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Abstract: The temperature history of samples and maximum paleogeothermal profiles of 15 

boreholes were reconstructed based on low-temperature thermochronology and vitrinite 16 

reflectance (Ro) data, and the results provide limits for the time scale and amount of uplift–17 

denudation of the Eastern Sichuan Basin. The thermal history showed that the uplifting and 18 

cooling of eastern Sichuan basin began around the Late Cretaceous (approximately 100–80 19 

Ma). The region had experienced a continuous cooling process from the Late Cretaceous until 20 

the present, with the geothermal gradient decreasing from 32–36°C/km to 20–23°C/km. The 21 

amount of denudation at the Puguang region in northeastern Sichuan was approximately 2.3 22 

km, while that at southeastern Sichuan was 1.9 km, and the erosion thickness in the Eastern 23 

Sichuan fold belt that revealed via the field samples is 2.3±0.3-2.6±0.3 km. The northeastern 24 

Sichuan experienced sustained cooling with inconspicuous fluctuations, although the 25 

variation in the cooling rates was minor, while the thrust belt and the southeastern Sichuan 26 

basin presented 2-4 stages with different cooling rates. It may indicate that the episodic 27 

deformation of the detachment and thrust took place in the eastern Sichuan fold belt, and the 28 

Puguang area did not involve in mightily. 29 



It may indicate that the eastern Sichuan fold belt experienced a complex structural evolution, 30 

characterized by episodic upliftings and deformations since Late Cretaceous, while a different 31 

and gentle deformation took place in the northeastern Sichuan basin. 32 

Keywords: low-temperature thermochronology, vitrinite reflectance, thermal history, uplift–33 

denudation, Eastern Sichuan Basin 34 

1. Introduction 35 

The Sichuan basin is one of China’s large-scale basins rich in natural gas. Large gas 36 

fields are distributed in eastern Sichuan, including Puguang, Yuanba, and Longgang. In recent 37 

years, findings from the exploration and development of the Paleozoic layers have indicated 38 

great potential for deep-seated gas and shale gas in this basin (Li et al., 2011; Zeng et al., 39 

2013). Uplift–denudation is closely related to the processes of hydrocarbon generation and 40 

expulsion, late-stage adjustments of oil and gas reservoirs, and the transformation and 41 

preservation of shale gas. Presently, the exposed strata in the Sichuan basin present the 42 

overall characteristic of being older and younger in the eastern and western regions, 43 

respectively. This indicates that various tectonic locations within the basin had undergone 44 

differential processes of denudation. 45 

Researchers have placed emphasis on the uplift–denudation process there because it 46 

contains the obvious typical geomorphologies of a thrust–nappe zone, and got some insights 47 

on the limits for the time scale and amount involved in the basin’s uplift–denudation (Deng et 48 

al., 2013; Hu et al., 2009; Liu et al., 2012; Lu et al., 2005; Mei et al., 2010; Qiu et al., 2008; 49 

Richardson et al., 2008; Shen et al., 2009; Tian et al., 2011; Tian et al., 2012; Wang et al., 50 

2012; Yuan et al., 2010; Zhu et al., 2016a). Based on interpretations of the low temperature 51 

data including apatite fission track (AFT), apatite (U-Th)/He (AHe) and zircon (U-Th)/He 52 

(ZHe) analysis data, the tectonothermal evolution of east Sichuan basin has been 53 

reconstructed and discussed in details (i.e. Deng, et al., 2013; Shen et al., 2009; Tian et al., 54 

2011; Tian et al., 2012). 55 

The deformation and denudation of the Eastern Sichuan Basin were generally considered 56 

began from Cretaceous, while the time scale of the onset of uplifting was constrained by low 57 

temperature analysis to approximately 100-80 Ma as a whole (Deng et al., 2013; Shen et al., 58 

2009; Tian, et al., 2011; Tian et al., 2012) or 135-65 Ma with regional differences (Wang et al., 59 



2012). In contrast, the understandings of the erosion thickness were much more different, 60 

which included 2.0 km (Shen et al., 2009), 5.0 km (Tian et al., 2011), 1.5–2.7 km (Lu et al., 61 

2005), and 2.2–2.9 km (Deng, et al., 2009), due to the variant adoptions in paleogeothermal 62 

gradients. In this study, low-temperature thermochronology and vitrinite reflectance (Ro) data 63 

were used combinedly to reconstruct both the temperature history of the samples and the 64 

plaeogeothermal gradients. Consequently, the result intuitively set the limits for the time scale 65 

and amount involved in the uplift–denudation of the Eastern Sichuan Basin. The accurately 66 

constrained denudation process is expected to provide evidence to the insights of the regional 67 

tectonics and structural evolution, and it also can affect the understanding of the hydrocarbon 68 

generation and accumulation process in the study area. 69 

 70 

2. Geological setting 71 

The Sichuan Basin is in the western margin of the Yangtze Craton, bounded on all sides 72 

by fold-thrust belts (FTB), i.e., the Micang Mt. and Daba Mt. belts in the north, the Longmen 73 

