO2 concentration over the pre-industrial 

revolution level (approximately 300 ppmv)
215

216

217

218 2.3.2 The mechanistic model

219 Recently, the mechanistic model based on leaf gas exchange has been widely applied to 

220 obtain the pCO2 during the Mesozoic and Paleozoic (Konrad et al., 2008; Franks et al., 2013; 

221 Franks et al., 2014; Konrad et al., 2017; Du et al., 2018; Li et al., 2019; Zhou et al., 2020). The 

222 precondition of mechanistic model is to assume that the exchange conditions and forms of gases in 

223 the photosynthesis of the ancient forest are the same as those of the living forest (Franks et al. 

224 2014). The change in paleoatmospheric CO2 concentration (Ca) would influence the diffusion rate 

225 of the CO2 from the atmosphere to the fixation part (stomata) in the leaf (Franks et al. 2014). In 

226 turn, the diffusion rate influences the CO2 assimilation rate (An) in organisms (Franks et al. 2014). 

227 This mechanistic model estimates the concentration of atmospheric CO2 by iteratively solving the 

228 equations (1)–(7) in Fig.4 based on three parameters, including An (the assimilation rate of plant 

229 leaves towards CO2, which can be calculated by estimating A0), gc(tot) (the total operational 

230 conductance to CO2 diffusion) and Ci/Ca (the ratio of leaf internal CO2 concentration to Ca) 

231 (Farquhar et al., 1980; Farquhar et al., 1982; Farquhar et al., 1989; Franks et al., 2009; Franks et al. 

232 2013; Franks et al. 2014).
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233

234 Fig. 4. The main equation and procedures of the mechanistic model based on Franks et al. (2014). 

235 All parameters and their description are listed on Table 2.

236

237 Table 2  Parameters required by the mechanistic model based on Franks et al. (2014)

Parameter Unit Description
Ci mol m–3 Leaf internal CO2

Ca ppmv(mol m–3) Atmospheric CO2

An μmol m–2 s–1 The CO2 assimilation rate
gc(tot) mol m–2 s–1 The total operational conductance to CO2 diffusion

gcb mol m–2 s–1
Leaf boundary layer conductance to CO2, 2.0 mol m–2 s–1 
(Collate et al., 1991)

gc(op) mol m–2 s–1 Operational stomatal conductance

gm mol m–2 s–1
The mesophyll conductance, derived from Epron et al. 1995, 
Evans and Von Caemmerer, 1996

gc(max) mol m–2 s–1 The Maximum of gc(op) (When the stomata opening is the largest)

ζ –
The ratio of operational stomatal conductance to maximum 
stomatal conductance, 0.2 (Franks et al., 2009) 

amax m2 Maximum area of stomatal pore for maximally open stoma
l μm Stomatal pore depth
p μm Stomatal pore length

d/ v mol m–1 s–1
The ratio of diffusivity of CO2 in air to molar volume of air, 
9.40096 × 10-5 mol m–1 s–1 (Franks and Beerling, 2009)

SD mm–2 Stomatal density

β –
Maximum pore area/area of circle with diameter, 0.5 (Franks et 
al., 2014)

δ13Cleaf ‰
Carbon isotope composition of fossil leaves, measurements on 
fossil leaves

δ13Cair ‰ Carbon isotope composition of palaeoatmosphere
Δleaf ‰ The carbon isotope discrimination by the plant

a ‰
The carbon isotope fractionation due to diffusion of CO2 in air, 
4.4‰ (Von Caemmerer, 2000)
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b ‰
The fractionation associated with RuBP carboxylase, 30‰ (Von 
Caemmerer, 2000)

A0 μmol m–2 s–1
Reference CO2 assimilation rate at ambient, 10μmol m–2 s–1 
(Franks et al. 2014)

Ca0 ppmv
Assigned to correspond approximately with A0, 360 ppmv 
(Franks et al., 2014)

Γ* μmol mol–1
CO2 compensation point in the absence of dark respiration, 40 
μmol mol–1 (25℃) (Franks et al., 2014) 

238
239

240 An can be obtained by equation (2), which is derived from an expression for Ru-BP 

241 regeneration-limited photosynthesis (Farquhar et al., 1980). In this equation, A0 and Ca0 are the 

242 reference values of An and Ca of the four groups under general environmental conditions. The 

243 plants analysed in this paper all belong to the conifer group. Therefore, A0 and Ca0 take values of 

