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The Pearl River Mouth Basin (PRMB) is one of the most petroliferous basins on the northern margin of
the South China Sea. Knowledge of the thermal history of the PRMB is significant for understanding its
tectonic evolution and for unraveling its poorly studied source-rock maturation history. Our investigations
in this study are based on apatite fission-track (AFT) thermochronology analysis of 12 cutting samples
from 4 boreholes. Both AFT ages and length data suggested that the PRMB has experienced quite
complicated thermal evolution. Thermal history modeling results unraveled four successive events of
heating separated by three stages of cooling since the early Middle Eocene. The cooling events occurred
approximately in the Late Eocene, early Oligocene, and the Late Miocene, possibly attributed to the
Zhugiong II Event, Nanhai Event, and Dongsha Event, respectively. The erosion amount during the first
cooling stage is roughly estimated to be about 455-712 m, with an erosion rate of 0.08-0.12 mm/a. The
second erosion-driven cooling is stronger than the first one, with an erosion amount of about 747-814 m
and an erosion rate between about 0.13—0.21 mm/a. The erosion amount calculated related to the third
cooling event varies from 800 m to 3419 m, which is speculative due to the possible influence of the
magmatic activity.

©2023 China Geology Editorial Office.

1. Introduction

of commercial discoveries in its deep-water areas (Zhu WL et
al., 2012). Distinguishing from basins on many other passive
margins, the PRMB on the northern SCS margin is

The exploration and production from deepwater reservoirs
globally have been increased to meet the growing demand for
oil and gas. Explorations have been focused on the deepwater
to ultra-deepwater passive margins, especially the base of the
slope or the continent-ocean boundary area (White N et al.,
2003). The Pearl River Mouth Basin (PRMB) is one of the
most important oil & gas-bearing basins located on the
northern margin of the South China Sea (SCS), thus has
attracted the interest of numerous researchers and oil
exploration companies, especially after the finding of a series
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characterized by multi-episodic rifting stages and
corresponding heating events (He LJ et al., 2001; Song Y et
al., 2011), active tectonic events during the post-rifting phase,
such as abnormal thermal subsidence (Clift P and Lin J, 2001;
Xie XN et al., 2006; Tang XY et al., 2017), and magmatism
(Li ST et al., 1999; Yan P et al., 2000), relatively high heat
flow continues until now (Shi XB et al., 2003; Tang XY et al.,
2014). The episodes of rifting and heating would be
conducive to the overprinted structures development and the
deposition of several discrete transgressive packages of source
rocks and reservoirs. The thermal maturity of sedimentary
organic matter affected by multi-episodic rifting and
subsidence would be higher than expected on a typical passive
margin of equivalent age that had not experienced repeated
heating (Ru K et al., 1994). It is indeed because of the

Copyright © 2023 Editorial Office of China Geology. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND License (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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complex tectonic evolution since the Late Mesozoic, that the
PRMB experienced relatively complex thermal history
evolution that was very difficult to be unraveled.

The thermal history of sedimentary basins has garnered
increasing interest in basin analysis because it is closely
related to the deep geodynamic mechanism (Rudnick RL et
al., 1998; Qiu NS et al., 2014), oil and gas accumulation, and
petroleum resource evaluation (Carminati E et al., 2010; Qiu
NS et al., 2012; Zuo YH et al., 2017). Unfortunately, the
research on the thermal history of the PRMB is currently in its
infancy and hampered by the boreholes and data availability
due to the high cost of offshore drilling. Several campaigns
have been carried out, mainly focusing on the heat flow
evolution of the PRMB using mathematical models based on a
seismic and stratigraphic framework (Song Y et al., 2011;
Tang XY et al., 2018a; 2018b; Li Y et al., 2019). Although
those achievements have shed light on the basic paleo heat
flow evolution of the PRMB, detailed information on the
tectonic-thermal evolution of the PRMB, such as the
maximum burial temperature, the erosion thickness has not
been well studied so far. Apatite fission-track (AFT)
thermochronology, which is sensitive to temperatures of
60°C-120°C (partial annealing zone or PAZ (Gleadow A et
al., 1986)), has been widely used to investigate geological
problems including the thermal history reconstruction of
sedimentary basins (Gallagher K et al., 1998; Kohn BP et al.,
2005; Xiang CF et al., 2013; Tian ZH et al., 2016; Zhang ZY
etal., 2016; Tang XY et al., 2019; Jiang S et al., 2021).