Mt. belt in the west, and the western Xiang-E (or called Hunan-Hubei) fold belt in the east. 74 

The main tectonic unit in the Eastern Sichuan Basin is a high steep tectonic belt belonging to 75 

the western belt of a Jura-type (or décollement) fold belt, which spans western Xiang-E and 76 

eastern Sichuan. This fold connects with the gentle fold belt of the Central Sichuan Basin to 77 

the west and abuts the Xuefeng uplift zone and Qinling orogenic zone to the east and north, 78 

respectively. It is basically an arcuate tectonic belt with a general north-northeast–northeast 79 

alignment, protrudes towards the northwest (Hu et al., 2009), and is bounded by the 80 

Qiyueshan Fault (Fig. 1). For the Sichuan Jura-type fold belt, the western and eastern belts 81 

consist of widely spaced anticlines (or comb folds) and widely spaced synclines, respectively 82 

(Hu et al., 2009; Mei et al., 2010; Wang et al., 2012). 83 

Within the study area, the strata from the Paleozoic until Early Triassic were developed 84 

mainly from carbonate depositions of marine facies. From the Middle–Late Triassic onwards, 85 

a thick set of foreland basin deposition had formed. The deposition was affected by 86 

movements during the Caledonian, leading to the absence of the Devonian–Lower 87 

Carboniferous (Guo et al., 1996; Meng et al., 2005). The widely spaced anticlines exposed at 88 

the surface primarily consist of strata from the Triassic until Jurassic, and the type of fold 89 



structure is characterized by wide synclines and narrow anticlines. Both synclines and 90 

anticlines mostly appear as box folds with either flat bases or flat roofs. The center of the 91 

synclines is generally Jurassic, while the core of the anticlines is mostly exposed Triassic. 92 

The only exception is the middle section of the Huaying Mountain, where the core of the 93 

anticline consists of exposed Paleozoic (Hu et al., 2009). Cretaceous appear in localized areas 94 

within a small basin sited at the southeastern part of the study area. The differences between 95 

the various strata involved led to the general belief that the widely spaced anticlines found at 96 

the western part of the eastern Sichuan tectonic belt were mainly controlled by the Silurian 97 

décollement layer and belong to the typical Jura-type décollement fold belt (Hu et al., 2009; 98 

Yan et al., 2003), meanwhile the uplift and deformation processes in this belt are poorly 99 

constraint due to the lack of Cenozoic depositional records (Deng et al., 2013). 100 

 101 

3. Database 102 

The temperature interval between ~60 °C and 120 °C (e.g., Armstrong, 2005; Corrigan, 103 

1993; Gallagher et al., 1995; Gleadow et al., 2015; Green et al., 1986; Ketcham et al., 2007; 104 

Ketcham, 2005; Laslett et al., 1987) is often referred to as the partial annealing zone (PAZ) of 105 

apatite fission track (Reiners et al., 2018). Natural samples and thermal modeling indicated 106 

substantial variations in the closure temperatures of (U–Th)/He systems for different minerals. 107 

The closure temperature of He in apatite is lower at 70-75°C (Ehlers, et al., 2003; Floweers et 108 

al., 2009; Wolf et al., 1996); that of He in zircon was initially thought to be 140–160°C 109 

(Reiners and Farley, 1999) but is currently believed to be 170–190°C (Reiners, 2009; Reiners, 110 

2002). When the retention time is varied, the closure temperature and partial retention zone of 111 

helium will also be different. Within geological time (1–100 Ma) and considering the thermal 112 

diffusion of helium inside zircon only, its partial retention zone is approximately 110–190°C 113 

(Ketcham, 2005). The temperature interval which jointed by the different low-temperature 114 

thermal indicators, including AHe, AFT and ZHe, depending on the geothermal gradient, 115 

equate to a burial depth of ∼3–7 km. Thus the low-temperature thermochronology can be 116 

used to reconstruct the cooling history of rocks as they approached the surface in response to 117 

erosion and tectonic processes. 118 

3.1 Apatite fission track (AFT) and (U–Th)/He data 119 



The results of the AFT analysis are summarized in Table 1. For all samples, their AFT 120 

age was younger than the stratigraphic age, which showed that the samples had undergone 121 

annealing. P(x
2
) ≥ 5% for most of the samples, indicating that the age errors for individual 122 

particle samples were statistical errors. Since the AFT age was a single-component age, the 123 

pooled age could be used. For a few samples (such as the BB samples), the central age had to 124 

be used because P(x
2
) < 5%, it indicates the AFT age was a multicomponent one, hence the 125 

central age was used. 126 

It can be seen from Figs. 2 and 3 that a strong negative correlation exists between the 127 