244 10 μmol m–2s–1 and 360 ppmv respectively (Franks et al. 2014). gc(tot) is composed of three main 

245 components: gcb (2 mol–1s–1), gc(max) and gm. For trees that grow naturally under external conditions, 

246 the ζ value is usually approximately 0.2. Equation (4) is the standard form for gc(tot) of 

247 hypostomatous leaves (Franks et al. 2014). For amphistomatous leaves the term ((1/gcb) + 

248 (1/ζgc(max)))-1 must be calculated separately for the adaxial and abaxial leaf surfaces (gc(max)_adaxial 

249 and gc(max)_abaxial are the maximum stomatal conductance to CO2 of the adaxial and abaxial leaf 

250 surfaces, respectively), added together in parallel, and then added in series with gm to obtain gc(tot) 

251 (equation (5); Franks et al. 2014; Fig.4). gc(max) is obtained by basic diffusion equations (6) by 

252 measuring l (stomatal pore depth) and SD (stomatal density) of the fossil plant. amax determines the 

253 length of the stomatal pore (p): amax =β(πp2/4), in which the β values of pteridophytes and 

254 gymnosperms are usually 0.5 (Franks et al., 2014). Ci/Ca can be obtained by measuring the relative 

255 carbon isotope composition of the fossil leaves (δ13Cleaf) (see equations (3) and (7)). In equation 

256 (7), Δleaf (‰) can be obtained by the analysis of δ13Cleaf and translation of δ13Cair, both of which 

257 were introduced later in this study.

258 This model has been described and discussed in detail by Franks et al. (2014). Thus, only a 

259 brief introduction is presented here, and detailed descriptions of all the parameters involved are 

260 listed in Table 2. The calculation of Ca (pCO2) and other variables was performed by the R 

261 program, which was provided by Franks et al. (2014).

262

263 2.3.3 Carbon isotope model

264 Carbon isotopes of plant fossils are relevant tools for describing past carbon cycle and 

265 CO2 dynamics (Schubert and Jahren, 2012; Franks et al., 2014; Barral et al., 2017b; Barral et al., 

266 2017a). Atmospheric CO2 is the main source of carbon assimilated by plants via photosynthesis 
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267 (Barral et al., 2017a). These theories make it possible to use the carbon isotope composition of 

268 plant fossils to analyse the evolution of atmospheric pCO2 during past periods. Schubert and 

269 Jahren (2012) established a carbon isotope model (equation (8), r=0.9) relating pCO2 to δ13Cleaf to 

270 reconstruct the pCO2 concentration.

271 . 

272                                           (8)
∆13𝐶𝑙𝑒𝑎𝑓 =

(28.26)(0.22)(𝑝𝐶𝑂2 + 23.9)
28.26 + (0.22)(𝑝𝐶𝑂2 + 23.9)

273 Δ13Cleaf values (carbon isotope fractionation by plants) were estimated from δ13Cleaf and 

274 concomitant δ13CCO2 values by using equation (9) (Farquhar et al., 1982).

275                                           (9)
 ∆13𝐶𝑙𝑒𝑎𝑓 =

𝛿13𝐶𝐶𝑂2
‒ 𝛿13𝐶𝑙𝑒𝑎𝑓

1 + 𝛿13𝐶𝑙𝑒𝑎𝑓/1000

276 Where δ13Cleaf is the carbon isotope composition of leaves of fossil plants and δ13CCO2 is the 

277 carbon isotope composition of atmospheric CO2 during the geological period (Farquhar et al., 

278 1982). The δ13CCO2 during the Hauterivian–Barremian is taken as an average value of -5.78‰ in 

279 this paper, which is based on the δ13CCO2 reconstructed by Barral et al (2017a) from the carbon 

280 isotope value of marine carbonate.

281

282 2.3.4. Fossil cuticle proxy measurements

283 The fossil cuticles were removed from rock using tweezers and a needle and then immersed 

284 in a 10% hydrochloric acid (HCl) solution for 24 h. After being washed a few times with distilled 

285 water, the cuticle samples were immersed in a 50% hydrofluoric acid (HF) solution for 24 h and 

286 then treated with Schulze solution for a few minutes to hours until the cuticle turned yellow and 

287 translucent. The abaxial and adaxial cuticles were separated using a needle under a dissection 

288 microscope. The isolated cuticles were washed with distilled water and gently brushed several 

289 times until the cuticle was clean. Some cuticle samples were mounted on slides, embedded in 