Here, this paper presents new AFT analyses of 12 samples
from 4 boreholes in the PRMB. These results, combined with
the thermal history modeling, reveal a complex Middle
Eocene—Recent thermal evolution. Besides contributing to
understanding the tectonic-thermal history scenario of the
PRMB, this study allowed the rate and thickness of the
erosion events to be determined. Notably, this work presents
the results of AFT dating from samples submerged in deep-
water northern SCS. The dating of such samples provides
information for constraining the deformation time in hardly
accessible areas.

2. Geologic setting and present geothermal region

The continental margin along with northern SCS, located
at the junction of the Indo-Australian Pacific, and Eurasian
Plates, experienced widespread deformation since the
Mesozoic (Li XJ et al., 2022; Ye Q et al., 2018). Situated on
the northern margin of the SCS, the NE-trending PRMB
contains mainly five structural units, that is from north to
south, the Northern Uplift Zone, the Northern Depression
(Zhu 1 and Zhu III Depressions), the Central Uplift Zone
(Shenhu Uplift, Panyu Low-uplift, and Dongsha Uplift), the
Southern Depression Zone (Zhu II and Chaoshan
Depressions), and the Southern Uplift Zone (Fig. 1).

Fig. 2 presents the stratigraphy for the PRMB. The Tg,
T90, T80, T70, and T20 unconformities are sequence
boundaries related to the Shenhu, Zhuqiong I, Zhugiong II,

Nanhai, and Dongsha Events or “Movements”. The evolution
of the PRMB is complex and can be generally divided into
syn-rift and post-rift stages (Zhou D et al., 1995). Although
the timing of rifting termination is still ambiguous (Clift and
Lin, 2001; Dong DD et al., 2008; 2009; Tang XY et al.,
2018a; 2018b; Wang PC et al., 2020), the T70 unconformity,
at the base of the Zhuhai Formation, was considered as the
boundary of syn-rift and post-rift strata (Xie H et al., 2013).
The syn-rift sediments consist of the Paleocene-Early Eocene
Shenhu, Middle Eocene Wenchang, and Late Eocene Enping
Formations. The Shenhu Formation mainly consists of
alluvial fan sands and conglomerates associated with volcanic
sediments. Sediments in this Formation are absent across
much of the PRMB. Deposited in a deep- to shallow-water
lacustrine environment, the Wenchang Formation is mainly
composed of grey to black mudstones and sandstones. The
Enping Formation was deposited in a shallower-water
lacustrine setting, comprising grey to black mudstones with
interbedded sandstones and coal seams (Zhu WL et al., 2009).
The coals and mudstones in the Wenchang and Enping
Formations are major source rocks of oil and gas in the
PRMB (Zhu WL et al., 1999). During the post-rift stage, the
Oligocene Zhuhai, Early Miocene Zhujiang, Middle Miocene
Hanjiang, Late Miocene Yuehai, Pliocene Wanshan
Formations, and Quaternary series were deposited,
comprising transitional deltaic, shelf to abyssal marine
sediments.

The PRMB presents the characteristics of a typical “hot
basin (Rao CT and Li PL, 1991; He LJ et al., 2001; Yuan YS
et al.,, 2009; Tang XY et al., 2014; 2016). The geothermal
gradient varies from 24.7 °C/km to 60.8 °C/km, with an
average value of 37.9+7.4 °C/km. Heat flow ranges from 24.2
mW/m? to 121.0 mW/m?, with an average value of 71.8+13.6
mW/m?. Generally, the geothermal gradient and heat flow
values increase from the shelf in the north to the continental
ocean boundary in the south.

2

3. Samples and methodology

We collected 12 cutting samples of four boreholes in the
PRMB (locations see Fig. 1). Sample details are presented in
Table 1.

