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Abstract

Based on high-resolution 3D seismic data acquired in the Pearl (Zhujiang) River Mouth Basin of the northern
South China Sea, this study investigated the geometry, spatial extension, and throw distribution of the post-rift
normal fault through detailed seismic interpretation and fault modeling. A total of 289 post-rift normal faults were
identified in the study area and can be classified into four types: (1) isolated normal faults above the carbonate
platform; (2) isolated normal faults cutting through the carbonate platform; (3) conjugate normal faults, and (4)
connecting normal faults. Throw distribution analysis on the fault planes show that the vertical throw profiles of
most normal fault exhibit flat-topped profiles. Isolated normal faults above the carbonate platform exhibit roughly
concentric ellipses with maximum throw zones in the central section whereas the normal faults cutting through
the carbonate platform miss the lowermost section due to the chaotic seismic reflections in the interior of the
carbonate platform. The vertical throws of conjugate normal faults anomalously decrease toward their
intersection region on the fault plane whereas the connecting normal faults present two maximum throw zones in
the central section of the fault plane. According to the symmetric elliptical distribution model of fault throw, an
estimation was made indicating that normal faults cutting through the carbonate platform extended downward
between −1 308 s and −1 780 s (two-way travel time) in depth and may not penetrate the entire Liuhua carbonate
platform. Moreover, it is observed that the distribution of karst caves on the top of the carbonate platform
disaccord with those of hydrocarbon reservoirs and the post-rift normal faults cutting through the carbonate
platform in the study area. We propose that these karst caves formed most probably by corrosive fluids derived
from magmatic activities during the Dongsha event, rather than pore waters or hydrocarbons.
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1  Introduction
Analyzing the geometry and displacement distribution of nor-

mal faults is helpful for understanding their nucleation and de-
velopment processes (Hull, 1988; Walsh and Watterson, 1989).
The sizes of fault displacements also affect the sealing capacity
and permeability of faults, which play an important role in hydro-
carbon accumulation and evaluation (Aydin, 2000; Færseth et al.,
2007; Song et al., 2022). Early studies found that the displace-
ment on the fault plane of a single normal fault gradually de-
creases from the maximum value at the center to zero at the fault
tips, roughly forming a concentric ellipse (Rippon, 1984; Walsh
and Watterson, 1987, 1988). An ideal elliptical model of normal
fault throw distribution was proposed and has been used to re-
veal the relationships of fault throw with the extension on the
map view (Watterson, 1986; Walsh and Watterson, 1987, 1988;
Barnett et al., 1987; Trudgill et al., 1994; Willemse et al., 1996;
Walsh et al., 2003; Kim and Sanderson, 2005; Wibberley et al.,

2008), the fault fragmented zone (Knott et al., 1996; Shipton and
Cowie, 2001; Fossen, 2016), and the shear modulus (Walsh and
Watterson, 1989), in order to analyze fault displacement accumu-
lation process and to predict the geometric structure of faults
(Nicol et al., 2017). Subsequently, improved models were pro-
posed to study the differential increasing distribution of fault
throw in the process of fault linkage (Peacock and Sanderson,
1991), and to divide the growth stages of idealized extensional
fault arrays by analyzing the cumulative fault throw and displace-
ment distribution changes during fault growth (Kim et al., 1994;
Cowie et al., 2001; Palumbo et al., 2004; Roberts et al., 2004; Dav-
is et al., 2005; Jackson et al., 2017; Rotevatn et al., 2019).

In recent years, the displacement distribution and growth
activity of normal faults have been widely concerned in the
northern South China Sea (SCS) in recent years. Huang et al.
(2018) studied the growth stage and active characteristics of the
normal oblique-slip faults at the Enping Sag in the Pearl River
(Zhujiang) Mouth Basin (PRMB) by using the fault displacement  
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distribution along the strike and expansion index (EI). Hu et al.
(2021) studied the two-dimensional (2D) geometry and kinemat-
ics of the basin-controlling faults in the Qiongdongnan Basin us-
ing the throw-depth (T-z) plots and EI. Dai et al. (2022) used the
EI and 2D seismic interpretation to analyze the growth and link-
age of the main-controlling faults at the Lufeng Sag in the PRMB
and provided a three-dimensional (3D) temporal-spatial evolu-
tion process of the normal fault system. However, few studies fo-
cused on the 3D spatial characteristics and displacement distri-
bution on the fault plane of normal faults in the SCS. Particularly,
it is very indistinct for the displacement distribution regularity on
the fault plane of the post-rift normal faults in the SCS, which
heavily hinders the assessment of post-rift carbonate reservoir
properties in the northern SCS.