290 glycerin jelly, and sealed with Canadian balsam. The cuticle slides were observed under a Zeiss 

291 AXO-40 microscope, and some cuticle samples were mounted on stubs, coated with gold and 

292 examined under an SEM (scanning electron microscope, JEOL JSM–5600LV) at Lanzhou 

293 University, China. 

294 We used 16 cuticle samples of Cupressinocladus sp. and 14 cuticle samples of B. obtusum 

295 (120 samples in total) for paleo-CO2 analysis. All cuticle parameters (e.g. stomatal density, 

296 stomatal index, stomatal/pore length, stomatal width) were counted within 0.09 mm2 squares, and 

297 Photoshop CS8 software was used for at least 5 counts for each specimen. All leaf-level 

298 measurements and paleo-CO2 estimates are presented Table 3–5. For each proxy method, 95% 

299 confidence intervals for estimated CO2 were determined using 10,000 Monte Carlo simulations 
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300 (Table 3–5, Fig. 6) to propagate uncertainties in all input parameters.

301 The carbon stable isotopes were measured at Key Laboratory of Petroleum Resources, 

302 Northwest Institute of Eco-Environment and Resources, Chinese Academy of Sciences (Lanzhou, 

303 China). The fossil leaf samples were removed and treated with 10% HCl for 24 h and then washed 

304 multiple times with distilled water until neutral. Next the fossil leaf samples were treated with 50% 

305 HF for 24 h and rinsed again. Finally, the fossil leaf samples were dried in a drying oven at 40 °C 

306 for 24 h, and their δ13Cleaf was measured with a Flash 2000 HT Elemental Analyser connected to a 

307 Thermo Fisher MAT-253 mass spectrometer. The fossil leaf samples were normalized to the Pee 

308 Dee Belemnite (PDB) standard with an analysis precision of ±0.3‰, using IAEA-600 caffeine as 

309 a certified reference material. The carbon isotopic composition of atmospheric CO2 (δ13Cair) 

310 (which was used in the Franks’ model) is obtained by δ13Cleaf from the equation δ13Cair = (δ13Cleaf 

311 + 18.67) /1.10 (Arens et al., 2000).

312

313 4. Results and Discussion

314 4.1. Results and comparison across methods 

315 The pCO2 in the Laiyang Basin during the Hauterivian–Barremian was reconstructed by two 

316 fossil coniferous species (Cupressinocladus sp. and Brachyphyllum obtusum) based on the SR 

317 method, mechanistic model and carbon isotope model. Using the SR-based method, the SI and SR 

318 values of our fossil specimens were measured and calculated, and the estimated pCO2 results were 

319 in the range of 579 to 663 ppmv based on recent standardization and between 966 and 1106 ppmv 

320 based on carboniferous standardization (Table 3; Fig. 5A). Using the mechanistic model, the mean 

321 results of pCO2 ranged from 472 to 525 ppmv, which is lower than the estimated results based on 

322 the SR-based method (Table 4; Fig. 5A). The carbon isotope model contributed the lowest value of 

323 pCO2, which ranged from 202 to 409 ppmv (Table 5; Fig. 5A).
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324 Table 3  Stomatal parameters of Brachyphyllum and Cupressinocladus from Laiyang Basin 
325 during Hauterivian-Barremian, and estimated pCO2 values based on the SR-based method.

Carboniferous 
standardization

Recent 
standardization

Taxon Specimen 
number

ED 
(mm–2)

SD 
(mm–

2) 

SI 
(％)

SR

RCO
2

pCO2 
(ppmv)

RCO2
pCO2 
(ppmv)

1619.6 94.6 5.5 1.8 3.5 1054.4 2.1 632.7
1418.9 77.0 5.1 1.9 3.8 1131.3 2.3 678.8
1598.7 86.6 5.1 1.9 3.8 1132.7 2.3 679.6

LDGSW–
2016–508A

1591.8 86.4 5.1 1.9 3.8 1130.3 2.3 678.2
1316.2 65.0 4.7 2.1 4.1 1236.8 2.5 742.1
1211.5 68.4 5.3 1.8 3.6 1088.7 2.2 653.2

LDGSW–
2016–462A

1871.2 96.0 4.9 2.0 4.0 1193.1 2.4 715.9
2515.0 124.3 4.7 2.1 4.1 1235.6 2.5 741.4
2477.4 126.6 4.9 2.0 4.0 1196.7 2.4 718.0
2384.2 118.6 4.7 2.0 4.1 1228.3 2.5 737.0