Apatite grains were separated by the standard heavy
mineral separation techniques in the Institute of Regional
Geology and Mineral Resources, Hebei Province, China.
Fission-track analyses were performed at Apatite to Zircon,
Inc. (A to Z). Apatite grain-mount preparation details were
presented in Donelick RA et al. (2005). After polishing,
sample mounts were etched in 5.5 M HNO; for 20.0 s (= 0.5 s)
at 21°C (£1°C) to reveal the spontaneous fission tracks.
Fission-track was viewed, counted, and measured at 1562.5%
dry magnification using unpolarized transmitted light and a
Nikon Optiphot2 microscope. Apatite fission-track ages were
obtained using direct measurements of uranium
concentrations with LA-ICP-MS. The uranium concentration
of each counted grain was determined through 26 pm spot
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Fig. 1. Map showing the Pearl River Mouth Basin in a regional context (a) and the subdivision of this basin (b). EP—Eurasian Plate, IDP—India
Plate, SCS—South China Sea, PSP—Philippine Sea Plate, PP—Pacific Plate, AP—Australian Plate. SH—Shenhu Uplift, PYL-Panyu Low-uplift,
DSU-Dongsha Uplift, YK—Yunkai Low-uplift, BY-Baiyun Sag, LW-Liwan Sag. Red circles in (b) show the sample wells in this work and the

red star presents the location of the ODP Site 1148.

analyses using an Agilent 7700x Quadrupole ICP-MS,
coupled to a Resonetics M-50 193 nm ArF Eximer laser-
ablation system following analytical settings as described in
Donelick RA et al. (2005). Fission-track ages were calculated
following the scheme proposed by Donelick RA et al. (2005).
AFT lengths were measured on horizontal confined fission
tracks.

Usually, the grain-age distribution is subjected to a > test
to assess the homogeneity of AFT ages (Galbraith RF, 1990).
Chi-square (P (3°)) value over 5% means that there is a > 95%
chance that the dated sample has a single population, while P
(%) < 5% is diagnostic of multiple populations.

4. Results and interpretation

AFT ages and confined track length measurements are
shown in Table 2, the raw dataset is presented in the
Supplementary tables (Tables. S1-S12). 6 of 12 of the
samples failed the 7’ test, indicating considerable age
dispersion. To approximate distinct age populations, we
employed RadialPlotter (Vermeesch P, 2009) to get
multicomponent age data which are presented in Fig. 3. In the
plot of age vs depth/present temperature (Fig. 4), pooled ages
were presented if samples pass the y° test, otherwise, central
ages were presented.

In Well BY 13, samples at depths of 1698 m and 1785 m

in the Zhuhai Formation (BY131) and Enping Formation
(BY132) failed the XZ test (Table 2). AFT central ages are
43.8+3.4 and 42.2+3.9 Ma, respectively, older than their
stratigraphic ages (Table 2, Fig. 4a). Sample from the
Wenchang Formation (BY133) at a depth of 1907 m passed
the y* test (P (x°) = 22%). The pooled age is 52.7+2.4 Ma,
slightly larger than its stratigraphic age (Table 2, Fig. 4a). All
the three central or/and pooled ages are older than the
stratigraphic age, suggesting that they have not undergone
fully post-depositional annealing. However, the partial post-
depositional annealing is evident from the considerable
dispersion in single grain ages with part of grains showing
AFT ages younger than the stratigraphic age. The confined
track lengths vary from 7.5 pm to 15.0 um in sample BY 131,
10.9 pm to 15.8 um in sample BY 132, and 7.1 pm to 15.9um
in sample BY133 (Tables. S1-S3, Figs. Sl(a)—(c)). The large
dispersion in single grain ages and track lengths distribution
may attribute to annealing kinetic parameters (e.g. Dy, Cl
content) (Donelick RA et al., 2005), variations in source
regions with different exhumation histories, and/or rather
complicated thermal history. Possibly because of the limited
confined track numbers, there is no clear relationship
presented in the plot of confined track lengths vs Dy, (Fig. S2).
Although very weak, it seems to show a positive relationship
between age and the D, value of most of the 12 samples
(Fig. S3).
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Fig. 2. Generalized stratigraphic column of the Pearl River Mouth Basin showing main seismic reflectors, depositional facies, and tectonic

events (after Tang XY et al., 2017).

