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Abstract

Mass-extinction with instantaneous and short-term effects on extreme climate and deteriorated ocean environment across the

Cretaceous/Paleogene boundary (K/PgB) has been verified by an array of geological records, however, a longer-term (˜100-

1000 Kyr) post-K/PgB variation remain poorly understood, particularly due to the scarcity of terrestrial records. This study

presents carbon isotope analyses of pedogenic carbonates in the Nanxiong Basin, South China to reconstruct carbon cycles and

atmospheric CO2 concentrations (pCO2) spanning 70.0–62.0 Ma. Combined with data from Songliao Basin (China) and Tornillo

Basin (USA), δ13C displays a post-K/PgB (66.0-64.5 Ma) vibration that is correlative to the surface ocean but mirroring to

the bottom ocean. The vibration shows a pattern of collapse and smooth towards rebound, constituting a process of ˜400 Kyr

(millennia) deterioration, ˜300 Kyr stabilization and ˜800 Kyr recovery for the longer-term ecosystem and environment. A

similar pattern is observed for the reconstructed pCO2, correlating to changes of sea surface temperature (SST) but contrasting

bottom water temperature (BWT). With the discrepancy of longer-term proxy variations, it is proposed that ecosystems and

environments in terrestrial and surface ocean had experienced a more unstable, difficult and erratic recovery process and were

much more sensitive to climatic changes than in deep ocean for ˜1.5 million years in the aftermath of the end-Cretaceous

mass extinction. In addition, the decoupling of proxy variations from expected effects implies Deccan volcanism and Chicxulub

impact may not have played a key role in the longer-term CO2 perturbation and environmental change following the K/PgB.
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 Terrestrial carbon isotope and pCO2 vibrate by collapse, smooth and rebound in 1.5 14 
million years after Cretaceous/Paleogene boundary 15 

 With similar pattern in surface ocean, vibrations unravel a process of deterioration, 16 
stabilization and recovery of global ecosystem  17 

 Terrestrial and surface ocean systems experienced more unstable, difficult and erratic 18 
recovery process than in deep ocean system 19 

 20 
  21 



 

 

Abstract 22 

Mass-extinction with instantaneous and short-term effects on extreme climate and 23 
deteriorated ocean environment across the Cretaceous/Paleogene boundary (K/PgB) has been 24 
verified by an array of geological records, however, a longer-term (~100−1000 Kyr) 25 
post-K/PgB variation remains poorly understood, particularly due to the scarcity of terrestrial 26 
records. This study presents carbon isotope analysis of pedogenic carbonates in the Nanxiong 27 
Basin, South China to reconstruct carbon cycles and atmospheric CO2 concentrations (pCO2) 28 
spanning 70.0–62.0 Ma. Combined with data from Songliao Basin (China) and Tornillo Basin 29 
(USA), δ13C displays a post-K/PgB (66.0-64.5 Ma) vibration that is correlative to the surface 30 
ocean but mirroring to the bottom ocean. The vibration shows a pattern of collapse and 31 
smooth towards rebound, constituting a process of ~400 Kyr (millennia) deterioration, ~300 32 
Kyr stabilization and ~800 Kyr recovery for the longer-term ecosystem and environment. A 33 
similar pattern is observed for the reconstructed pCO2, correlating to changes of sea surface 34 
temperature (SST) but contrasting bottom water temperature (BWT). With the discrepancy of 35 
longer-term proxy variations, it is proposed that ecosystems and environments in terrestrial 36 
and surface ocean had experienced a more unstable, difficult and erratic recovery process and 37 
were much more sensitive to climatic changes than in deep ocean for ~1.5 million years in the 38 
aftermath of the end-Cretaceous mass extinction. In addition, the decoupling of proxy 39 
variations from expected effects implies Deccan volcanism and Chicxulub impact may not 40 
have played a key role in the longer-term CO2 perturbation and environmental change 41 
following the K/PgB. 42 

 43 
Keywords: pedogenic carbonate; carbon cycle; atmospheric CO2 concentration; ecosystem; 44 
climatic perturbation; Cretaceous-Paleogene boundary 45 
 46 

Plain Language Summary 47 
The end-Cretaceous mass extinction is well known for the demise of non-avian dinosaurs 48 

at ~66 Ma (million years ago). The instantaneous (< ~1.0 Kyr; thousands years) extreme 49 
changes of environment and climate with the mass extinction have been attributed to the 50 
Chicxulub impact and recently linked to the Indian Deccan volcanism. However, longer-term 51 
(>100 Kyr) changes of environmental and climatic conditions across the 52 
Cretaceous/Paleogene boundary (K/PgB) remain poorly understood, especially in terrestrial 53 
realm. In this paper, a terrestrial record from South China combined with data from Northeast 54 
China and America is presented to decipher climate conditions using carbon isotope (δ13C) of 55 
pedogenic carbonates and estimated atmospheric CO2 concentration (pCO2). Results show 56 
that δ13C and pCO2 changes are characterized by collapse, smooth and rebound spanning ~1.5 57 
million years after the K/PgB, indicating the deterioration, stabilization and recovery of 58 
terrestrial ecosystem. With correlatability in surface sea and mirroring in deep ocean, 59 
terrestrial and surface ocean ecosystems probably experienced a more difficult and erratic 60 
recovery process than deep water, appearing at odds with the expected effects of geological 61 
events, suggesting Chicxulub impact and Deccan volcanism may not have played the key role 62 
in longer-term CO2 perturbation and environmental change. 63 
  64 



 

 

1. Introduction 65 

As one of the five largest mass extinctions of the Phanerozoic (e.g., Keller, 1988, 2014), 66 
the end-Cretaceous mass extinction is best known for the demise of non-avian dinosaurs. The 67 
Chicxulub asteroid impact and Deccan volcanism have been speculated as crucial events that 68 
drove climate deterioration (e.g., Alvarez, et al., 1980; Hildebrand et al., 1991; Nordt et al., 69 
2002; 2003; Vajda et al., 2003; Keller, 2014; Keller et al., 2012, 2020; Barnet et al., 2018; 70 
Zhang et al., 2018; Gilabert et al., 2021b) and the mass extinction (e.g., MacLeod et al., 1998; 71 
Schulte et al., 2010; Renne et al., 2015; Hull et al., 2020; and references therein), even though 72 
the precise driving mechanism and the role that each event played in the mass extinction are 73 
still strongly debated (e.g., Keller et al., 2016; Percival et al., 2018; Sprain et al., 2019; 74 
Dzombak et al., 2020; Gilabert et al., 2021a, b).  75 

Consequently, transient (< ~1 Kyr, millennia years) deterioration and recovery of 76 
ecosystem, environment and climate immediately following the Cretaceous/Paleogene 77 
boundary (K/PgB) have been well illustrated in marine environment anomalies in temperature 78 
(e.g., Vellekoop et al., 2016; Woelders et al., 2017; Barnet et al., 2018), bioproductivity (e.g., 79 
Donovan et al., 2016; Henehan et al., 2016), surface ocean acidification (D’Hondt et al., 80 
1994; Kring, 2007; Ohno et al., 2014; Tyrrell et al., 2015; Hart et al. , 2019; Henehan et al. 81 
2019), methane emission (Beerling et al 2002), extinction of pelagic calcifiers (e.g., D’Hondt 82 
and Keller, 1991; Bown, 2005), food web collapse (Coccioni and Marsili, 2007), carbonate 83 
dissolution (Coccioni et al., 2012; Henehan et al., 2016); and also in the terrestrial realm by 84 
biota (e.g., Vajda et al., 2001; Wilf et al., 2003; Coccioni and Marsili, 2007), geochemistry 85 
(e.g., Sepúlveda e al., 2009; Nordt et al., 2011; Gao et al., 2021), carbon and oxygen isotopes 86 
(Nordt et al., 2002, 2003; Gao et al., 2015; Zhang et al., 2018), subaerial temperature (Nordt 87 
et al., 2003; Dworkin et al., 2005; Zhang et al., 2018), atmospheric CO2 concentrations (i.e. 88 
the partial pressure, pCO2; e.g., Arens et al., 2000; Nordt et al., 2002, 2003; Gao et al., 2015), 89 
magnetic susceptibility (Ma et al., 2018), total Hg/TOC ratios (e.g., Keller et al., 2020; Zhao, 90 
et al., 2021; Gu et al. 2022; Ma et al., 2022), and so on.  91 