LDGSW–
2016–1401

2019.0 110.9 5.2 1.9 3.7 1117.4 2.2 670.5
LDGSW–
2015–487A

1613.7 92.8 5.4 1.8 3.6 1070.4 2.1 642.2

LDGSW–
2015–501A

1213.5 85.6 6.6 1.5 2.9 883.0 1.8 529.8

1009.1 59.8 5.6 1.7 3.5 1040.3 2.1 624.2
1114.5 76.4 6.4 1.5 3.0 907.3 1.8 544.4

LDGSW–
2015–907

1978.2 116.6 5.6 1.7 3.5 1045.2 2.1 627.1

Cupressino
cladus sp.

Average 
value

1684.5
±216.0

92.9
±9.5

5.3±
0.2

1.8±
0.1

3.7±
0.2

1105.7
±47.4

2.2±0.
1

663.4
±28.4

1878.8 112.7 5.7 1.7 3.4 1007.0 2.0 604.2LDGSW–
2016–162A 1847.8 105.6 5.4 1.8 3.5 1054.5 2.1 632.7

1414.6 79.2 5.3 1.8 3.6 1074.9 2.1 644.9LDGSW–
2016–385 1991.3 111.9 5.3 1.8 3.6 1071.1 2.1 642.7

2564.6 131.5 4.9 1.9 3.9 1168.5 2.3 701.1
1927.7 132.5 6.4 1.5 3.0 886.1 1.8 531.7

LDGSW–
2016–154A

1891.7 122.3 6.1 1.6 3.1 938.7 1.9 563.2
1467.2 111.3 7.1 1.3 2.7 808.4 1.6 485.0LDGSW–

2015–143 1991.3 111.9 5.3 1.8 3.6 1071.1 2.1 642.7
1663.9 103.7 5.9 1.6 3.2 971.6 1.9 583.0
1548.0 139.3 8.3 1.2 2.3 690.3 1.4 414.2

LDGSW–
2016–178A

1772.7 119.8 6.3 1.5 3.0 900.6 1.8 540.4
LDGSW–
2016–159B

2098.6 118.5 5.3 1.8 3.6 1066.2 2.1 639.7

Brachyphyll
um obtusum

Average 
value

1823.2
±102.3

115.1
±4.9

6.0±
0.3

1.6±
0.1

3.2±
0.1

965.5±
44.5

1.9±0.
1

579.3
±26.7
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327 Table 4  Stomatal data and carbon isotope data of Brachyphyllum and Cupressinocladus from 
328 Laiyang Basin, and estimated pCO2 value based on the mechanistic model. SN=specimen number; 
329 l_ad=l_adaxial (μm); el_ad=el_adaxial (μm); p_ad=p_adaxial (μm); ep_ad=ep_adaxial (μm); 
330 l_ab=l_abaxial (μm); el_ab=el_abaxial (μm); p_ab=p_abaxial (μm); ep_ab=ep_abaxial (μm); 
331 δ=δ13C (‰); δa=δ13Cair (‰); SD (mm–2); amax (m2); G=gc(max) (mol m–2 s–1); G1ab=gc(op)_abaxial 
332 (mol m–2 s–1); G2=gc(tot) (mol m–2 s–1); C= Ci/Ca; An (μmol m–2 s–1); P=Ca /pCO2 (ppmv).

Taxon SN l_

ad 

el_

ad 

p_

ad 

ep

_a
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l_

ab 

el

_a
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p_

ab 

ep

_a

b 

δ δa SD amax G G1a

b

G2 C An P
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334 Table 5  The carbon isotope parameters of Brachyphyllum and Cupressinocladus from Laiyang 

335 Basin, and estimated pCO2 values based on the carbon isotope model.

336

Taxon
Specimen number δ13C (‰)

δ13C 
CO2(‰)

Δ13Cleaf pCO2(ppmv)

LDGSW–2016–580A -26.90 -5.78 21.70 401
LDGSW–2016–462A -26.30 -5.78 21.07 353
LDGSW–2016–1401 -27.50 -5.78 22.33 460
LDGSW–2015–907 -27.10 -5.78 21.91 420

Cupressinocladus 
sp.