In Well XJ24, sample XJ241 from the uppermost Zhuhai
Formation at depth of 3141 m failed the y? test. Although the
central age of 8.9+1.9 Ma is younger than its stratigraphic
age, the single grain ages of sample XJ241 show a large range
with a dispersion value of 70%, and some grain ages younger
than the stratigraphic age (Table 2, Fig. 4b). These
characteristics indicate that sample XJ241 experienced at least
partial annealing. Sample XJ242 at depth of 3770 m from the
Enping Formation passed the y* test (P (x?) = 24%), with a
pooled age of 10.4+2.9 Ma. All the single-grain ages of
sample XJ242 are younger than its stratigraphic age, which
may indicate that the sample passed the PAZ at about 10.4
Ma. At depth of 3985 m, sample XJ243 from the Wenchang
Formation presents a pooled age of 2.2+0.8 Ma. Most of its
single grain ages are about 0 Ma, indicating nearly complete
annealing. Importantly, the present temperature at the sample

depth is very high (116°C-142°C) (Table 1, Fig. 4b), which
theoretically totally erases all existing spontaneous fission
tracks in common apatite grains. However, the AFT results
indicate that the fossil fission tracks in apatite samples could
have survived under such temperature conditions, therefore
suggesting probably very recent heating and/or high D,
value. This interpretation is also consistently supported by the
preserved confine tracks, with a mean length of 10.1+1.0 um.

In the well HZ25, a limited number of grain ages and
confined tracks have been analyzed due to the sample quality
and high present temperature (134°C—153°C). Sample HZ251
from the Zhuhai Formation and sample HZ253 from
Wenchang Formation passed the ° test and presented pooled
ages of 6.4+3.2 and 4.843.4 Ma (Table 2). Sample HZ252
from the Enping Formation failed the %> test (P (3°) = 0) and
yielded a central age of 18.0+£10.0 Ma. Although few grain
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Table 1. Basic information of samples used in this study.

Sample WD/m ST/°C G/(°C/km) D/mb.s. PT/°C Fm. Stratigraphic age/Ma Lithology
BY13 688° 6.8% 45.9%

BY131 1698 85 Zhuhai 23-33.9 sandstone

BY132 1785 89 Enping 33.9-38 coarse sandstone

BY133 1907 94 Wenchang 3849 medium sandstone

XJ24 100? 22.0° 30°

XJ241 3141 116 Zhuhai 23-33.9 sandstone

XJ242 3770 135 Enping 33.9-38 sandstone, siltstone
XJ243 3985 142 Wenchang 3849 sandstone, conglomerate
HZ25 104° 21.8° 35.5°

HZ251 3149 134 Zhuhai 23-33.9 sandstone

HZ252 3322 140 Enping 33.9-38 sandstone

HZ253 3706 153 Wenchang 38-49 sandstone

HF28 51° 24.2% 28.1°

HF281 2039 81 Zhuhai 23-33.9 fine sandstone

HF282 2243 87 Enping 33.9-38 fine, medium sandstone
HF283 3171 113 Wenchang 38-49 coarse, medium sandstone

WD-water depth; ST —seafloor temperature; G —Geothermal gradient; D (m b.s.) —Depth in meter below seafloor; PT —present temperature, PT=ST+G*D/1000.
2 s from CNOOC. ® is from Tang XY et al. (2014). ©is from Rao CT and Li PL (1991).

Table 2. Apatite fission-track data from the Pearl River Mouth Basin, northern South China Sea.