On the other hand, a longer-term ( ~100−1000 Kyr interval) environment and climate 92 
change in the aftermath of the end-Cretaceous mass extinction has not been extensively 93 
explored due to the lack of suitable materials, leading to a poor understanding of intrinsic 94 
linkages in global environment and climate changes to causal mechanism. To date, there are 95 
few examples of climatic proxy analysis from higher-resolution terrestrial records at a 96 
longer-term timescale, albeit high-resolution stable isotope analyses of 97 
foraminifera-dominated tests were recently made across the K/PgB through the main 98 
Paleocene (-Eocene) and the orbitally forcing of marine carbon cycles was proposed to 99 
interpret the oceanic and climatic conditions and origins (e.g., Coccioni et al., 2012; Hollis et 100 
al., 2012; Littler et al., 2014; Zeebe et al., 2017; Barnet et al., 2018, 2019; Gilabert et al., 101 
2021b) and relatively less research of surface ocean with relevant proxies can be also found 102 
using planktonic foraminifera (Keller and Lindinger, 1989), nannoplankton (Eldrett et al., 103 
2021), and bulk carbonate (Coccioni et al. 2012; Hull et al., 2020).  104 

Stable isotope analysis and estimation of pCO2 are useful for understanding the driving 105 
mechanisms behind changes in paleoclimates and paleoenvironments. These techniques have 106 



 

 

been widely applied in deep time paleoclimate reconstructions, particularly for greenhouse 107 
climates of the Cretaceous–Paleogene. The carbon isotopic composition (δ13C) of pedogenic 108 
carbonate is an important climate proxy for the terrestrial ecosystem and has been adopted to 109 
reconstruct pCO2

 (e.g., Cerling, 1991, 1999; Breecker & Sharp, 2008; Breecker et al., 2009). 110 
This proxy has been utilized extensively to calculate pCO2 during the Cretaceous (e.g., Lee et 111 
al., 1999; Robinson et al., 2002; Sandler, 2006; Huang et al., 2012; Li, X.H. et al., 2014; Li, J. 112 
et al., 2016; Harper et al., 2021) and in a short time interval after the K/PgB (e.g., Nordt et al., 113 
2002, 2003; Huang et al., 2013; Gao et al., 2015, 2021; Zhang et al., 2018). The latter provide 114 
some important insights into the driving mechanisms and short-term (<~500 Kyr) climate 115 
change around the K/PgB. However, few proxies extending to 3-5 Myr interval were reported 116 
and applied to analyze terrestrial environment and climate after the K/PgB event. 117 

Calcic paleosols are commonly preserved in terrestrial basins, arid zone on the earth (Fig. 118 
1). Calcisols are widespread in the Cretaceous basins of South China (Li et al., 2009) and 119 
especially abundant in the Upper Cretaceous sediments of the Nanxiong Basin, where 120 
continuous K/PgB successions are exposed (Fig. 2), with good age constraints of 121 
biostratigraphy and magnetostratigraphy. Here we use pedogenic carbonate δ13C records from 122 
the Nanxiong Basin to explore longer-term carbon isotopes and estimate pCO2 concentration 123 
at a higher resolution. We further combine our new results with published data from the 124 
Songliao Basin in northeast China and Tornillo Basin (Big Bend National Park), Texas, USA 125 
(Fig. 1) to decipher terrestrial responses to the global carbon cycle perturbation in the 126 
aftermath of the end-Cretaceous mass extinction. 127 

 128 

2. Stratigraphy and age constraints 129 

The chronostratigraphy of the uppermost Cretaceous–lowermost Paleocene in the 130 
Nanxiong Basin, Guangdong province, South China, has been constructed in a number of 131 
biostratigraphy, lithostratigraphy, magnetostratigraphy and stable isotope studies (e.g., Zhao 132 
et al., 1991; Erben et al., 1995; Zhang et al., 2006; Clyde et al., 2010; Li et al., 2010; Tong et 133 
al., 2013; Zhang and Li, 2010). In particular, the evolution of mammals and reptiles such as 134 
non-avian dinosaurs (e.g., Zhao et al., 1991, 2009; Clyde et al., 2010), along with the 135 
magnetostratigraphy (e.g., Erben et al., 1995; Clyde et al., 2010), have been primarily used to 136 
date the strata. The uppermost Zhutian and Zhenshui formations have been dated as the late 137 
Campanian–Maastrichtian, comprising polarity chrons 31R to 29R. The overlying Shanghu 138 
Formation (Pingling Member + Xiahui Member) has been dated as the Danian (early 139 
Paleocene) in age, comprising polarity chrons from upper 29R to 27R (Fig. 3). The 140 
sedimentary sequence of the Datang section has an absolute age range of ~9.2 million years, 141 
spanning ~71.4–62.2 Ma based on the International Chronostratigraphic Chart (Cohen et al., 142 
2013, 2022) and by correlating polarity chrons to absolute age (Ogg et al., 2012; 143 
Vandenberghe et al., 2012). All the beds and thicknesses of the section are adopted from 144 
Zhang et al. (2006) in this paper, and those with paleosol horizons span ~8.0 (70.0−62.0 Ma) 145 
Myr. 146 

Well constrained by magnetostratigraphy (Clyde et al., 2010), the bottom ages of 147 
magneto-chrons 31N, 30R, 30N, 29R, 29N, 28R, 28N and 27R are assigned 69.4 Ma, 67.6 Ma, 148 



 

 

67.4 Ma, 66.6 Ma, 65.7 Ma, 64.9 Ma, 64.6 Ma and 63.5 Ma following the chronostratigraphic 149 
chart (Ogg et al., 2012; Vandenberghe et al., 2012), corresponding to the depth of 74.1 m, 150 
142.5 m, 234.7 m, 271.3 m, 459.5 m, 492.2 m, 618.0 m and 641.9 m in the Datang section 151 
(Zhang et al., 2006), respectively (Fig. 3). These well-dated depths are key for the age 152 
determination of calcrete samples, for which interpolation criterion between two neighboring 153 
boundary ages was used to constrain the age of individual sample. 154 

Nevertheless, a problem involves the placement of the K/PgB within the sedimentary 155 
section. As summarized by Zhang et al. (2006), there are about four potential candidates for 156 
the placement of the K/PgB. The most popular potential candidates include between Bed 41 157 
and 42 or between Bed 42 and 43, based on the disappearance of dinosaur fossils and 158 
magnetostratigraphy. Alternatively, the K/PgB could be placed between Bed 48 and 49 based 159 
on the first appearance of the mammal genus Bemalambda. Zhang and Li (2015) suggest that 160 
the entire Pingling Member is of the latest Cretaceous age based on biostratigraphy, although 161 
the disappearance of dinosaur fossils occurs in the lowest horizons of this member in their 162 
studied sections. By integrating the magnetostratigraphy, disappearance of dinosaur fossils 163 
(e.g., Zhang et al., 2006; Clyde et al., 2010) and fluctuations in the Hg/TOC ratio (Zhao et al., 164 
2021), we adopt the K/PgB at the boundary between Bed 42 and Bed 43 in this study. The 165 
K/PgB position basically represents the end-Cretaceous mass-extinction even if it is possible 166 
that this position could not be precisely followed the original definition K/PgB with the 167 
Chicxulub impact time. It is noted that Bed 42 is only 1.7 m thick, whatever the K/PgB is 168 
placed between Bed 42 and 43 or Bed 41 and 42 insignificantly influences the deciphering of 169 
carbon isotope and pCO2 trends.  170 