Average value -26.95 -5.78 21.76 409
LDGSW–2016–162A -23.10 -5.78 17.73 192
LDGSW–2016–385 -23.90 -5.78 18.56 222
LDGSW–2016–154A -22.80 -5.78 17.42 182
LDGSW–2016–159B -23.60 -5.78 18.25 210

Brachyphyllum 
obtusum

Average value -23.35 -5.78 17.99 202
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337

338 Fig. 5. A, The pCO2 ranges during the Early Cretaceous (Hauterivian-Barremian); The error bars 

339 indicate the 95% confidence interval for each pCO2 estimate; B, Probability distributions from all 

340 proxy estimates; SI, CS, Cu= SR-based method based on carboniferous standardization, 

341 Cupressinocladus sp.; SI, CS, Br= SR-based method based on carboniferous standardization, 

342 Brachyphyllum obtusum; SI, RS, Cu= SR-based method based on recent standardization, 

343 Cupressinocladus sp.; SI, RS, Br= SR-based method based on recent standardization, 

344 Brachyphyllum obtusum; Fr, Cu= mechanistic model based on Cupressinocladus sp.; Fr, Br= 

345 mechanistic model based on Brachyphyllum obtusum; CI, Cu= carbon isotope model based on 

346 Cupressinocladus sp.; CI, Br= carbon isotope model based on Brachyphyllum obtusum.
347

348 Based on the probability distributions from all proxy estimates, we note that most of the 95% 

349 confidence intervals of the recent standardization from SR-based method and mechanistic model 

350 overlap (Fig. 5B). However, the confidence interval of the carboniferous standardization from the 

351 SR-based method is much higher than the confidence interval of all other methods. The traditional 

352 method of using plant fossil SI to reconstruct pCO2 has the following disadvantages. First, the SI 

353 has specific responses to CO2 concentration, so the quantitative estimation of pCO2 is limited to 

354 specific fossil species that are close to existing taxa (Küaschner et al., 2008). We must assume that 

355 these species have not suffered ecological and physiological evolution over time. However, this 

356 assumption has been questioned. Second, the response of the fitting function between SI and pCO2 

357 is nonlinear, and the gradient decreases with increasing CO2 concentration. Therefore, it is 

358 difficult to calculate the accurate pCO2 value by the fitting function when the CO2 concentration 

359 in the environment is higher than the CO2 concentration of the current environment (Beerling and 

360 Royer, 2002a; Beerling et al., 2009). Third, the traditional SR-based method depends mainly on 

361 the density of stomata and epidermal cells, without the change of stomatal length, while many 

362 experiments show that the change of stomatal length is often related to the atmospheric CO2 
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363 concentration (Konrad et al., 2008; Franks and Beerling, 2009). Finally, the statistical requirement 

364 of SI in this method is that epidermal cells should be clearly identified. However, due to the 

365 influence of other epidermal structures (hair base, glands, etc.), it is difficult to obtain reliable 

366 epidermal cell data for many plant fossils (Grein et al., 2013).

367 The error between the estimated value and the measured value of the mechanical model used 

368 in this paper is 2.6%, and its accuracy is significantly higher than the accuracy of other 

369 reconstruction methods (Franks et al. 2014). In addition, the mechanical model avoids some of the 

370 abovementioned drawbacks of the traditional SR-based method for estimating the pCO2 and fully 

371 considers the influence of key parameters in gas exchange on the reconstruction results (such as 

372 the length and depth of the stomatal pores, the maximum opening area of the stoma, and the 

373 carbon isotope) (Franks et al. 2014). Therefore, this model has a strong reference when used to 

374 reconstruct the pCO2 in the geological period. We also see that the 95% confidence intervals of 

375 the pCO2 value estimated by two different plants of Cupressinocladus sp. and B. obtusum using 

376 the same method are highly coincident, increasing both accuracy and precision (Fig. 5B). We note 

377 that the 95% confidence interval of the pCO2 value obtained by Cupressinocladus sp. in the 

378 mechanical model is larger than the other 95% confidence interval, possibly due to the uncertainty 

379 of the value of An (Fig. 5B). Therefore, when using the mechanical model to estimate the pCO2 

380 value, selecting An values of species with similar habits is more appropriate (Reichgelt and 

381 D’Andrea, 2019). 

382 We note that the CO2 estimate from the carbon isotope model is lower than the estimates 

383 from the SR-based method and mechanical model. The main reason is that the main parameter 

384 settings of the carbon isotope model are based on environmental factors since the Quaternary and 

385 plants’ own factors (Schubert and Jahren, 2012, 2015). However, the main parameters of the 

386 Quaternary are still used in reconstructing the pCO2 value of the Cretaceous, and whether this is 

387 reasonable still requires much data to verify.