Sample Age Length
N Ns Dpor /um - Pooled age /Ma 1o Central age/Ma  lo P(%)/% D/%  Tracks MCT/pum  Std/pum  Dpar/um

BY13

BY131 36 493 1.9 452 2.3 43.8 34 0.0 29 174 12.2 1.4 2.1
BY132 34 291 2.0 42.8 2.6 422 3.9 0.0 33 175 12.4 1.4 2.3
BY133 33 564 2.0 52.7 2.4 53.7 2.8 22.0 12 187 12.0 1.5 2.3
XJ24

XJ241 29 112 1.7 8.2 0.8 8.9 1.9 0.0 70 51 11.2 1.4 2.3
XJ242 7 13 1.9 10.4 29 12.9 43 24.0 34 11.6 0.4 22
XJ243 16 8 1.9 2.2 0.8 3.8 1.4 88.0 23 10.6 1.0 2.1
HZ25

HZ251 3 4 1.8 6.4 32 8.2 4.1 35.0 0 1 14.1 0.0 2.6
HZ252 9 10 2.0 4.8 1.5 18.0 100 0.0 113 2 15.4 0.9 2.7
HZ253 6 2 22 4.8 3.4 20.0 14.0 100.0 0 2 14.9 1.2 2.8
HF28

HF281 18 123 1.9 46.6 44 48.9 7.1 1.0 39 61 11.6 1.3 22
HF282 7 25 2.1 424 8.6 47.0 10.0 550 14 10 11.4 1.3 2.3
HF283 32 77 2.0 15.1 1.8 43.0 11.0 0.0 117 17 11.3 1.1 2.6

N and Ns are the numbers of grains and spontaneous tracks; MCT—mean confined track length; Std—standard deviation

ages from sample HZ252 are older than the corresponding
stratigraphic age, most of the grain ages are about 0 Ma
(Table S8; Fig. 4c). Given the remarkably high present
temperature of 134°C—153°C, a total reset of fossil tracks in
the apatite grains would be expected to occur. However, the
apatite samples still contain a long track component, for
example, confined track length up to 16.1 um for sample
HZ253 at the bury temperature of 153°C. It is suggested that
samples might have recently been subjected to high
temperatures and/or high D,,,, value (Dy,,,=2.81 pum).

In the Well HF28, only the sample from the Enping
Formation (HF282) at depth of 2039 m fulfilled the y” test (P
(xz) = 55%) (Table 2). Pooled age of sample HF282 is
42.448.6 Ma, while the central age of samples HF281 and

HF283 is 48.9+7.1 Ma and 43.0+11.0 Ma, respectively. All
three samples present part of single-grain ages younger than
their stratigraphic age (Fig. 4d), pointing to partial thermal
overprint. The mean confined track lengths vary from
11.3+1.1 pm (sample HF283) to 11.6+1.3 pum (sample
HF281) (Table 2). The spread range of the length distribution
(Figs. S1(j)-(1)) suggests that the samples have experienced
quite complex thermal history.

5. Thermal history reconstruction

A quantitative evaluation of thermal history can be
obtained through the application of statistical modeling
procedures that find time-temperature paths (t-T) compatible
with the fission-track data (grain ages plus length
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distributions) (Gallagher K, 1995; Ketcham RA, 2005). Seven HeFTy (version 1.9.3) (Ketcham RA et al., 2018). This
samples (XJ241, HF281, HF282, HF283, BY131, BY132, version allows the stratigraphic and pre-depositional
BY133) with more than 10 measured confined fission-track relationships between a set of sample files from the same well
lengths were chosen to reconstruct the thermal history by to be established.
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Fig. 3. Radial plots of apatite fission-track data. Single-grain ages are color-coded according to their Dy,,. ~—number of analyses and disper-
sion gives the age-dispersion value as a percentage. Black lines represent statistically derived AFT population ages using the mixture model in
RadialPlotter.
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5.1. Data preparation

It is noteworthy that the pooled or/and central ages of the
seven samples are geologically meaningless as they represent
a mixture of ages both younger and older than the
corresponding stratigraphic ages. To decipher the thermal
history from the mixture ages, we separated the single-grain
ages of samples that failed the y* test into two populations
concerning for Dy, value and tried our best effort to seek
groups that pass the y* test. Separation details are presented in
Table 3. For sample BY131, when c-axis projected track
length data were used, the model produces only acceptable,
but not good solutions. Thus, we used the non-projected data
which could be well fitted. Due to the lack of good and
acceptable fit results, only the older group age data of sample
HF283 were incorporated into modeling in the well HF28.