AFT age and the embedded depth of the samples. Table 1 further reveals that the mean track 128 

length (MTL) exhibits a trend that decreases with the depth. However, this negatively 129 

correlated trend is not that strict compared to the relationship between the AFT age and the 130 

changes in the depth. After combining the distributional characteristics of the AFT lengths, it 131 

was determined that (i) for samples with a single-component AFT age, the track length 132 

distribution was mostly in the form of a single peak and (ii) for samples with a 133 

multicomponent AFT age (such as BB-9), the track length distribution contained multiple 134 

peaks. 135 

The analytical results of apatite helium (AHe) and zircon helium (ZHe) 136 

thermochronology are summarized in Tables 2 and 3, respectively. With the exception of 137 

zircon samples from the shallow section of Borehole PG2, the test results for AHe and ZHe 138 

ages in this study were all smaller than the corresponding stratigraphic ages (Figs. 2 and 3). 139 

They indicate that the temperatures experienced by the samples had at least reached the range 140 

of the partial retention zone, which caused their ages to be reset. 141 

3.2 Data profile of typical boreholes 142 

The typical borehole profiles for the AFT, AHe, and ZHe ages are shown in Figs. 2 and 143 

3 with the three types of paleothermal indicators having different closure (annealing) 144 

temperatures. The various strata gradually cooled after uplift–denudation, such that the 145 

younger overlying strata enter the ZHe, AFT, and AHe partial retention zones prior to the 146 

older underlying strata. The borehole profiles exhibited a decreasing trend with the depth for 147 

all three ages. On the basis of the same paleothermal standard, the shallower samples were 148 

older (for example, the ZHe ages of PG2-5 and PG2-6). This was mainly due to the presence 149 



of detrital particles that are older than the strata’s deposition age. The paleothermal standard 150 

with a higher closure temperature would enter the partial retention zone before that with a 151 

lower closure temperature. Hence, for samples at the same embedded depth, the paleothermal 152 

standard with a higher closure temperature would be older. This meant that the ZHe, AFT, 153 

and AHe ages of each profile would be in a decreasing order. 154 

Borehole Ro data from the oilfields were used in this study. For Borehole PG2, the 155 

samples were mainly concentrated at the approximate depth range of -1,200 to -3,500 m. The 156 

Ro value of the Jurassic–Triassic was approximately 1.2%–2.5%, with an overall increasing 157 

trend with the depth. However, the Ro values at depths of 1,200–2,500 m were concentrated 158 

at 1.2%–1.3%. Thus, it was inferred that at depths of 1,200–2,000 m, its test values tended to 159 

be high. The Ro data for Borehole G8 were fewer in number at depths of 1,800–2,600 m, the 160 

Ro values were between 1.0% and 1.5%. 161 

 162 

4. Methods and Results 163 

4.1 Methods 164 

The temperature history of samples based on modeling using the low-temperature 165 

thermochronological data (i.e. AFT, AHe and ZHe) can serve as a reference for understanding 166 

burial and uplift–denudation processes. However, the burial and denudation process cannot 167 

be determined definitely based on the temperature paths, because the temperature gradients 168 

always changed due to the transitions of the tectonic background in the geological history. 169 

Other words, the burial history of samples may be very different to the temperature paths. As 170 

shown in Fig. 4, S1 experienced several stages of heating and cooling, and it seems the 171 

sample reached its maximum temperature at t1 which much higher than that at t3. 172 

Nevertheless, if we give different temperature gradients, for example, 36°C/km at t1 and 173 

25°C/km at t2, the sample should be buried in the maximum depth at the later time. Both the 174 

two gradients are reasonable in a sedimentary basin. 175 

The palaeotemperature gradient method (Bray et al., 1992; Duddy et al., 1991; Hu et al., 176 

2007; O’Sullivan, 1999; Raza et al., 2009; Zhu et al., 2018), which estimates the 177 

palaeogeothermal gradient from the maximum palaeotemperature profile determined in a 178 



vertical sequence of samples from a borehole, can reveal both the evolution of the basin’s 179 

thermal regime and the multiple-staged denudation. The theory and the workflow of the 180 

palaeotemperature gradient method to determine the maximum palaeotemperature gradient 181 

and the eroded thickness were stated by researchers (O’Sullivan, 1999; Hu et al., 2007; Zhu 182 

et al., 2018). As shown in Fig. 5, assuming the borehole section consists of two subsections 183 

(L1 and L2), actually two structural layers divided by unconformities.  During the burial 184 

process, the two subsections experienced their maximum paleotemperature at different times 185 

(t1 and t2). Thus, in those maximum paleotemperature profiles, two paleotemperature profiles 186 

could be recognized, with the underlying subsection (L2) experiencing a much higher 187 

paleotemperature gradient than the overlying subsection (L1) before denudation (at time t2). 188 