In addition, the major part of Bed 21 in the Lower Member of the Zhenshui Formation is 171 
covered by farmland. Ma et al. (2018) considered this unexposed section encompassed two 172 
polarity chrons (30R and 31N), proposing an alternative of 31R, 32N.1n, and 32N.1r for the 173 
underlying Zhutian Formation and an age of 71.5 Ma for the boundary between the Zhenshui 174 
and Zhutian formations. As it is not confirmed yet, in this manuscript, we still use the former 175 
age classification by Zhang et al. (2006) and Clyde et al. (2010), i.e., Bed 21 encompasses the 176 
upper chron 30R. 177 

With an uncertainty of ~0.1–0.05 Myr, the age model matches the well-constrained 178 
interval within the Songke #1 well in Songliao Basin, northeast China (Gao et al., 2015; 179 
Zhang et al., 2018; and references therein) and the Tornillo Basin, USA (e.g., Nordt et al., 180 
2003). 181 

 182 

3. Materials and methods 183 

3.1. Determination of paleosols 184 

There are multiple classifications of paleosols (e.g., Wright, 1992; Mack et al., 1993; 185 
Retallack, 2001; Imbellone, 2011), which are mostly based on the US Soil Taxonomy (Soil 186 
Survey Staff, 1998). In our study, we use the paleosol classification of Mack et al. (1993) and 187 
Retallack (2001).  188 



 

 

For paleosol determination, detailed field observations were made. We recognized 189 
paleosols based on multiple properties and features including 1) color, 2) lithological (fine) 190 
texture; 3) soil structure, 4) destratification and horizonation, 5) root traces, 6) particularities 191 
of mottles, slickensides, and leaching, 7) composition of B horizon, 8) pedogenic nodules, and 192 
9) exposure markers, among other factors. 193 

3.2. Diagenetic diagnosis of calcrete samples 194 

We used several methods to examine the amount of diagenetic alteration of pedogenic 195 
carbonate (calcrete) samples before powder drilling.  196 

The field occurrence of calcretes is a relatively direct diagnosis of diagenesis. 197 
Petrographic observations of thin-sections under the optical microscope also greatly help to 198 
interpret diagenesis. We made thin-sections for most of the samples.  199 

Cathodoluminescence (CL) imaging is a common technique for assessing the degree of 200 
diagenetic alteration of a carbonate sample. CL imaging is also a common and valid method 201 
for examining potential diagenetic modification of pedogenic calcretes. Representative 202 
calcrete samples were scanned by a CL electron microscope and imaged. The covariance of 203 
carbon and oxygen isotope values can also be used to characterize the extent of diagenetic 204 
alteration, in which a high R2 or R value could indicate significant diagenesis.  205 

3.3. Powdering of samples and measurement of carbon-oxygen isotopes 206 

Powdered samples of micritic calcites were acquired using a dental drill (aiguille 207 
diameter ø1–2 mm). Drilling was focused on a small point comprising a hard and even 208 
calcified area, avoiding any sparry calcite filling cracks, veins, and vugs. 0.2–0.4 mg of 209 
powdered sample was prepared for carbon and oxygen isotope analysis. Samples with A and 210 
B letters at the end of the numbers represent duplicate samples from the same calcrete to test 211 
reproducibility (Table S1). 159 analyses from 96 pedogenic carbonate samples (representing 212 
96 corresponding calcisols) were performed, including duplicate analyses for some samples 213 
(Table S1 and Fig. 3). 214 

The powder was then placed in an oven for drying at 60℃ for 10 hours before being 215 
moved to the sample vials. Carbon dioxide gas was produced from the sample by adding 216 
orthophosphoric acid at 70℃, while isotopic analysis was performed using a DELTA-Plus XP 217 
(CFIRMS) mass spectrometer. Analyses were carried out at the State Key Laboratory for 218 
Mineral Deposits Research, Nanjing University. Instrument precision was regularly checked 219 
using the Chinese national carbonate standard GBW04405 and the international standard 220 
NBS19, equating to <±0.1‰ for δ13C and δ18O (1σ). Data were calibrated to the international 221 
Vienna Pee Dee Belemnite (VPDB) scale using the NBS19 and NBS18 standards. 222 

 223 

3.4. Calculation of pCO2 224 

Reconstructions of pCO2 from pedogenic carbonate carbon isotope data in deep time 225 
(pre-Quaternary) are based on two principal assumptions: 1) soil-respired CO2 was not 226 



 

 

produced by C4-plants, and 2) soil CO2 has a constant carbon isotope composition. The 227 
validity of these two assumptions for paleosol records from the pre-Quaternary has been 228 
verified (e.g., Cerling, 1991, 1999; Ekart et al., 1999; Retallack 2001, 2005).  229 

An empirical equation for pCO2 concentration has been developed by Cerling (1999) and 230 
improved by Ekart et al. (1999): 231 

Ca= S(z) (δ13Cs − 1.0044 δ13Cr − 4.4) / (δ13Ca − δ13Cs)       [1] 232 

where Ca is the atmospheric pCO2 (ppmV) concentration we are calculating, S(z) is the 233 
soil pCO2 concentration (ppmV), and δ13Cs, δ13Cr, and δ13Ca represent the stable carbon 234 
isotope compositions of soil pCO2, soil-respired pCO2, and atmospheric pCO2, respectively. 235 

In more detail, there are two ways to calculate Ca. One way assumes that S(z) is a 236 
constant value, while the other assumes that S(z) changes with soil depth. In the second 237 
method, S(z) is a function of the thickness of the overburden strata (soil burial depth) to the Bk 238 
horizon. This method has been applied to the Quaternary soils (e.g., Retallack, 2009; Breecker 239 
and Retallack, 2014) and partly to the Cretaceous soils (e.g., Huang et al., 2013; Gao et al., 240 
2015; Li et al., 2016; Zhang et al., 2018). However, since it is quite difficult to apply a soil 241 
burial depth factor for pre-Cenozoic soils, we used the first method to estimate Ca using a 242 
constant value for S(z) in this study. 243 

Around ten years ago, values of 4000−5000 ppmV were commonly selected for S(z). 244 
However, more and more evidence indicates that S(z) changes with the degree of aridity or 245 
humidity, with 1000−1500 ppmV and 2000−2500 ppmV considered to be reasonable values 246 
for S(z) in arid to semi-arid soils and semi-arid to semi-humid soils, respectively (e.g., Brook 247 
et al., 1983; Khadkikar et al., 2000; Breecker et al., 2009, 2010). Therefore, we used a value 248 
of S(z) = 2000 ppmV to estimate pCO2 concentrations from pedogenic carbonate in this study, 249 
since the Nanxiong, Songliao and Tornillo basins were all located in the northern Hemisphere 250 
(semi-) arid zone during the Late Cretaceous and early Paleogene (Fig. 1). 251 

δ13Cs can be calibrated either with the formula δ13Cs = −8.98 + δ13Cc (Ekart et al., 1999), 252 
or with δ13Csc = (δ13Cc + 1000) / ((11.98 − 0.12 * T) / 1000 + 1) − 1000 at 25°C (Romanek et 253 
al., 1992), where δ13Cc is the carbon isotope value of pedogenic carbonate measured in lab. 254 
We used the two formula to calibrate the δ13Cs in this work, and the results show no distinct 255 
differences in the resulting calculated pCO2 concentrations (<10% in error, mostly 3−5%. See 256 
Table S1 and S2). 257 