Post-rift carbonate reservoirs in the Liuhua 11-1 oilfield, situ-
ated in the PRMB, represent a significant development and con-
stitute the largest offshore oilfield in China (Sun et al., 2013).
Abundant karst caves were observed at the top of the carbonate
platform (Sun et al., 2013; Chen et al., 2015). However, contro-
versy exists surrounding the processes governing the formation
of these karst caves. Sun et al. (2013) suggested that they caves
resulted from corrosive fluids originating from magmatically hy-
drothermal activity and oil/gas, while Chen et al. (2015) pro-
posed that they were formed by corrosive fluids derived from
pore waters in the sandstones below the carbonate reservoirs and
bacterial degradation of oil.

Utilizing high-resolution 3D seismic data, this study aims to
characterize the 2D and 3D distribution of post-rift normal faults
in the Liuhua area of the PRMB in order to analyze the displace-
ment distribution on the fault planes of different normal faults.
Subsequent discussions will focus on how deep the post-rift nor-
mal faults cutting through carbonate platforms extend down-
ward, aiming to propose an alternative genetic model for the
karst caves to provide a typical example that maybe useful for
petroleum development in carbonate oilfields.

2  Geological settings
As one of the largest marginal seas in the western Pacific, the

SCS is located at the interaction region of the Eurasian, Indo-Aus-
tralian, and Philippine Sea Plates (Wang et al., 2023b). It is
bordered by the South China Plate in the north, the Ailao Shan-
Red River Shear Zone and the East Vietnam Fault in the west, the
Palawan and Borneo Islands in the south, and the Manila Sub-
duction Zone in the east (Gao et al., 2019; Sun et al., 2022). Based
on bathymetric, gravity, and magnetic surveys, the SCS Basin can
be divided into the East Subbasin, Northwest Subbasin, and
Southwest Subbasin (Taylor and Hayes, 1983; Briais et al., 1993;
Nissen et al., 1995a; Nissen et al., 1995b; Li et al., 2014; Gao et al.,
2019). The SCS has experienced multiple tectonic activities, in-
cluding rifting from the Late Cretaceous to the Oligocene and
subsequent seafloor spreading until the early to middle Miocene.
Despite still being controversial, the ages of seafloor spreading of
the SCS were cited by most authors to start from ~33–34 Ma and
to terminate at 15–16 Ma after the IODP 349 Expedition (e.g., Li
et al., 2012, 2014, 2015 and 2021; Wu et al., 2014; Lester et al.,
2014; Fan et al., 2017; Larsen et al., 2018; Zhang et al., 2018; Gao
et al., 2019; Song et al., 2019; Deng et al., 2020; Wang et al.,
2023b).

A series of Cenozoic sedimentary basin were formed in the
northern passive margin after rifting and seafloor spreading of
the SCS, including the Beibuwan Basin, Qiongdongnan Basin,
PRMB, and Taixinan Basin (Sun et al., 2009). The PRMB oriented
to northeast−southwest has experienced six important tectonic
events with the northern SCS (named the Shenhu Event,

Zhuqiong Ⅰ Event, Zhuqiong Ⅱ Event, Nanhai Event, Baiyun
Event, and Dongsha Event) (Fig. 1a; Gao et al., 2015). It can be di-
vided into secondary tectonic units, including the Northern Fault
Terrace, Zhu Ⅰ to Zhu Ⅲ Depressions, Shenhu-Ansha Rise,
Panyu Swell, Dongsha Rise, Chaoshan Depression, and Southern
Rise (Shi et al., 2005). Our study area is located at the southwest-
ern Dongsha Rise and near the Baiyun Sag (Fig. 1b). The Liuhua
11-1 oilfield, which is the largest offshore oilfield in China, is situ-
ated in the study area (Sun et al., 2013). Based on the geological
and seismic data, it was believed that three tectonic events oc-
curred in the PRMB before Dongsha Event, namely the Zhuqiong
Event, the Nanhai Event and the Baiyun Event (Dong et al., 2009).
During this stage, faults emerged along the NE and NEE direc-
tions, leading to the formation of a series of anticlines, synclines,
and half-grabens (Wang et al., 2021). Subsequently, the NW and
NWW-oriented faults, characterized primarily by extension and
oblique extension, are developed nearly parallel to the northern
margin of the SCS. These faults occurred later than the NE and
NEE-oriented faults and are believed to have formed during the
Dongsha Event. (Lüdmann and Wong, 1999; Zhao et al., 2012;
Chen et al., 2015).