In the same way, the paleotemperature gradient at t1 can be also determined from the 189 

paleotemperature indicators of L1. 190 

The amount of denudation (E) could be estimated on the basis of the intercept (Ti) on the 191 

unconformity surface between (i) the paleogeothermal value during the maximum geothermal 192 

period (Ts) and (ii) the paleogeothermal profile. The equation is as follows: 193 

E ＝ (Ti – Ts)/(dT/dz)m (1) 194 

where (dT/dz)m represents the maximum paleogeothermal gradient (Gm) when the 195 

paleogeothermal value was at the maximum. 196 

More significantly, based on the understanding of the reconstructed paleogeothermal 197 

gradients, the thermal history modeling results that based on the low-temperature data can be 198 

reinterpreted. The denudation process, especially the erosion thickness can be determined via 199 

the combining of the paleotemperature and the paleo gradient. For example, in Fig.4, the 200 

erosion thickness for S2 from tc to t0 could be calculated use: 201 

E= Zc-Z0
2
= (Tc-Ts)/Gc-Z0

2
    (2) 202 

where Ts and Gc represent the paleo surface temperature and paleogeothermal gradient 203 

at tc, Z0
2
 represents the buried depth at present which is surely knew for a borehole sample, 204 

for a surface sample, such as S1 showed in Fig.4, Z0
1
=0 .  205 

 206 

4.2 Results 207 



4.2.1 Time scale limits for uplift–denudation: thermal history reconstructions for typical 208 

samples 209 

Thermal history modelling for selected individual borehole samples was carried out 210 

combining AFT and AHe data together with regional geology constraints, thus, their present 211 

temperatures were determined by the buried depth and the measured temperature gradient (Lu 212 

et al., 2005; Xu et al., 2011). The temperature history modeling results for the AFT samples 213 

from Boreholes G8-1, PG2-5, and some field samples (BB-9, HD-2, DZ-4 and SZ-2) are 214 

shown in Figs. 6, 7, and 8, respectively. The modeling results of the typical samples showed 215 

that the samples began cooling ca. 90 Ma (80–100 Ma), with the cooling process continuing 216 

until the present. There was a definite amount of periodicity in the cooling of the samples, 217 

with various samples having different thermal histories. Most of the samples presented 2-4 218 

stages of cooling: the earlier stages were gradual, but the later stages were rapid, compared to 219 

the PG-2 sample underwent sustained cooling with fluctuations, but there were only minor 220 

variations in the cooling rates. 221 

The maximum paleotemperature intervals for all typical samples were within the AFT’s 222 

partial annealing zone, so the thermal histories could be effectively constrained. At 90 Ma, 223 

G8-1 and PG2-5 reached the maximum paleo-temperatures of 120 ± 20°C and 90 ± 10°C, 224 

respectively. Compared to the modeling results of the borehole samples, the field samples 225 

presented complex thermal histories, with more obvious rapid cooling since ~30Ma (BB-9) 226 

or later (within 20Ma). 227 

4.2.2 Paleogeothermal gradient and amount of denudation 228 

The reconstructed maximum paleo-temperature profiles of PG2 and G8 (Fig. 9) reflected 229 

the impacts of double actions on the study area, which lasted from the Late Cretaceous until 230 

the present; one was the uplift (denudation) effect, and the other was the basin cooling effect 231 

(declines in the paleogeothermal gradient and thermal flow). On the one hand, the slope of 232 

the maximum paleogeothermal profile (Gm) was greater than that of the present geothermal 233 

profile (Gp), indicating a reduction in the geothermal gradient from the past to the present. On 234 

the other hand, the paleo- and present geothermal profiles did not intersect on the present-day 235 

ground surface (the unconformity or denuded surface). In addition, the difference exceeded 236 



the possible differences of the surface temperatures between the paleo- and present. All of 237 

these demonstrate the existence of denudation. 238 

After the maximum paleogeothermal profile had been reconstructed using both 239 

low-temperature thermochronology and Ro data, it was found that the maximum 240 

paleogeothermal gradient for the Puguang region (PG2) was 32.0°C/km, and the amount of 241 

denudation of the unconformity surface at the top of the Jurassic was 2.3 km. The maximum 242 

paleogeothermal gradient for southeastern Sichuan (G8) was higher (36.0°C/km), but the 243 

amount of denudation was smaller (1.9 km).  244 

During the Late Cretaceous, the maximum paleo-temperature for BB-9, HD-2, DZ-4 and 245 