388 Finally, we note that during the Hauterivian–Barremian (the early period of the Early 

389 Cretaceous), the pCO2 value was generally low, and it is feasible to use the mechanical model to 

390 restore pCO2. In addition, the interval of the pCO2 value which is obtained by the mechanical 

391 model is larger (443–693 ppm), and the pCO2 value shows greater instability, possibly because the 

392 mechanical model is established based on living plants. Most of the biological anatomical 

393 parameters in the model, such as the thickness of the assimilation tissue and the conductivity of 

394 the liquid part in the mesophyll, must be borrowed from the existing closest relatives of fossil 

395 plants. Therefore, using this model will produce certain errors when recovering paleoclimate 

396 parameters. According to the SR-based method, the pCO2 value estimated by Brachyphyllum 
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397 obtusum (approximately 557–945 ppm) is lower than the pCO2 value estimated by 

398 Cupressinocladus sp. (approximately 599–1252 ppm). This obvious difference may be due to the 

399 different responses of different plants to CO2 concentrations.

400

401 4.2 Comparison with other pCO2 records for the Early Cretaceous

402 The reconstruction methods of pCO2 during the Hauterivian–Barremian (Early Cretaceous) 

403 include mainly calculations with plant fossil stomatal data (Haworth et al., 2005; Du et al., 2016; 

404 Aucour et al., 2008; Sun et al., 2016; Passalia, 2009), isotope analysis (Heimhofer et al., 2004; 

405 Wallmann, 2001; Ekart et al., 1999; Fletcher et al., 2005), biogeochemical models etc (Berner, 

406 1994; Tajika, 1999; Berner and Kothavala, 2001; Rothman, 2002; Hansen and Wallman, 2003; 

407 Bergman, 2004). The pCO2 value of the Hauterivian–Barremian obtained in this paper is generally 

408 low, which is close to most of the pCO2 that was restored in the Early Cretaceous (Table 6; Fig. 6). 

409 For example, the pCO2 values reconstructed by Haworth et al. (2005) based on the SR-based 

410 method (SI(NLES) = 10.5, Pseudofrenelopsis parceramosa) are approximately 653–1089 ppmv 

411 (Early Hauterivian), 630–1050 ppmv (Late Hauterivian), 568–946 ppmv (Early Barremian) and 

412 641–1068 ppmv (late Barremian). The Late Hauterivian pCO2 reconstructed by Dai and Sun (2018) 

413 based on the SR-based method (SI(NLES) = 5.8, Pseudofrenelopsis parceramosa) is approximately 

414 595–946 ppmv. Both of these results are highly coincident with the pCO2 value obtained by the 

415 SR-based method in this paper. The pCO2 from the mechanical model in this paper is similar to 

416 the late Barremian pCO2 (395–789 ppmv) obtained by Retallack (2009a) using Ginkgo fossils and 

417 also similar to early Barremian pCO2 (560 ppmv) estimated by Robinson et al. (2002) using stable 

418 isotopes of calcareous conglomerates from southern England. Huang et al. (2012) also believed 

419 that pCO2 during Berriasian-Barremian was low based on the paleosol carbonate, and the late 

420 Barremian pCO2 was about 365–644 ppmv. This value is also similar to the results recovered by 

421 the recent standardization of the SR-based method and the mechanistic model in this paper.
422
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423 Table 6  Estimated pCO2 during the early stage of Early Cretaceous.

Age Proxy SI (fossil) 
(%)

pCO2 
(ppmv)

Locality Data sources

SR-based method
Berriasian Ginkgo coriacea 3.79±0.22-

4.75±0.32
918–1920 China, Inner 

Mongolia, 
Huolinghe

Sun et al., 2007

Valanginian–
Hauterivian

Gingko coriacea 3.4±0.1 740 China, Inner 
Mongolia, 
Huolinghe

Chen et al., 2001

Cupressinocladus 
sp.