δ13Cr can often adopt the coeval organic carbon isotope composition (δ13Com) of marine 258 
and terrestrial sediments. Unfortunately, no high-resolution and high-precision δ13Com values 259 
are currently available for the late Maastrichtian−early Paleocene. We therefore need to use an 260 
alternative approach to calculate δ13Cr. Firstly, we can use the transfer function of 261 
nannoplankton δ13Cm to obtain δ13Ca through the equation δ13Ca = δ13Cm – 7.9 (Thibault et al., 262 
2012), in which the isotopic equilibrium fractionation value between ocean and pCO2 was 263 
assumed (Passey and Cerling, 2002). Secondly, the δ13Com can be calculated from the equation 264 
δ13Ca = (δ13Com + 18.67) / 1.1 (Arens et al., 2000). Thirdly, the δ13Cr is calculated by 265 
subtracting 1‰ from the calculated value of δ13Com (Breecker and Retallack, 2014). We 266 
obtained values of three parameters from this process: δ13Com, δ13Ca, and δ13Cr. To calculate 267 



 

 

these parameters in this study, we chose the nannoplankton δ13Cm from the Shearwater SW A9 268 
well, central North Sea (Eldrett et al., 2021), which has a relatively complete sequence and 269 
high-resolution sampling.  270 

All pCO2 concentration estimates can be found in supplementary Tables S1 and S2 and 271 
Fig. 3. It should be noted that we not only calculated new pCO2 estimates for the latest 272 
Cretaceous–early Paleocene pedogenic carbonates from Nanxiong basins, but also 273 
recalculated pre-existing estimates from the Songliao Basin, NE China (Gao et al., 2015; 274 
Zhang et al., 2018) and Tornillo Basin, USA (Nordt et al., 2003), uniformly using the same 275 
process described above.  276 

Furthermore, carbon and oxygen isotope data from marine sediments were compiled, and 277 
temperatures estimated from oxygen isotope of foraminifera and nannoplankton were 278 
recalibrated with refined ages (details see supplementary Text S1 and Table S3). 279 

 280 

4. Results  281 

4.1 characteristics of paleosols  282 

Field observations show that paleosols are mainly reddish brown, although a few are 283 
brownish red and violet red in color, and they were developed in silty/calcareous (occasional 284 
gravelly) mudrocks. Calcretes, destratification and slickensides are common in the paleosols, 285 
while root traces, mottles and leaching are sometimes associated with mudcracks. Our 286 
calcrete samples consisted of hard calcified nodules comprising argillaceous micritic calcite, 287 
with a ginger-like, globular, irregular shape and sporadically dispersed occurrence, indicating 288 
minimal diagenesis (Fig. 4A and 4B). The observed paleosols are calcisols within the Bk 289 
horizon of aridisol and are matured in the IV–VI stage (Machette, 1985). 290 

We observed that the calcrete samples comprise argillaceous micritic calcite with a 291 
homogeneous texture and composition, lacking any visible carbonate grains or evidence for 292 
carbonate replacement and recrystallization. CL images reveal that most of the samples are 293 
dull-luminescent and a few are a homogeneous weak orange, verifying a primary origin (Fig. 294 
4C and 4D).  295 

4.2 Carbon and oxygen isotopes of paleosols 296 

Our δ13C and δ18O values display a very low linear covariance R2 = 0.0145 and a 297 
binomial quadratic covariance of R2 = 0.0527 (Fig. 5). The low covariance indicates that δ13C 298 
and δ18O values are independent of each other and demonstrates that our calcrete (powder) 299 
samples comprise primary carbonate without any significant diagenetic overprint. 300 

δ13C values range from −12.41‰ to −4.98‰ (mean −8.95‰, gap Δ≈6.5‰) (Fig. 3 and 301 
Table S1), falling the carbon isotope scope of calcisol calcretes. When combined with data 302 
from the GCD section, Nanxiong Basin (Clyde et al., 2010), the Songliao Basin (Gao et al., 303 
2015; Zhang et al., 2018) and the Tornillo Basin (Nordt et al., 2003), δ13C values encompass a 304 
similar range with high-frequency fluctuation (Fig. 6B). Meanwhile, further Kernel 305 
smoothing of the composite δ13C data exhibits a different scenario with three phases (Fig. 6B): 306 



 

 

I, decrease with slight decrease spanning 70−66 Ma; II, vibration with great fall and rise 307 
spanning 66−63.5 Ma; and III, slight increase spanning 63.5−62.2 Ma.  308 

4.3 pCO2 estimates 309 

pCO2 varies from ~250 ppmV to ~2500 ppmV (mean 960 ppmV, gap Δ≈ 2000 ppmV) in 310 
the Nanxiong Basin (Fig. 3 and Table S1). Combined with pCO2 estimates from the Nanxiong, 311 
Songliao and Tornillo basins, recalculated following the methodology employed in this study, 312 
pCO2 ranges between 251 ppmV and 2555 ppmV (mean 1022 ppmV). Within these data, 91.1% 313 
(359 of 394 analyses) fall within the 275−1650 ppmV range, 1−6 times the preindustrial level 314 
(275 ppmV). As in the δ13C record, three corresponding phases of pCO2 can be differentiated 315 
with a minor discrepancy, with slightly rising pCO2 during phases I and III (Fig. 6C). 316 

Using relevant parameters and the formula developed by Breecker and Retallack (2014), 317 
uncertainties and Gaussian error (mean, 1σ) are available (Tables S1 and S2 and Fig. 3). 318 
Errors (1σ) of pCO2 range from 85 ppmV to 845 ppmV with a mean 306 ppmV for this work 319 
and 332 ppmV for the combined data. Although average uncertainties are a little bit large, 320 
~30−32% for this work and the combined, respectively, within the uncertainty, it is acceptable 321 
for trend analysis of pCO2. The largest source of the uncertainty is caused by the standard 322 
error (766 ppmV) of modern soil carbonate (Breecker and Retallack, 2014). pCO2 uncertainty 323 
will decrease by ~ 20% if half (383 ppmV) of the standard error is selected, and decrease to 324 
~12% when 1/4 (~191 ppmV) standard error is chosen. Another largest source of error is the 325 
S(z) value. pCO2 will fall from ~31% to ~20% in error if S(z)=2500 ppmV is selected instead of 326 
2000 ppmV. In addition, the average values of pCO2

 are 719 ppmV, 959 ppmV, and 1199 327 
ppmV for the section when S(z)=1500 ppmV, 2000 ppmV, 2500 ppmV, respectively, and it will 328 
get uncertainties 25% and 17%. More importantly, parameters of temperature, δ13Cr, δ13Ca, 329 
δ13Cs, contribute little to the pCO2 uncertainty, and the tendency of pCO2 variations is almost 330 
same whatever S(z) selection (Fig. 3).  331 

Occurrences, compositions, CL images and δ13C and δ18O value covariances illustrate that 332 
calcrete samples have not been significantly altered by diagenesis, and the pedogenic 333 
carbonate δ13C values are suitable for analyses of carbon cycle and estimated pCO2. 334 

 335 

5. Discussion 336 

5.1. Heavy carbon collapse and recovery linking ecosystem variations 337 

Smoothed terrestrial pedogenic δ13C records from the combination of Nanxiong Basin 338 
and other places display three longer-term phases I, II and III (Fig. 6B) and exhibit a 339 
significant longer-term vibration of the main Phase II (66.0−64.5 Ma) with three evolutionary 340 
stages (IIa, IIb, and IIc) (Figs. 6 and 7), representing the quick shifts in carbon cycle in the 341 
aftermath of the end-Cretaceous extinction.  342 

After a moderate increase before the K/PgB, pedogenic carbonate δ13C decreases 343 
immediately by ~6‰ (from −6.2‰ to −12.2‰) during Stage IIa (~66.0−65.6 Ma), indicating 344 
a heavy carbon (13C) collapse (HCC) phase. The coeval HCC is also clear in the marine fine 345 