3  Data and methods
This study used high-resolution 3D seismic data covering an

area of 813 km2 with a grid cell size of 18.75 m × 12.5 m and at a
water depth of ~300 m in the Liuhua oilfield of the western Dong-
sha Rise (Fig.1; Wu et al., 2014). The seismic data exhibited a fre-
quency bandwidth of 45−100 Hz with a dominant frequency of
75 Hz (Sun et al., 2013; Wu et al., 2014; Chen et al., 2015). The ver-
tical resolution of this data is around ~8−10 m. Boreholes and log
data of LH11-1-1A and LH11-1-2 were used to interpret the se-
quence stratigraphy (Sun et al., 2013; Wu et al., 2014). Details of
the seismic processing flow were unavailable to our study and the
seismic data were interpreted on GeoEast 3.0.

Seven seismic reflections have been identified in the Cenozo-
ic sedimentary section of the PRMB (Fig. 2). Among them, Re-
flector T40 (16.5 Ma) is the top boundary of the Zhujiang Forma-
tion that consists of a set of marine carbonate rocks and is one of
the primary reservoirs in the study area (Chai, 2014). Reflector
T30 (5.5 Ma) is the main post-rift unconformity in the study area
after the seafloor spreading and is related to the Dongsha Event
(Wu et al., 2014). Between Reflectors T40 and T30, another two
seismic reflectors were also identified based on their variable
amplitude and frequency seismic facies in the study area (Sun
et al., 2013; Chen et al., 2015).

Coherence volumes, 3D visualizations and 3D mesh model-
ing were performed to characterize the detailed geometry of the
post-rift normal faults and sub-circular holes in the study area.
Vertical throw values of the horizons were measured on the nor-
mal faults using seismic images perpendicular to the fault strike
with each of the 10 traces (Fig. 3a). It displayed as T-z plots and
contoured fault plane projections following the standard pro-
cesses outlined by Barnett et al. (1987), Cartwright et al. (1998),
and Baudon and Cartwright (2008) (Figs 3b, c, and d).

Previous studies have verified that the T-z plots show very
similar overall patterns in both time and depth (Baudon and
Cartwright, 2008; Hu et al., 2021). Therefore, to simplify the fault
analysis, this study will not convert the vertical throw-in values of
two-way travel time (hereafter, TWT) into depth.

Uncertainties of fault throw measurement are related to
sampling interval and differential sedimentary compaction
between hanging-wall and footwall (Baudon and Cartwright,
2008; Giba et al., 2012; Hu et al., 2021). Baudon and Cartwright
(2008) estimated that the maximum errors in the fault throw
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measurement are a fixed value of 2 ms (TWT). The sampling in-
terval determines the accuracy of throw measurements when dis-
tinctive and continuous seismic reflections marking and tying the
horizons around faults eliminate correlation uncertainties
(Baudon and Cartwright, 2008). Inaccuracy due to the differen-
tial can be ignored because of small throw values and minor
compaction loss (Baudon and Cartwright, 2008; Hu et al., 2021).
Fault drag can also lead to throw measurement inaccuracy due to
seismic imaging artifacts (Baudon and Cartwright, 2008; Wibber-
ley et al., 2008). Therefore, in this study, throw values were meas-
ured at the fault tips with distinctive and continuous seismic re-
flections and were made at the inflection points closest to the ap-
parent hanging-wall and footwall cut-offs as in previous studies
(e.g., Baudon and Cartwright, 2008; Hu et al., 2021).