5.3±0.2 663–1105 China, 
Shandong

This studyHauterivian–
Barremian

Brachyphyllum 
obtusum

6.0±0.3 579–965 China, 
Shandong

This study

Early Hauterivian Pseudofrenelopsis 
parceramosa

5.8 ±1.3 653–1089 UK, USA Haworth et al., 2005

Pseudofrenelopsis 
parceramosa

6.0 ±1.3 630–1050 UK, USA Haworth et al., 2005Late Hauterivian

Pseudofrenelopsis 
papillosa

5.8±0.5 595–957 China, Fujian Dai and Sun, 2018

Early Barremian Pseudofrenelopsis 
parceramosa

6.6 ±1.3 568–946 UK, USA Haworth et al., 2005

Pseudofrenelopsis 
parceramosa

5.9 ±1.0 641–1068 UK, USA Haworth et al., 2005

Frenelopsis alata 4.6±0.6 700–1400 Argentina Aucour et al., 2008; 
Passalia, 2009

Late Barremian

Ginkgo – 395–789 USA Retallack, 2009a,b
Barremian–
Aptian

Ginkgo – 400–3510 USA Retallack, 2009a,b

Mechanistic model
Berriasian–
Valanginian

Otozamites 
ornatus

– 416 Patagonia, 
Argentina

De Seoane, 2001; 
Franks et al., 2014

Cupressinocladus 
sp.

– 432–691 China, 
Shandong

This studyHauterivian–
Barremian

Brachyphyllum 
obtusum

– 371–817 China, 
Shandong

This study

Other carbon isotope analysis
Early-middle 
Berriasian

Paleosol 
carbonates

– 287–389 China Huang et al., 2012

Early 
Valanginian

Paleosol 
carbonates

– 237–245 China Huang et al., 2012

Carbon isotope of 
Brachyphyllum

– 409 China, 
Shandong

This studyHauterivian–
Barremian

Carbon isotope of – 202 China, This study
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Cupressinocladus Shandong
Hauterivian/Apti
an–Albian

Paleosol 
carbonates

– 2300 Japan, Korea Lee et al., 1999

Early Barremian Calcrete nodules – 560 UK Robinson et al., 
2002

Late Barremian Paleosol 
carbonates

– 365–644 China Huang et al., 2012

424
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425

426 Fig. 6. A: Our estimated pCO2 values during Hauterivian–Barremian (Early Cretaceous), and 

427 previous data based on SR-based method and mechanistic model; B: Our estimated pCO2 values 

428 during Hauterivian–Barremian, and previous data based on biogeochemical models and carbon 

429 isotopes.
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430

431 Furthermore, the global carbon cycle model established by Tajika (1999) and Wallmann 

432 (2001) and the geochemical model COPSE established by Bergman et al. (2004) both show that 

433 pCO2 during the Hauterivian–Barremian was relatively low compared with other pCO2 values of 

434 the Early Cretaceous. The pCO2 obtained by the recent standardization of the SR-based method 

435 and the mechanistic model in this paper are close to the value of the Hauterivian–Barremian 

436 recovered by Hansen and Wallmann (2003). However, the pCO2 value estimated by the 

437 carboniferous standardization of the SR-based method is slightly higher, which is closer to the 

438 concentration curves obtained from the geochemical models GEOCARB II, COPSE and Tajika 

439 (1999) (Fig. 6). 

440 Schubert and Jahren (2015) reconstructed pCO2 and its changes during the past 30,000 years 

441 based on the carbon isotope model with a large amount of global terrestrial organic matter and 

442 carbon isotopic composition of plant fossils. The reconstruction results are consistent with the 

443 results known from ice cores (Schubert and Jahren, 2015). The pCO2 during the Barremian–

444 Santonian Cretaceous reconstructed by Barral et al. (2017a) with the plant carbon isotope model is 

445 about 185–502 ppmv, which is generally lower than the results from plant stomatal method, 

446 isotope method, biogeochemical model, etc (Fig. 6). Furthermore, the pCO2 value reconstructed in 

447 this paper based on the carbon isotope method during the Hauterivian–Barremian is also lower 

448 than the results of the SR-based method and the mechanistic model and close to the results of 

449 Barral et al (2017a) (Fig. 6). Therefore, in combination with previous studies, the pCO2 values 

450 reconstructed from the carbon isotope model are generally lower than the pCO2 values 

451 reconstructed from other methods. 