 

 

fraction (Keller and Lindinger, 1989), nannoplankton carbonate (Eldrett et al., 2021), benthic 346 
foraminifera carbonate (e.g., Hollis et al., 2012; Barnet et al., 2018, 2019) and marine bulk 347 
carbonate (Coccioni et al. 2012; Hull et al., 2020), although there could be a little bit age 348 
uncertainty (~50 Kyr) for the onset and termination of the HCC phase. It is also distinct that 349 
the terrestrial HCC is much larger (~2-3 times) in magnitude than those in marine inorganic 350 
and organic δ13C (Fig. 7). In addition, a negative excursion of δ13C −1.5‰ to −2.8‰is 351 
recorded in the C3 land plants from Western Interior Seaway of North America within ~160 352 
Kyr interval after the K/PgB (Arens and Jahren, 2000) .  353 

The HCC within ~400 Kyr interval in the early aftermath of the end-Cretaceous 354 
extinction is evident from both the marine and terrestrial realms, linking carbon cycle in the 355 
surface system reservoir with global ecosystem deterioration. The pertinence of HCC in the 356 
two realms is firstly originated from large increase in light carbon preserved in marine 357 
sediments and paleosols.  358 

In the terrestrial ecosystem, transient carbon and vegetation biomass collapses and 359 
recoveries in the order of tens to thousands of years are interpreted as the results of 360 
devegeation/deforestation (e.g., Vajda et al., 2001, 2003) or very low primary productivity 361 
(Lomax et al., 2004). We herein propose that the devegetation is also responsible for the HCC 362 
in a longer-term scale, that is, the devegetation (/deforestation) could have sustained for an 363 
interval of ~400 Kyr (the orbital forcing long eccentricity?) lag in the aftermath of the 364 
end-Cretaceous extinction, indicating terrestrial ecosystem deterioration while continental 365 
weathering had been enhanced (Opdyke and Wilkinson, 1988; Li and Elderfield, 2013).  366 

δ13Cs, the carbon isotope composition of soil pCO2, determines the pCO2 estimate while 367 
S(z), δ13Ca and δ13Cr are relatively constant. And δ13Cs is further acquired from δ13Cc, which is 368 
derived from carbon isotope compositions of rainfall, soil and pore water, an integrating 369 
ecological response to vegetation. When devegetation (/deforestation) takes place, light 370 
carbon (12C) from rainfall and atmosphere, has to settle in soil and pore water and record in 371 
pedogenic carbonate (calcrete), directly leading to negative δ13C excursion.  372 

Contemporaneously, the HCC occurs in the marine realm, including those of plankton, 373 
benthos and carbonate sediments. This could result from the mass extinction of 374 
surface-dwelling plankton and partial collapse of the biological pump or massive export 375 
reduction of organic (isotopically light) carbon from the surface to deep ocean, leading to the 376 
reduction of the surface-to-deep carbon isotope gradient in the oceans while concentration of 377 
light carbon in sea-water and negative δ13C (Figs. 6A and 7A). The process could work in 378 
same pose with the negative δ13C excursion observed in the terrestrial critical zone, while 379 
potentially magnifying it within the surface ocean carbon reservoir. Therefore, the ocean 380 
carbon cycle appears to couple from atmosphere during the ~400 Kyr interval spanning 381 
66.0−65.6 Ma after the K/PgB, despite the different gradients and extents of δ13C.  382 

In early works (1980s-1990s), the carbon cycle marked a decoupling of surface and deep 383 
water records, annihilating and sometimes reversing the vertical gradient, i.e. δ13C of 384 
deep-water benthic foraminifera shows an increase across the K/PgB, while that of planktic 385 
foraminifera test and nannofossil record a strong decline, which were accomplished within a 386 
transient/moment time interval (< ~100 Kyr) in geological scale. This paradox was firstly 387 



 

 

interpreted as the results of a collapse of primary productivity in a lifeless Strangelove Ocean 388 
(Alvarez et al., 1980; Hsü and Mackenzie, 1985), and was later modified to represent an 389 
incomplete loss of productivity and a strong decline in the biological pump (Living Ocean 390 
Model; d'Hondt et al., 1998; Hull and Norris, 2011). Also, other hypotheses were proposed to 391 
argue for the contrast carbon cycle and bioevents in marine system, such as Heterogeneous 392 
Ocean” (e.g., Hull and Norris, 2011; Alegret et al., 2012; Alegret and Thomas 2013) or 393 
geographic heterogeneity (Whittle et al., 2019), methane emission from oceanic slumps 394 
(Beerling et al 2002), the effect of extinction of pelagic calcifiers (e.g., D’Hondt and Keller, 395 
1991; Bown, 2005), food web collapse (Coccioni and Marsili, 2007), carbonate dissolution 396 
(Coccioni et al., 2012; Henehan et al., 2016).  397 

The hypothesis of surface water acidification with pH decrease or sulphate-rich vapour 398 
has been popularly suggested to be a response to the Chicxulub impact and/or Deccan Trap 399 
eruption in moment time (e.g., D’Hondt et al., 1994; Ohno et al., 2014; Tyrrell et al., 2015; 400 
Hart et al. , 2019; Henehan et al. 2019) and further modeled and verified (e.g., Henehan et al. 401 
2019), consequently leading to the mass extinction across the K/PgB. In deep sea, an enhanced 402 
carbonate preservation was observed and attributed to the extinction of pelagic calcifiers that 403 
caused carbonate oversaturation of the oceans (see e.g. Alegret & Thomas 2013; Henehan et 404 
al., 2019). Similarly, the release of methane hydrates (Beerling et al 2002) is not supported by 405 
the lack of a significant negative carbon isotope excursion within deep sea carbonates of this 406 
time and the quick methane oxidization would have resulted in expected pCO2 increase that 407 
was not observed in the reconstruction data. 408 

Above hypotheses indicate an instability of marine environment (e.g., Coccioni and 409 
Marsili, 2007; Sinnesael et al., 2016; Gilabert et al., 2021) and terrestrial system (e.g., Vajda 410 
et al., 2001, 2003; Vajda and McLoughlin, 2007; Gertsch, et al., 2011; Spicer and Collinson, 411 
2014; Donovan et al., 2020), and have been linked to the Chicxulub impact and / or Deccan 412 
Trap eruption (e.g., Gertsch, et al., 2011; Keller, 2014; Barnet, et al., 2018; Zhang et al., 2018; 413 
Henehan et al., 2019) although there are some oppositional evidence (e.g., Dzombak et al., 414 
2020; Percival et al., 2018; Milligan et al., 2019). However, the instability (collapse) and rapid 415 
recovery of ecology and environment took place instantaneously soon after the eruption and 416 
impact events, and finished in a geological ultra short-term (< ~1.0 Kyr) interval (e.g., 417 
Coccioni and Marsili, 2007; Gertsch et al., 2011; Woelders et al., 2017; Gilabert et al., 2021). 418 
These hypotheses may not be eligible for the HCC in a longer term (> ~100 Kyr) duration. 419 
Namely, the role of the Chicxulub impact and / or Deccan Trap eruption to the HCCs with ~400 420 
Kyr duration of both global marine and terrestrial systems remains suspected. At least the 421 
consecutive great decrease in marine and terrestrial δ13C is not compatible with the fading 422 
pulse eruption (vacancy between 65.85−65.65 Ma) of the Deccan Traps (Fig. 7E. Schoene et 423 
al., 2019, 2021).  424 