5.2. Strategy and constraints on modeling

A primary goal of thermal history modeling is to test the
plausible range of thermal history scenarios that can

reproduce an observed data set. Modeling can be generated in
either a forward or inverse sense. Here we follow a strategy
that first uses a forward model-based approach, and then, a
refined search of t-T space by inverse modeling. The
inversion model in HeFTy uses a Monte Carlo method to test
t-T paths that pass through certain, user-specified t-T
constraint boxes. These boxes are implemented based on the
geologic observations and used to test specific t-T hypotheses.
Except for the AFT age and track length dataset obtained
from this study, additional geological constraints were
incorporated in the modeling, including: (1) the temperature at
deposition time (assumed to be 15+£10°C); (2) current
temperature at the sample depth as presented in Table [;
(3) initial early constraint, consisting of initial cooling from
above the closure temperature of AFT systems and at least 1.5
times earlier than the oldest age group (Ketcham RA, 2005);
(4) uplift and erosion attributed to the Zhuqiong II, Nanhai,
and Dongsha Events (Jiang ZL et al., 2012; Wu SG et al.,
2014).

Keeping all the above constraints in mind, the modeling
process was conducted with the forward approach firstly, then
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Table 3. Thermochronometric data for thermal history

modeling.

Sample Population Dp,/ Nyins Age/ 1o Niacks  Le Std/

um Ma mean/ pm
pm

BY13

BY131 1 1.9 31 45% 2.4 119 13.36° 0.9
2 26 5 47.4 72 55 1341 1.0

BY132 1 19 30 428 28 102 1354 09
2 26 4 43.4 83 73 13.63 1.1

BY133 1 22 33 52.7 2.4 187 1325 1.0

XJ24

XJ241 1 1.8 26 8.1% 08 3 1250 0.2
2 27 3 14.0 7.0 48 1263 09

HF28

HF281 1 1.5 15 46.2° 45 10 1277 1.1
2 22 3 51.9 174 51 1297 0.8

HF282 1 2.8 7 42.4 8.6 10 1289 1.1

HF283 1 1.9 29 147 18 9 12.57 0.5
2 27 2 50.3 292 8 1293 0.62

Population: AFT grains were split into two populations based on D, value,

With Ngpains and Niexs indicating the number of dated grains and track

lengths in each population. Lc mean—mean track length after c-axis correction.
2 Population does not pass the chi-squared test. ® Not used for inverse

modeling. ¢ For sample BY 131, non-projected tracks were used.

the inverse modeling was performed based on the best
forward model until 50 good fits were found.

5.3. Modeling results

Modeling results are presented in Figs. 5-7 as path
envelopes. The uncertainty is presented in the plots in green
and pink according to the reliability. As samples BY133 and
HF283 are from the lowermost Wenchang Formation, they
resented a relatively more complete thermal history than the
other five samples. The following discussion sections are thus
mainly based on the thermal history revealed by samples
BY133 and HF283. Both of them show overall similar
thermal histories that since the deposition of the Wenchang
Formation, the PRMB underwent a very complex thermal
history with seven distinct stages: (1) heating during about
45-41 Ma, (2) cooling during about 41-36 Ma, (3) heating
during about 36-32 Ma, (4) cooing during 32-28 Ma, (5)
heating during 28—13 Ma, (6) cooling during about 13-9 Ma,
and (7) heating from about 9 Ma to present.

6. Discussions

6.1. Coupling relationship of thermal history with tectonic
evolution

The weighted mean t-T paths of the thermal models were
shown in Fig. 8a. As indicated by the modeling result,
hinterland rock uplift and exhumation occurred approximately
in the Late Cretaceous (about 70 Ma). Despite the provenance
of the sediments in the PRMB is still controversial, the South
China Block has long been viewed as the main source area
(Shao L et al., 2016, 2017; Liu C et al., 2017; Wang W et al.,

2017). Coincidentally, a cooling/exhumation phase from
about 70 Ma onwards in the southern South China Block was
also recorded by the AFT data (Yan Y et al., 2009). However,
due to the partially reset of AFT ages, cooling history in the
source area is poorly constrained and not discussed further in
this study. Since the oldest sample is from the Wenchang
Formation, we paid more attention to the thermal evolution
since the early Middle Eocene.