SZ-2 was 90 ± 5°C, 92± 10°C, 88± 5°C and 86± 10°C (Fig. 6). Using the paleogeothermal 246 

gradient of 36.0°C/km in the Southeast, and of 32°C/km in the Northeast, and the 247 

paleogeothermal value of 10°C, their maximum burial depth (or amount of denudation) was 248 

estimated to 2.5±0.1 km, 2.6±0.3 km and 2.4±0.1 km, 2.1±0.3 km, respectively, while the 249 

average denudation rate should be approximately 20-25m/Ma. 250 

 251 

5. Discussion 252 

This study’s findings for the commencement time for uplift–denudation of the study area 253 

were generally consistent with that of previous research; that is, the Eastern Sichuan Basin 254 

began its uplift around the Late Cretaceous (approximately 100–80 Ma), during which the 255 

amount of uplift–denudation was substantial. However, there were differences in 256 

understanding regarding the actual cooling process during uplift and the exact amount of 257 

denudation. Shen et al. (2009) considered that the tectonic–thermal evolution process in 258 

northeastern Sichuan could be divided into three stages: (i) rapid uplift and cooling during 259 

105–80 Ma, (ii) relative calm during 80–12 Ma, and (iii) rapid uplift and cooling since 12 Ma. 260 

This episodic cooling and uplifting styles are more similar as the samples in the thrust belt 261 

(i.e. the field samples, such as HD-2, DZ-4 and SZ-2). For the Puguang area (PG2-5) which 262 

is out of the thrust belt (see Fig. 1) presented a steadily and gently uplift or cooling because 263 

this area did not involve the detachment and thrust. That is, the difference of the temperature 264 

histories may indicate varies deformations in space and time of the Eastern Sichuan fold belt. 265 



As mentioned before, there were substantial variations in the amount of denudation estimated 266 

by different researchers (Deng, et al., 2009; Deng, et al., 2013; Liu et al., 2012; Richardson, 267 

et al., 2008; Shen et al., 2009; Tian et al., 2011; Tian et al., 2012). These different estimates 268 

arose from the understanding of the paleogeothermal gradient. If the geothermal gradient for 269 

northeastern Sichuan within 100 Ma was assumed to be quite similar to the present gradient 270 

at 20°C/km, then the total amount of denudation for the region since the Late Cretaceous 271 

would be approximately 5 km, according to the temperature interval of cooling (~90°C). In 272 

reality, the basin’s thermal system was constantly changing during different stages of 273 

geological evolution. Thus, there would be limitations if the embedding and denudation 274 

histories were to be inferred directly from the samples’ temperature history. In this study, the 275 

reconstruction results based on the thermal histories of Ro and low-temperature 276 

thermochronological data were used as the basis to comprehensively establish the maximum 277 

paleogeothermal profile of the boreholes. Thus, the amount of denudation calculated in this 278 

study is more intuitive and accurate. However, the detailed denudation process, namely the 279 

evolution of the erosion rate since the Late Cretaceous to present cannot be constrained in 280 

detailed time scale, because the cooling can be caused by either denudation or the heat flow 281 

decrease. In general, the two causes are inseparable from each other, because the uplifting 282 

and deformation always give rise to denudation associated with heat flow decrease. 283 

The Eastern Sichuan presents that uplifted earlier with more larger erosion thickness 284 

than the Western Sichuan depression (or is called a foreland basin) , which uplifted since 285 

Paleogene-Oligocene or even later (Liu et al., 2012; Liu et al., 2017; Yan et al., 2011; Yuan et 286 

al., 2010; Zhu et al., 2016b; Zhu et al., 2018) . Giving these details, a simple model was set to 287 

state the uplifting and denudation process since Late Cretaceous from the Eastern to the 288 

Western Sichuan basin (Fig. 10). It has been suggested that the uplifting and denudation of 289 

the eastern Sichuan basin were a result of pro-gressive northwestward propagation of the 290 

Yanshanian intra-continental deformation in Southern China due to the compression between 291 

the Kula-Pacific plate and the Eurasian plate (Wang, et al., 2010; Jin, et al., 2009; Yan et al., 292 

2009; Yuan et al., 2010) and of the southwestward thrust-nappe tectonics from Dabashan 293 

intra-continental deformation (Shi et al., 2012). As shown in Fig.10, when the eastern 294 

Sichuan basin started to uplift and deformation at ~100 Ma, there was still a depression in the 295 



western Sichuan depression (or called Longmen Mt. foreland basin) and accepted deposits 296 

(Fig.10a), till the Cenozoic uplifting started (Fig.10b) due to the Late Cretaceous to Cenozoic 297 

compressional event in the Longmen Mt. FTB caused by the collision between India plate 298 

and Eurasia plate (Yan et al., 2011; Yuan et al., 2010). 299 

 300 

6. Conclusion 301 

The thermal history showed that the uplifting and cooling of eastern Sichuan basin 302 

began around the Late Cretaceous (approximately 100–80 Ma). Periodicities and regional 303 

variations were revealed during the uplift–denudation process. The northeastern Sichuan 304 

experienced sustained cooling with inconspicuous fluctuations, although the variation in the 305 

cooling rates was minor, while the thrust belt and the southeastern Sichuan basin presented 306 