In Stage IIb, the δ13C values show a smoothing variation at a lowest level of (surface sea) 425 
marine fine fraction ca. −1.5‰ (Keller and Lindinger, 1989), marine bulk carbonate ~1.5‰ 426 
(Coccioni et al., 2012) and terrestrial pedogenic carbonate ca. −12‰, spanning ~300 Kyr 427 
(~65.6−65.3 Ma). The onset of Stage IIb, also the final of Stage IIa, seems coincident with the 428 
cessation of Deccan Traps volcanism, implying the termination of eruptional gas contribution. 429 
Thus, a significant positive excursion of carbon isotope would be expected. Nevertheless, we 430 



 

 

do not see such a distinct shift in our terrestrial δ13C record, and so not in the marine 431 
counterpart (Fig. 7A and 7B). The regime of (~300 Kyr duration) sustaining lowest δ13C could 432 
be the feedback to the termination of the previous (66.0−65.6 Ma) severe environmental 433 
perturbations for a requirement of global stabilization system, before the rapid recovery in the 434 
coming stage (IIc), likely corresponding to the DAN-C2 event of carbon redistribution 435 
(Quillévéré et al., 2008). The exception of distinct positive shift at ~65.5 Ma, correlatable 436 
between marine and terrestrial system (Fig. 7) is suggested an adjustment for the ecosystem 437 
stabilization, or an response to a geologic event at the sharp time, perhaps the ALE volcanic 438 
ash (Odin et al., 1992). 439 

With the termination of HCC (Fig. 7), δ13C value quickly increases in a ~800 Kyr span 440 
(Fig. 7A and 7B): pedogenic carbonate from ca. −12.0‰ to ca. −6.5‰, marine fine fraction 441 
from ca. −1.5‰ to 1.0‰ (Keller and Lindinger, 1989), marine bulk carbonate from ~1.0‰ to 442 
2.5‰ (Coccioni et al., 2012) although there is a little bit uncertainty when δ13C reaches the 443 
pre-K/PgB level. The rapid rebound of carbon isotope indicates the recovery process is 444 
closely coherent in both surface marine and terrestrial realms during the interval of 445 
~65.3−64.5 Ma (Phase IIc).  446 

Overall, the pattern of collapse, smooth and rebound process of δ13C values is quite 447 
similar in both surface sea and terrestrial system, suggesting global changes of marine and 448 
terrestrial ecosystem and environment. This process is approximately close to those of initial 449 
marine biotic shift in abundance and taxonomic richness of benthic molluscan faunas in 450 
Antarctica with ~0.32 Myr and ~1.00 Myr period after the K/PgB (Whittle, 2019), 451 
respectively.  452 

Surprisingly, δ13C of benthic foraminifera continuously decreases with a higher extent till 453 
65.2 Ma (Barnet et al., 2018; Norouzi et al., 2021), similar to the framework of the Kernel 454 
smoothed curve of the pedogenic carbonate δ13C (comp. Fig. 6A and 6B), whereas quite 455 
different from the pedogenic δ13C pattern in Stage IIb and IIc (comp. Figs. 7 and 6). And the 456 
trend of terrestrial δ13C also contrast strongly with the slight decrease in deep sea benthic δ13C 457 
after ~65.2 Ma (Barnet et al., 2018). As a whole, δ13C exhibits variation within the terrestrial 458 
realm and surface ocean during the early Paleocene, but display slight change within the deep 459 
South Atlantic Ocean (Barnet et al., 2018, 2019).  460 

These discrepancies could result from different ecosystem conditions in water 461 
temperature, productivity, nutrition, photosynthesis, etc., where devegetation caused 462 
productivity decrease and heavy carbon loss in critical zone and biological pump fading or 463 
fail of led to massive export reduction of organic light carbon from surface sea to deep ocean. 464 
Therefore, the deep ocean carbon cycle appears to have become decoupled from the surface 465 
ocean and atmosphere during the 3 Myr interval spanning 65.3−62.3 Ma in the aftermath of 466 
the end-Cretaceous extinction. 467 

5.2. Variations of pCO2 concentration documenting vibrant climate change 468 

Within the age uncertainties, the estimated pCO2 shows a quite similar style with the 469 
pedogenic carbonate δ13C (Figs 6 and 7). Three phases can be also recognized, in which four 470 
stages are further subdivided for Phase II, with a high degree of variations.  471 



 

 

During Stage IIa, pCO2 steeply declines by ~2000 ppmV (~2500−250 ppmV) spanning 472 
~400 Kyr after a high increase (~800 ppmV) of the pre-K/PgB. This rapid pCO2 fall was not 473 
observed in the Tornillo Basin in North America (Nordt et al., 2003), when the data are 474 
calibrated to our age model (Table S2), where biochemical behaviors do not reveal 475 
demonstrable changes in soil characteristics (Nordt et al., 2011).  476 

The significant decrease in pCO2 with albeit six to seven times that of pre-industrial 477 
values would expect to have resulted in the coeval global cooling. The mean annual 478 
temperature fall ~4℃ (Dworkin et al., 2005) supports this cooling tendency on land. Despite 479 
this apparent marked decrease in pCO2, coeval SST (surface sea temperature) fluctuates 480 
significantly (Keller and Lindinger, 1989) and exhibit a distinct decrease by ~8℃ (32℃ to 481 
26℃; Fig. 7D) when use the Kernel smoothed data with the calibrations of age and 482 
parameters (Supplementary Text S1 and Table S3). The trend similarity between pCO2 and 483 
SST indicate a rapid climate deterioration commenced shortly after the K/PgB in both the 484 
terrestrial realm and surface ocean.  485 

Regardless of the precise age correlation, great falls of pCO2 and coeval SST would be 486 
responses to the cooling, which highly resulted in productivity reduction and devegetation as 487 
well as δ13C negative shift in surface ocean and subaerial systems. During Stage IIa, the 488 
Deccan volcanic eruption would instigate an increase in pCO2 and climatic warming even 489 
though only 25% of the Deccan Traps volume in the period (Sprain et al., 2019, 2021), that 490 
means pCO2 and coeval SST would have had a great rise with permanent δ13C positive shift. 491 
The decoupling of climatic proxies from expected effects by volcanic eruption suggests the 492 
Deccan Trap volcanism may have not contributed much to the climate change after the 493 
Chicxulub impact in a longer-term interval (~400 Kyr soon after the K/PgB). Then, would the 494 
bolide impact be responsible for the secular fall of pCO2 and coeval SST? Our answer is 495 
negative.  496 

Following the Chicxulub impact, the absolute abundance of benthic foraminifera 497 
increased (Arreguín-Rodríguez et al., 2021) and bottom water temperature (BWT ) rose by ~3℃ 498 
in the tropical Pacific and by 1.5−2℃ in the South Atlantic (Jung et al., 2013; Barnet et al., 499 
2018), while SST oscillated between 23−34℃ in the south-western Tethys (Keller and 500 
Lindinger, 1989). More importantly, dust clouds and possible sulfate aerosols resulting in the 501 
impact winter would only circulate within the atmosphere for an extremely short duration, 502 
with estimates ranging from less than ten years (Kring, 2003) to millennia at most (Galeotti et 503 
al., 2004). These findings suggest that bolide impact exerted a heterogeneous impact on 504 
global climate change in an instantaneous time gap, therefore could not have played a causal 505 
role in a longer-term (> ~100 Kyr) duration climate change after the K/PgB (Keller et al., 506 
2016). However, it is likely to have played a vital role in destroying the habitats of organisms 507 
and perturbing the very short-term carbon cycle in the immediate aftermath of the K/PgB.  508 

In the span of ~65.6−65.3 Ma (Stage IIb), pCO2 remains at relatively low values of 509 
~250−500 ppmV (Fig. 7B), comparable to those of today, indicating a persistently cool (or 510 
even cold) climatic regime. In the deep sea, benthic foraminifera test δ13C and BWT remain 511 
fairly stable without significant change (Fig. 6A and 6D). This roughly happens to the SST in 512 
the southern West Tethys (Keller et al., 2016), where SST mainly is stable at 24−26℃ with an 513 