From Paleocene to early Middle Eocene, there are two
phases of rifting (corresponded with the Shenghu Event and
Zhugiong Zhugiong I Event) due to the back-arc extension of
the Pacific Plate subduction and the joint effect between the
Indo-Eurasian collision and the Pacific Subduction domains,
respectively (Wang PC et al., 2020, 2021). Multiples rifting
resulted in the dominant northeast faults and faulting arrays
defining a series of graben and half-grabens. Organic-rich
mudstones were deposited in deep lakes; these mudstone beds
formed the very important source of the Wenchang Formation
(Zhang CM et al., 2004) (Fig. 2). After the deposition, the
samples were subjected to heating to temperatures of about
41°C-61°C until about 41 Ma (Fig. 8a).

During the late Middle Eocene to Early Oligocene, the
Pacific Plate subduction direction changed from NNW to
WNW and the convergence rate slightly increased (Fig. 8c),
resulting in the retreat of the Pacific subduction zone and the
back-arc extension (Maruyam S and Send T, 1986; Northrup
CJ et al., 1995). Simultaneously, the Indian Plate moved
northeastwards with a gradually declining plate velocity (Fig.
8b) (Lee T and Lawver LA, 1995; Torsvik TH et al., 2008).
At the same time, the southward subduction of the proto-SCS
produced slab pull force in the continental margin of the
South China Block (Fig. 8b; Wang PC et al., 2020, 2021).
Therefore, under the joint effect of these three dynamic
systems, the Zhugiong II Event occurred, leading to erosion
and the third rifting (Wu XJ et al., 2009; Jiang ZL et al.,
2012). During this period, samples underwent cooling
between about 41-35 Ma and heating until about 32 Ma (Fig.
8a). In response to the seafloor spreading, the Nanhai Event
happened in the early Oligocene, causing tectonic uplift and
sediment erosion. Samples thus experienced cooling during
about 32-27 Ma and reheating when deposition (Zhuhai
Formation) recommenced. Might be resulted from the joint
effect of the convergence of the Philippine Sea Plate to the
Eurasian Plate and slab-pull force due to subduction of the
SCS slab along the Manila trench (Fig. 8b), another tectonic
reactivation (Dongsha Event) took place in Late Miocene
(Zhao SJ et al., 2012; Wu SG et al., 2014), accompanied with
faulting, erosion, igneous activity and hydrothermal fluid flow
(Yan P et al., 2001). Samples were subjected to cooling again
in response to this event, reheating commenced afterward due
to sediments deposition since about 9 Ma (Fig. 8a).

6.2. A rough estimation of the erosion thickness and rate

The modeled t-T paths indicate three phases of cooling
since the Middle Eocene, which occurred approximately in
the Late Eocene (about 41 Ma), Early Oligocene (about 32
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Ma), and Late Miocene (about 13 Ma).

Assuming all the cooling was the consequence of erosion,
the corresponding thickness and rate were calculated and
presented in detail in Table 4. In Well BY13, erosion
thickness is about 455 m, 747 m, and 800 m, with the erosion
rate of about 0.08 mm/a, 0.13 mm/a, and 0.14 mm/a during
the three cooling stages. In well HF28, the erosion thickness
is about 712 m, 814 m, and 3419 m, with the erosion rate of
about 0.12 mm/a, 0.21 mm/a, and 1.21 mm/a during three
cooling stages. In the Well XJ24, only that sample from the
Zhuhai Formation can be used to model thus only unravel the
last cooling event, with erosion thickness of about 2849 m
and the erosion rate of about 0.91 mm/a. Compared with the
first two stages of erosion, the erosion thickness of the third
stage for well HF28 and Well XJ24 seems to be too large and
geological impossible. Thus, the third stage of cooling may
not be simply ascribed to erosion.