2-4 stages with different cooling rates. It may indicate that the episodic deformation of the 307 

detachment and thrust took place in the eastern Sichuan fold belt, and the Puguang area did 308 

not involve in mightily. 309 

The region had experienced a continuous cooling process from the Late Cretaceous until 310 

the present, with the geothermal gradient decreasing from 32–36°C/km to 20–23°C/km. 311 

The amount of denudation of the unconformity surface at the top of the Jurassic was restored 312 

through the maximum paleogeothermal profile, which was jointly reconstructed using 313 

low-temperature thermochronological and Ro data. The amount of denudation at the Puguang 314 

region in northeastern Sichuan was approximately 2.3 km, while that at southeastern Sichuan 315 

was 1.9 km, and the erosion thickness in the Eastern Sichuan fold belt that revealed via the 316 

field samples is 2.1±0.3-2.6±0.3km. The result shows that the erosion thickness is larger in 317 

the eastern basin that the uplifting began earlier than that in the western basin, where the 318 

uplifting began in a later time. 319 
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Table 1 Apatite fission track data from the field and boreholes in the Eastern Sichuan Basin* 468 

Sample Coordinate 
Elevation 

(m) 

Depth 

(m) 
strata Ng 

ρs (105/cm2) 

(Ns) 

ρi 

(105/cm2) 

(Ni) 

ρd (105/cm2) 

(Nd) 

P(χ2) 

(%) 

Age (Ma) 

(±1σ) 

L(μm) 

(NL) 

BB-8 
29°48′09″ N 

106°28′15″ E 
208  T3x 28 

1.97 

(317) 

15.772 

(2538) 

16.535 

(8116) 
0.4 42±4 12.4±2.2(105) 

BB-9 
29°48′04″ N 

106°28′18″ E 
209  T3x 28 

2.214 

(765) 

12.862 

(4444) 

16.757 

(8116) 
0.3 54.5±4.1 12.4±2.1(103) 

BB-13 
29°46′58″ N 

106°29′27″ E 
207  J2s 19 

2.443 

(97) 

22.788 

(905) 

16.976 

(8116) 
4.0 39.1±5.2 12.4±2.5(13) 

DZ-4 
30°46′19″ N 

107°08′50″ E 
433  J2x 28 

4.574 

(223) 

22.52 

(1098) 

17.197 

(8116) 
40.5 73.0±6.4 10.9±2.1(47) 

DZ-14 
30°46′04″ N 

107°06′37″ E 
843  T3x 3 

4.723 

(52) 

35.06 

(386) 

17.417 

(8116) 
80.8 48.0±7.0 11.5±2.7(8) 

DZ-12 
30°45′55″ N 

107°07′24″ E 
706  T3x 21 

0.530 

 (145) 

1.0129 

(281) 

14.458 

(12459) 
100.00 77.9±9.3 11.02±1.94(24) 

HD-1 
31°01′54″ N 

107°09′16″ E 
262  T3x 20 

0.458 

(163) 

0.985 

(366) 

14.165 

(12459) 
98.56 65.9±7.5 12.02±1.23(24) 

HD-2-a 
31°01′12″ N 

107°11′35″ E 
295  T3x 21 

11.536 

(133) 

19.833 

(228) 

14.092 

(12459) 
82.04 85.7±10.8 11.44±1.35(16) 

HD-2-b 
31°01′12″ N 

107°11′35″ E 
295  T3x 21 

2.395 

(133) 

4.579 

(250) 

14.678 

(12459) 
100.00 81.5±10.1 11.67±1.69(22) 

HD-2** 
31°01′12″ N 

107°11′35″ E 
295  T3x 42    92.00 81.9±17.8 11.57±1.58(38) 

SZ-2 
29°58′08″ N 

108°0′43″ E 
836  J2s 19 

2.789 

 (128) 

5.352 

(239) 

14.605 

(12459) 
99.95 81.6±10.3 11.89±1.83(30) 

G8-1 
28°21′12″ N 

105°58′17″ E 
 -1257.7 J2sn 20 

3.424 

(612) 

24.39 

(4360) 

16.23 

(3041) 
41.56 44.2±2.2 12.26±1.96(72) 

G8-2 
28°21′12″ N 

105°58′17″ E 
 -1829.2 J2sn 21 

3.777 

(321) 

32.19 

(2736) 

16.13 

(3041) 
60.8 34.6±2.7 11.46±1.5(53) 

G8-4 
28°21′12″ N 

105°58′17″ E 
 -2190.2 T3x 25 

2.763 

(189) 

45.72 

(3128) 

16.04 

(3041) 
99.01 18.9±1.5 12.26±1.5(99) 