 

 

exception of abrupt rising to ~34℃ at ~65.5 Ma (Fig. 7D). The exceptional high SST value is 514 
similar with the δ13C in marine and terrestrial realms, which might be originated by geological 515 
event, perhaps the ALE volcanic event (Odin et al., 1992). It is noted that the lowest pCO2 is 516 
often higher than the preindustrial 275 ppmV. Even though 250−275 ppmV can be seen at 517 
several intermittences (Fig. 7C), each does not persist for ~100 Kyr, which could not have 518 
driven ice cap formation in polar regions.  519 

pCO2 concentration quickly rose by 1400 ppmV (from ~250 ppmV to 1650 ppmV) in 520 
~800 Kyr interval (Fig. 7C), likely indicating rapid warming during the interval of ~65.3-64.5 521 
Ma (Phase IIc). The SST rises by ~ 7℃ (23℃ to 30℃) (Keller and Lindinger, 1989), showing 522 
a rough comparison although uncertainties occur at some age variation boundaries between 523 
the two proxies.  524 

Overall, the post-K/PgB longer-term trend of terrestrial climate cycles is closely 525 
comparable to coeval changes of SST estimated from δ18O values of planktonic foraminifera 526 
(Jung et al., 2013) and TEX86 (Vellekoop et al., 2016; Woelders et al., 2017), and to the 527 
Maastrichtian BWT estimated from benthic foraminifera δ18O data (e.g., Hollis et al., 2012; 528 
Barnet et al., 2018, 2019). The similarity between the pCO2 trend, SST and BWT indicates 529 
that consistent longer-term global climate change occurred in both terrestrial and surface 530 
ocean environments during the early Paleocene.  531 

However, BWT appears to become decoupled the deep ocean temperature from surface 532 
ocean and terrestrial realms during Phase II and III. That is the post-K/PgB vibration in pCO2 533 
and SST are accompanied by a coeval longer-term rise in BWT in the aftermath of the 534 
end-Cretaceous extinction till 62.5 Ma (Fig. 6D), representing a major decoupling between 535 
the surface and deep ocean during times of rapid but transient climate change, pCO2 turnover 536 
and volcanic pulse. As discussed before, the release of significant quantities of sulfate 537 
aerosols during Deccan Traps outgassing may be sufficient to counteract the warming effects 538 
of rising pCO2, with a potential decrease of global surface temperature by ~4.5°C from a 539 
single pulse of decade‐long Deccan Traps eruptions (Schmidt et al., 2016), but such a cooling 540 
effect would only be short-term and would not affect longer-term climatic evolution due to the 541 
extremely short residence time (~50 years) of sulfate aerosols in the atmosphere (Kring, 2003; 542 
Galeotti et al., 2004; Schmidt et al., 2016). The sulfate aerosols would be then considered as 543 
instantaneous in terms of geological time and are almost impossible to be preserved or 544 
recognized in the geological record. Such extremely short-lived events are unlikely to be 545 
recorded even in high‐resolution paleothermometry studies, where decadal‐centennial 546 
sampling is extremely difficult to make (Schmidt et al., 2016; Bond and Sun, 2021). 547 
Accordingly, the bolide impact winter would have led to an instantaneous cooling. Therefore, 548 
we suggest that Deccan Traps volcanism and Chicxulub impact perturbed global climate 549 
immediately after the K/PgB), but did not have a significant effect on longer-term climate. 550 
That is to say, the they would not be the key factors that caused the longer-term vibration in 551 
pCO2 and SST and secular rise in BWT in the aftermath of the end-Cretaceous extinction. 552 

Integrating the evolution of terrestrial δ13C and pCO2 with marine δ13C, BWT and SST, 553 
we propose that the climate and environment have a rapidly and vibrantly change during the 554 
interval of ~1.5 Myr (66.0−64.5 Ma) after the end-Cretaceous mass-extinction. Proxies of 555 



 

 

carbon isotope, pCO2 and SST show a pattern of dramatic reduction, short smooth towards 556 
rapid rebound, unraveling a process of deterioration, stabilization and recovery for the 557 
longer-term global ecosystem and climate, likely representing the response to carbon cycle 558 
perturbation.  559 

It is proposed that the ecosystem recovery was fast, erratic and unstable in the terrestrial 560 
and surface ocean ecosystems, but slow and stable in the deep sea. Alternatively, climate and 561 
environmental perturbation may have been much more significant in the surface ocean and 562 
terrestrial realm than in the deep sea, resulting in a relatively shorter and faster ecosystem 563 
recovery than expected in surface realms (e.g., ~1−2 Myr, Dessert et al., 2001; Donovan et al., 564 
2016; or >3 Myr, D’Hondt et al., 1998; Adams and Mann, 2004). This may imply that the 565 
terrestrial and surface ocean realms were much more sensitive to climatic changes after the 566 
K/PgB than the deep ocean, which may have been relatively buffered due to the time lag for 567 
such major temperature changes to infiltrate into the deep sea; and the recovery capability of 568 
terrestrial ecosystems could be much more powerful than we expect (Keller et al., 2016). The 569 
changes in earth system processes likely correlating with patterns of pedogenic and marine 570 
fossil-test carbonate δ13C values, pCO2, and sea-water temperatures, suggest frameworks of 571 
feedback pathways are responsible for the comparable longer-term carbon cycle and 572 
temperature tendency in both terrestrial and marine ecosystems at the time.  573 

Causal changes in the longer-term carbon cycle and climate invoke exchanges of carbon 574 
between Earth’s crust, ocean, atmosphere and biosphere, involving complex processes of 575 
carbon burial, volcanism, weathering, organic matter oxidation, nutrient cycling, atmospheric 576 
CO2 and O2 (Berner, 2003), and others. When examining these processes prior to the K/PgB, 577 
fluctuations over timescales on the order of ~10 Myr in the relative rate of organic carbon 578 
burial and oxygen production (Berner, 2001, 2003; 2009), carbonate precipitation (Opdyke 579 
and Wilkinson, 1988; Li and Elderfield, 2013), island basalt and continental silicate 580 
weathering (Li and Elderfield, 2013), and oceanic ridge spreading (Muller et al., 2008) have 581 
been shown by modelling experiments. Following the K/PgB, long scale cycles were actually 582 
observed on the order of ~3−4 Myr in the relative rate of organic carbon burial (Berner, 2003), 583 
carbonate sedimentation (Opdyke and Wilkinson, 1988; Li and Elderfield, 2013), and 584 
continental sediment weathering (Li and Elderfield, 2013), which may not play key roles on 585 
the longer-term (~100−1000 Kyr) vibration of ecosystem and climate in the early aftermath of 586 
the end-Cretaceous extinction.  587 

 588 

Conclusions 589 

This study has expanded on the previous studies focused on pedogenic carbonate stable 590 
isotope and atmospheric CO2 across the K/Pg boundary. New data and compiles show a 591 
similar vibration pattern of δ13C in pedogenic and marine carbonates and of the reconstructed 592 
pCO2 and SST with decoupling BWT.  593 

Looking in more detail, three evolutionary phases (I−III) of carbon cycle and pCO2 are 594 
distinguished: Phase I (70.0−66.0 Ma), II (66.0−63.5 Ma), III (63.5−62.3 Ma), and four stages 595 
(IIa−IId) are further subdivided in Phase II, representing the key period of the climate and 596 
environment perturbation in the aftermath of the end-Cretaceous extinction. In the earliest 597 



 