As discussed in section 6.1, the third stage of cooling is
likely to be caused by the Dongsha Movement, which was
characterized by erosion, faulting, and magmatism (Wu SG et
al., 2014). The spatial extent of the Dongsha Event is unclear.
Some authors interpreted that the Dongsha Uplift and

Chaoshan Depression are the prominently affected areas
(Lidmann T and Wong HK, 1999; Liidmann T et al., 2001;
Xia SH et al., 2017). While others argued that the post-rifting
event also influenced the eastern part of the Panyu Low-uplift
and the southern and northeastern parts of the Zhu I
Depression (Huang CY et al., 2001; Wu SG et al., 2014) and
an even larger area, for example, the Taiwan shelf (Lin CS et
al., 20006). Since Well HF28 and XJ24 are near the Dongsha
Uplift (Fig. 1), the phase of rapid cooling might primarily
reflect geothermal readjustment after the cessation of the
magmatism-related hydrothermal system, with the combined
effect of erosion and faulting. As a result, we are unable to
resolve the exhumation and erosion rate inferred from the
cooling rate determined. To be noticed, although thickness
(800 m) and rate (0.14 mm/a) related to the third cooling stage
in Well BY 13 seems quite reasonable caused by erosion
(Table 4), the magmatism and faulting effect of the Dongsha
Event cannot be excluded.

6.3. Heating and hydrocarbon potential

In the PRMB, high-quality petroleum source rocks were
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found in Wenchang and Enping Formations, with average
TOC of 2.23% and 1.78%, respectively (Zhang SC et al.,
2003). Vitrinite reflectance (Ro) measurements point out early
to the middle mature organic matter in the Wenchang
Formation (%R, of 0.54-0.93) and early to the late mature
organic matter in the Enping Formation (%R, of 0.55-1.54)
(Zhu JZ et al., 2007). In well BY13, the Wenchang and
Enping Formations are currently exposed to the highest
paleotemperature with a value of 94°C and 89°C. In well
HF28, the source rocks in the Wenchang and Enping
Formations underwent the highest palacotemperature at the
value of 128°C and 101 °C. Since most oil generation occurs
at temperatures between 50°C and 150°C and most methane is
generated between temperatures of 100°C and 225°C (Pashin
JC, 2014), thermochronological data confirm that source

rocks from Wenchang and Enping Formations in the PRMB
have been exposed to the temperature necessary for oil and
gas generation.

7. Conclusions

On basis of the new AFT dataset and thermal history
modeling results, we draw the following conclusions.

(i) Thermal history reconstructed from both multiple-
sample and single-sample modeling suggested that the Pearl
River Mouth Basin has experienced four stages of heating
separated by three phases of cooling since the Middle Eocene.

(i1) The first and second cooling events are likely to be
erosion-driven; showing a strong correlation with
unconformity related to the Zhugiong II Event and Nanhai
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Table 4. Erosion thickness and rate estimation for three wells in
the Pearl River Mouth Basin.

Sample Time Temperature  Erosion Erosion
segment/Ma  segment/°C  thickness/m  Rate/(mm/a)
BY133 41-36 41-21 455 0.08
33-27 59-25 747 0.13
13-8 65-28 800" 0.14%
HF283 41-35 61-41 712 0.12
32-28 70-47 814 0.21
12-9 128-31 3419° 1.21%
XJ241 11-8 118-32 2849° 0.91°

Erosion rates were calculated considering heating and cooling rates,
seafloor temperature, and geothermal gradient (see Table 1). ® is
speculative, see section 6.2 in the manuscript for further explanation.
Event, respectively. The erosion amount attributed to the first
two cooling events is a range of a few hundred meters. The
third cooling is likely the integrated consequence of erosion
combined with magmatic activities coeval with the Dongsha
Event, the erosion amount is thus difficult to decipher.

(iii) Time-temperature paths indicate heating up to

89°C—94°C of the Zhuhai samples and 101°C—128°C of the
Wenchang samples during geologic time, confirming the
necessary temperature for hydrocarbon generation of the
source rocks.
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