G8-5 
28°21′12″ N 

105°58′17″ E 
 -2475.7 T3x 25 

2.146 

(141) 

30.48 

(2003) 

15.95 

(3041) 
86.74 21.9±1.9  

PG2-2 31°31′16″ N  -3025.9 T3x 20 1.758 44.29 16.48 99.9 12.7±1.9  



107°47′19″ E (50) (1260) (3125) 

PG2-3 
31°31′16″ N 

107°47′19″ E 
 -3247.1 T3x 21 

0.667 

(65) 

17.54 

(1710) 

15.39 

(3041) 
96.2 11.4±1.5  

PG2-4 
31°31′16″ N 

107°47′19″ E 
 -3415.5 T3x 20 

0.761 

(44) 

32.78 

(1895) 

14.80 

(2988) 
77.7 6.7±1.0  

PG2-5 
31°31′16″ N 

107°47′19″ E 
 -370.0 J2sn 21 

4.82 

(257) 

19.82 

(1057) 

14.92 

(2988) 
83.8 70.2±5.1 12.10±1.8(104) 

PG2-6 
31°31′16″ N 

107°47′19″ E 
 -1590.0 J2x 22 

4.903 

(182) 

38.69 

(1436) 

15.04 

(2988) 
99.7 37.0±3.0 12.0±1.65(106) 

*Notes: Ng= Number of dated grains, Ns = Number of counted spontaneous tracks; Ni= Number of counted induced tracks; ρs = density of spontaneous tracks; ρi = density of induced tracks; 469 

Nd = Number of tracks on standard glass; ρd = Density of tracks on standard glass; L = Mean track length; NL= Number of measured track lengths. The AFT data of PG2 and G8 sourced from 470 

Tian et al. (2011) and Zhu et al. (2016a). The ages of the borehole samples (from G8 and PG2) which were analyzed in the University of Melbourne calculated using a zeta of 389.3 ± 5.0 for 471 

dosimeter glass Corning-5, while the ages of the field samples BB-8, BB-9, BB-13, DZ-4 and DZ-14 which were analyzed in China University of Geosciences, Beijing using a zeta of 410.4 ± 472 

17.6, and the samples HD-1, HD-2, DZ-12 and SZ-2 which were analyzed in China University of Petroleum, Beijing using a zeta of 210 ± 13.0. 473 

**Note: The data of HD-2 was combined from the AFT ages and lengths of HD-2-a and HD-2-b.  474 



Table 2 AHe data from boreholes G8 and PG 2 in the Eastern Sichuan Basin* 475 

Sample 

No. 

Mass 

[g] 

U 

[ppm] 

Th 

[ppm] 

4He 

[ncc] 
Th/U FT 

Corrected age 

[Ma] 
1σ 

Age of 

sample[Ma] 

PG2-5 

0.0013 94.4 214.3 0.464 2.27 0.65 31.0 1.9  

0.0021 5.7 21.9 0.125 3.87 0.71 58.6 3.6 46.4±14.1 

0.0013 18.9 21.5 0.121 1.14 0.66 49.6 3.1  

PG2-6 

0.0025 27.6 34.8 0.122 1.26 0.68 16.2 1.0 

15.0±2.9 
0.0046 7.8 30.3 0.070 3.87 0.73 11.6 0.7 

0.0020 10.8 37.2 0.057 3.44 0.70 16.8 1.0 

0.0061 32.6 97.2 0.499 2.98 0.65 18.5 1.1 

G8-1 

0.0082 1.7 8.2 0.128 4.86 0.81 41.0 2.5  

0.0177 62.4 80.3 4.403 1.29 0.83 30.2 1.9 31.9±8.4 

0.0063 692.9 666.4 12.775 0.96 0.80 24.4 1.5  

G8-2 
0.0059 21.0 26.4 0.067 1.26 0.75 4.5 0.3 

6.8±3.2 
0.0078 7.1 10.2 0.066 1.44 0.80 9.0 0.6 

*Note: Results were analysed in the University of Melbourne, FT is the α-ejection correction (Farley et al., 1996). 476 
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Table 3 ZHe data from boreholes G8 and PG 2 in the Eastern Sichuan Basin* 478 

Sample 

No. 