 

stage (IIa, 66.0−65.6 Ma), terrestrial δ13C values greatly decline (HCC) and pCO2 rapidly fall, 598 
accompanied by significant changes in ecosystem and climate. The two proxies are relatively 599 
constant for ~300 Kyr (IIb, 65.6−65.3 Ma) since then. Rebounding of δ13C and pCO2 quickly 600 
finishes to the pre-K/PgB levels in a pan ~800 Kyr (IIc, 65.3−62.5 Ma). The pattern of δ13C 601 
and pCO2 change reveals a vibrant process of deterioration, stabilization and recovery for the 602 
longer-term terrestrial ecosystem and environment, spanning ~1.5 Myr (66.0−64.5 Ma). 603 

With comparison to the compiled marine records, δ13C values of surface sea sediments 604 
(fine fraction, nannoplankton, benthic foraminifera and marine bulk carbonate) and SST show 605 
a quite similar pattern of the pedogenic δ13C and pCO2. However, δ13C and BWT of benthic 606 
foraminifera decouple the proxies in the surface ocean and terrestrial realms. That is, the 607 
post-K/PgB variation in surface ocean and terrestrial δ13C, SST and pCO2 is accompanied by 608 
a coeval longer-term decease δ13C and secular rise in BWT in deep ocean, representing a 609 
major decoupling between the surface system and deep ocean during times of ecosystem and 610 
climate changes. Together, these proxy changes suggest that the terrestrial and surface ocean 611 
ecosystems and climates experienced an unstable, much more unpredictable and erratic 612 
recovery process than the deep ocean in the aftermath of the end-Cretaceous extinction. 613 

Besides triggering in the end-Cretaceous extinction, Deccan Traps volcanism and 614 
Chicxulub impact perturbed global instantaneous environment and climate immediately after 615 
the K/PgB, in extremely short time (<~1.0 Kyr), leading to transient collapse of primary 616 
productivity, surface water acidification, release of methane hydrate, etc.; but did not have a 617 
significant effect on longer-term (>~100 Kyr) climate. Namely, the two events would not be 618 
the key factors that caused the longer-term vibration in δ13C, pCO2 and SST as well as secular 619 
rise in BWT in the aftermath of the end-Cretaceous extinction. In particular, the HCC and 620 
pCO2 fall after the K/PgB is at odds with the expected positive shift and rise in pCO2 621 
following the Deccan Traps and Chicxulub impact. 622 
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 1124 

Figure caption 1125 

Figure 1  Global climate zones laid over the K/PgB (~66 Ma) paleogeographic map (Scotese, 1126 
2014). Climate zones are modified from Boucot et al. (2013). Climate-sensitive sedimentary 1127 
data are selected from those of the late Maastrichtian to project in the map, which is different 1128 
from that of the Coniacian-Maastrichtian climatic zones in Boucot et al. (2013). The data 1129 
marked as the Late Cretaceous are not chosen for the Maastrichtian zones. Please note, some 1130 
climatic boundary lines are adjusted from the map in Boucot (2013). 1, Datang section, 1131 
Nanxiong Basin, South China (this work); 2, core of Well Songke #1, Songliao Basin, 1132 
Northeast China (Gao et al., 2015, 2021; Zhang et al., 2018); 3, Dawson Creek section of the 1133 
Tornillo Basin. Big Bend National Park, Texas, USA (Nordt et al., 2003).  1134 
 1135 
Figure 2  Geological sketches of the Nanxiong Basin with the location of the observed 1136 
section. A, Geographical map of China showing the localities of study and citation sections. B, 1137 
Geological sketch of the Nanxiong Basin. Geological map simplified from Shu et al. (2004). 1138 
C, Geological sketch and transportation nearby the Datang section, Nanxiong, intercepted and 1139 
simplified from Zhang et al. (2013). 1140 
 1141 
Figure 3  Log of the Datang section, Nanxiong of Guangdong showing the stratigraphy, 1142 
positions of calcrete samples and results of carbon and oxygen isotopes and estimated pCO2. 1143 
Magneto-chronostratigraphy are cited from Clyde et al. (2010) and lithostratigraphy and 1144 
thickness from Zhang et al. (2006). Ages marked as red bold numbers aside the log are 1145 
obtained by the chronostratigraphy chart (Ogg et al., 2012; Vandenberghe et al., 2012). Please 1146 
note, the strongest negative excursion occurs at the K/PgB in the Datang section. 1147 
Uncertainties (errors) of pCO2 are produced from the subtraction from S(z)=2000 ppmV at 25℃ 1148 
using the method developed by Breecker and Retallack (2014) (details see section 4 in text). 1149 
 1150 
Figure 4  Field paleosol photos and microscopic CL images from the upper Upper 1151 
Cretaceous-Paleogene at the Datang section, Nanxiong, Guangdong province. A, Close-up 1152 
view of calcisol with ginger-like and irregular calcretes at horizon of the sample DT-02, upper 1153 
Zhutian Formation. B, Close-up view of calcisol with the calcrete at horizon of the sample 1154 
DT-84, middle Shanghu Formation. C, CL image of the calcrete sample DT-55, lower 1155 
Shanghu Formation. D, CL image of the calcrete sample DT-72, middle Shanghu Formation. 1156 
 1157 
Figure 5  Crossplot of carbon and oxygen isotopes of the latest Cretaceous-earliest 1158 
Paleogene pedogenic carbonates from the Datang section, Nanxiong Basin, South China. 1159 
 1160 
Figure 6  Stable isotopes of terrestrial and marine carbonate, sea-water temperature and 1161 
pCO2 in the late Late Cretaceous-early Paleocene (~70−62 Ma). A, Carbon isotope of marine 1162 



 

 

fossil carbonates. B, Carbon isotope of pedogenic carbonates (details refer to Table S1−S2). C, 1163 
pCO2 estimated by carbon isotope of pedogenic carbonates (Table S1−S2). D, BWT and SST 1164 
from ocean records (Text S1 and Table S3). Kernel smoothed time series (thick dark red dash 1165 
lines) were calculated using a fixed 0.25 Myr bandwidth and using an Epanechnikov kernel 1166 
centered on each data point. Note, three phases of carbon cycles and pCO2 from terrestrial 1167 
pedogenic carbonates are identified. 1168 
 1169 
Figure 7  Comparison of δ13C, pCO2 and SST across the K/PgB. Carbon isotopes of bulk 1170 
carbonates marked as blue squares (ODP Site 1267, Walvis Ridge, South Atlantic) and grey 1171 
circles (ODP Site U1403, J-Anomaly Ridge, North Atlantic) in the figure 7A are from Hull et 1172 
al. (2020). Thick grey lines are five-point smoothed curves. The Deccan Trap ranges 1173 
66.3−65.6 Ma (Schoene et al., 2015, 2019) with a precise alternative 40Ar/39Ar age 1174 
66.413−65.422 Ma (dash line limitation with red arrow. Sprain et al., 2019) and corrected 1175 
eruption rate (brownish red shadow area. Schoene et al., 2021). Other symbols and relevant 1176 
data refer to Fig. 6.  1177 
 1178 

Supplementary data caption 1179 

Text S1.  Cited marine C-O isotopes and recalibrated seawater temperatures 1180 
 1181 

Table S1.  Details of samples, C-O isotope composition and pCO2 of the latest 1182 
Cretaceous-earliest Paleocene (~70−62 Ma) at Datang section, Nanxiong of Guangdong, SW 1183 
China. GCD is the main part between Yangmeikeng and Huashuxia in the Datang section 1184 
(Zhao et al., 1991).   1185 
 1186 
Table S2.  Details of samples, C-O isotope composition and pCO2 of the latest 1187 
Cretaceous-earliest Paleocene (~70−62 Ma) complied from GCD section, Nanxiong, S China; 1188 
Songke Well #1, Songliao Basin, NE China and Dawson Creek, Texas, America 1189 

 1190 
Table S3.  C-O isotopes, SST and BWT of the latest Cretaceous-earliest Paleocene (~70−62 1191 
Ma) 1192 
 1193 
 1194 
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