452

453 4.3. The pCO2 records and Weissert event

454 Strata of the Valanginian age (Early Cretaceous, 139.8–132.9 Ma) record a 1.5‰ positive 

455 carbon-isotope excursion (CIE), the Weissert event, which is regarded as a global perturbation of 

456 coupled oceanic and atmospheric carbon reservoirs based on the wide documentation from marine 

457 bulkrock and belemnite carbonates and fossil wood organic matter (Lini et al., 1992; Wortmann 

458 and Weissert, 2000;  Weissert and Erba, 2004; Gröcke et al., 2005; Price et al., 2018; Jelby et al., 

459 2020). The latest estimate of the timing of the onset of the Weissert event is ascertained to be 

460 135.22 ± 1 Ma derived from U-Pb ages from tuff layers in the Neuquén Basin and an update of the 

461 Valanginian–Hauterivian astrochronological time scale (Aguirre-Urreta et al., 2015; Martinez et 

462 al., 2015). Most studies have confirmed that the Valanginian Weissert event coincided with the 

463 onset of the eruptive phase of the Paraná-Etendeka, which has recently been dated between 
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464 134.6 ± 0.6 Ma and 134.3 ± 0.8 Ma (Price et al., 2018).

465 The intense volcanism in the geological age affected seawater chemistry in different ways. 

466 The widely dispersed volcanic emissions formed by Paraná-Etendeka volcanic activity possibly 

467 caused increased concentrations of toxic trace metals in the surface ocean, affecting marine 

468 primary producers (Möller et al. , 2020). Following the positive carbon isotope excursion of the 

469 Weissert event, fertilization of the oceans increased, which caused sequestration of marine organic 

470 carbon (Erba et al., 2004; Duchamp-Alphonse et al., 2007). Then the weathering of basalt 

471 gradually strengthened, which eventually led to a decrease in the pCO2 and global temperature in 

472 the last stages of the Weissert event (the late Valanginian) (Möller et al., 2020). This cooling event 

473 has been inferred based on glendonite occurrences from the Canadian Arctic Archipelago, ice 

474 rafted debris in central Australia, belemnites and fish tooth enamel δ18O data from northern 

475 Germany, Western Siberia, northern Italy, France and Spain (Kemper and Schmitz, 1981; Frakes 

476 and Francis, 1988; Podlaha et al., 1998; Price and Mutterlose, 2004; Weissert and Erba, 

477 2004; McArthur et al., 2007; Bodin et al., 2015; Meissner et al., 2015; Price et al., 2018; Möller et 

478 al. , 2020). 

479 Most of the pCO2 values that have been recovered thus far all reflect the significant decrease 

480 during the Hauterivian–Barremian, such as the pCO2 values obtained from SR-based method of 

481 Pseudofrenelopsis parceramosa, the geochemical model COPSE, and the global carbon cycle 

482 model established by Tajika (1999) and Wallmann (2001), all of the Hauterivian–Barremian pCO2 

483 values obtained from these studies reached the lowest point in Early Cretaceous (Tajika, 1999; 

484 Wallmann, 2001; Bergman et al., 2004; Haworth et al., 2005). Similarly, the Hauterivian–

485 Barremian pCO2 values in Laiyang Basin reconstructed by both fossil coniferous species (C. sp. 

486 and B. obtusum) from each method are relatively low compared with other pCO2 values in the 

487 Early Cretaceous. All of these pCO2 records also reflect the cooling event in the final stage of the 

488 Weissert event.

489
490 5. Conclusions

491 In this study, we present a new pCO2 record for the Hauterivian–Barremian on the basis of 

492 fossil leaves (Cupressinocladus sp. and Brachyphyllum obtusum) collected from Laiyang Basin. 

493 All the required fossil cuticle and isotopic parameters were measured and three different proxy 

494 methods were applied to estimate pCO2. The pCO2 values estimated using the SR-based method 

495 were approximately 579–663 ppmv calibrated with recent standardization and 966–1106 ppmv 

496 calibrated with carboniferous standardization. The pCO2 value estimated using the mechanistic 

497 model was about 472–525 ppmv. The pCO2 value estimated using the carbon isotope model was 

498 approximately 472–525 ppmv. By summarizing the pCO2 record estimated using SR-based, 

https://doi.org/10.5194/cp-2021-96
Preprint. Discussion started: 24 August 2021
c© Author(s) 2021. CC BY 4.0 License.



28

499 mechanistic, and carbon isotope model, the pCO2 variability was discussed. The mechanistic 

500 model may be widely applied to more fossil taxa than the SR-based method and retains sensitivity 

501 at high pCO2. The pCO2 value obtained from this study indicates a relatively low atmospheric CO2 

502 concentration and a cool climate during the Hauterivian–Barremian, which also reflects the 

503 response of terrestrial plants to the cooling event in the last stages of the Weissert event.
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