Mass 

[g] 
U [ppm] 

Th 

[ppm] 

Corrected 

gas[ncc] 
Th/U FT 

Corrected 

age [Ma] 
1σ 

Age of 

Sample [Ma] 

PG2-2 
0.0032 45.4670 48.7521 2.687 1.07 0.73 118.7 7.3 

120.6±7.7 
0.0040 65.0621 73.8919 4.901 1.14 0.74 122.3 7.6 

PG2-4 
0.0123 115.5376 66.0679 34.363 0.57 0.82 174.1 10.8  

0.0076 777.4734 333.0530 96.291 0.43 0.78 120.2 7.4  

PG2-5 
0.0037 294.3509 58.0478 23.324 0.20 0.74 166.2 10.3  

0.0062 248.0350 222.9136 45.255 0.90 0.77 195.1 12.1  

PG2-6 
0.0036 323.3178 666.7065 40.457 2.06 0.73 187.7 11.6 

186.2±10.7 
0.0058 173.5035 138.2995 15.932 0.80 0.77 184.6 11.4 

G8-1 
0.0074 237.6661 256.8828 22.181 1.08 0.79 82.3 5.1  

0.0139 120.0928 123.4776 9.723 1.03 0.82 38.3 2.4  

G8-5 
0.0034 314.2050 108.1709 9.422 0.34 0.75 66.2 4.1  

0.0036 311.9019 266.2882 5.197 0.85 0.74 31.6 2.0  

*Note: Results were analysed in the University of Melbourne, FT is the α-ejection correction (Farley et al., 1996). The data of samples from 479 

borehole PG2 sourced from Tian et al. (2012). 480 
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 482 

Fig. 1 Geological map of the Eastern Sichuan Basin indicating the borehole locations and 483 

field sampling points (Geological map modified from Tian et al., 2011) 484 

  485 



 486 

Fig. 2 AHe, ZHe, AFT age profiles and the Ro data of Borehole PG2. The Ro data sourced 487 

from the exploration branch, SINOPEC. 488 
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 490 

Fig. 3 AHe, ZHe, AFT age profiles and the Ro data of Borehole G8. The Ro data sourced 491 

from the exploration branch, SINOPEC. 492 
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 494 

Fig. 4 Sketch map showed the uncertainty and multiplicity of solution for denudation from 495 

the temperature paths. Panel (a) showed the temperature paths of two samples, S1 indicate 496 

the surface sample, while S2 is from borehole. Panel (b) showed one of the possible 497 

solutions for burry and denudation. 498 
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 500 

Fig. 5 Schematic diagrams show how the plaeo-temperatures recorded by geothermal 501 

indicators (left panel) and methods to determine the maximum palaeotemperature gradient 502 

and the eroded thickness (right panel) (after O’Sullivan, 1999; Hu et al., 2007; Zhu et al., 503 

2018). The profiles provide distinguished palaeotemperature gradients (dT/dz), and then 504 

the thickness (Ei) of the removed section on the corresponding unconformities can be 505 

obtained by dividing the difference between the surface temperature (Ts) and the intercept 506 

of the palaeotemperature profile (Ti) at the top unconformity by the estimated 507 

palaeotemperature gradient. 508 
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 510 

Fig. 6 Thermal history modeled for PG2-5 based on AFT and AHe data. The multi-kinetic 511 

annealing model (Ketcham et al., 2007) was used for AFT modelling, while the AHe data 512 

were modelled using the radiation damage accumulation and annealing model (Flowers et 513 

al., 2009). Total of 10000 paths have been modeled using the Monte Carlo method via the 514 

HeFTy software package (Ketcham, 2005) for each individual sample. The inversion results 515 

are a series of possible or equivalent thermal history paths that constitute a 516 

probability-distribution belt. The width and dispersion of the belt depend on the 517 

complexity of its thermal history. A more complex thermal history exhibits a wider 518 

distribution belt and greater uncertainty. Green regions indicate the envelopes of 519 

“accepted traces” (0.05 ≤ GOF < 0.5), and purple regions indicate the envelopes of 520 

“good traces” (0.5 ≤ GOF ≤ 1.0). Blue bold line in each result indicates the mean of 521 

“good traces.” The GOFs (goodness of fit) of these results were listed on the up left panel, 522 

and the green curves indicate the fit of the AFT length distribution on the right bottom 523 

panel. This statement is also suitable for Fig.7 and Fig.8. 524 
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 526 

Fig. 7 Thermal history modeled for G8-1 based on AFT and AHe data 527 
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 529 

Fig. 8 Thermal history modeled for the field samples (BB-9, HD-2, DZ-4 and SZ-2) based 530 

on AFT data 531 
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 533 

Fig. 9 Maximum paleogeothermal profiles reconstruction of PG2 and G8 in the Eastern 534 

Sichuan Basin. The maximum paleotemperature gradients (Gm) are calculated using the 535 

maximum paleotemperatures that are reconstructed based on the Ro and low-temperature 536 

thermochronology data via a thermal history modeling software “Thermodel for Windows 537 

2008” which is developed and managed by Prof Shengbiao Hu (website: 538 

http://www.thermodel.com). The EASY%Ro model (Sweeney and Burnham, 1990) was 539 

employed to reconstruct the maximum paleotemperatures from Ro data. 540 
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 542 

Fig. 10 Simple model shows the different denudation process between the Eastern and 543 

Western Sichuan Basin 544 

 545 
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