4  Results

4.1  General distribution and geometry of post-rift normal faults
A total of 289 post-rift normal faults were identified in the 3D

seismic survey and most are located in the northeastern, central,
and southwestern part of the study area (Figs 4a, b). In plan view,
these normal faults are mainly oriented NWW-SEE and NW-SE
(Figs 4a, b, and c). Among them, about 193, 50, and 23 normal
faults are striking N105°−N120°, N130°−N135°, and N90°−N105°,
respectively (Fig. 4c). The rest 23 normal faults are oriented to
NEE-SWW direction. They consist of complex arrays like horse-
tail and en-echelon structures (Figs 4a, b).

The longest fault is fault 147, which is located at the central
part of the study area and has a length of ~8.4 km in a NWW−SEE
direction and with a maximum vertical throw of 38.96 ms (TWT)
(Fig. 4a). Fault 279 extending ~7.5 km long has a largest vertical
throw of 136 ms (TWT), is oriented to NEE−SWW, and formed a
small half-graben-like structure (Figs 4a, d).

In a cross-sectional view, the post-rift normal faults in the Li-
uhua area are mainly developed in sedimentary layers bounded
by Reflectors T30 and T40 (Fig. 4d). The upper-tip lines of many
normal faults are located near or below Reflector T30 while oth-
ers are located at different stratigraphic intervals between Re-
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flectors T32 and T40. The lower-tip lines are mainly located be-
low Reflectors T35 and T40. Some normal faults extend upward
to offset Reflector T30 and downward to cut off Reflector T40 and
penetrate into the interior of the carbonate platform. Corres-
pondingly, their upper-tip lines are located above Reflector T30
and lower-tip lines may not be observed due to the chaotic seis-
mic reflections (Figs 4d and 5). Besides, these faults present isol-
ated, “Y”-shaped, “X”-shaped conjugate, and negative flower-like
structural combinations that correspond to the horsetail struc-
tures in plan view (Figs 4a, b and 5).

4.2  Detailed geometry and vertical throw analysis of typical nor-
mal faults
According to the faults geometries, vertical throw distribu-

tions, and relationship to Liuhua carbonate platform, this study
divided the post-rift normal faults into four types: (1) isolated
normal faults above the carbonate platform; (2) isolated normal

faults cutting through the carbonate platform; (3) conjugate nor-
mal faults, and (4) connecting normal faults.

4.2.1  Isolated normal faults above the carbonate platform (fault 17)
Fault 17 is located east of the study area, striking the NEE-

SWW with a maximum length of 3.38 km (Figs 4a and 6a). Its up-
per-tips terminate above Reflector T30, and lower-tips are mainly
located below Reflector T35 (Fig. 6b). The maximum extension
depth reaches −1 219 ms (TWT) at cross-lines 1 410 to 1 420.

Vertical throw distribution plots of fault 17 present relatively
flat-topped profiles which are similar to those defined with M-
type by Muraoka and Kamata (1983) (Fig. 6c). The throw distri-
bution contours of fault 17 formed a quasi-elliptical shape for the
entire fault plane where vertical throw contours largely centred
on a maximum throw zone of 9 ms (TWT) (Fig. 6d). A typical fea-
ture is that the throw contours on the upper portion are more
closely spaced than those on the lower portion (Figs 6c, d). The
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Fig. 2.   Cenozoic stratigraphic column with formations, main seismic reflections, and tectonic events of the Pearl River(Zhujiang)
Mouth Basin (modified from Wu et al., 2014 and Gao et al., 2015).
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fault throws increase from 0 ms to 6 ms (TWT) with an average
gradient of 0.3 in the upper-tip regions between −561 ms and
−581 ms (TWT, 3% of the fault height). In the central section of
vertical throw distribution plots (63% of the fault height), little
throw variation is observed (Figs 6c, d). The fault throws between
−581 ms and −667 ms (TWT, 12% of the fault height) increase
from 6 ms to 9 ms (TWT) with an average gradient of 0.034 and
they decrease from 9 ms to 6 ms (TWT) with an average gradient

of 0.012 between −735 ms and −985 ms (TWT, 39% of the fault
height). The lower-tip regions between −985 ms and −1 219 ms
(TWT, 35.2% of the fault height) show an average throw gradient
of 0.026 with fault throws decreasing from 6 ms (TWT) to 0 ms.

4.2.2  Isolated normal faults cutting through the carbonate plat-
form (fault 19)

fault 19 is located south of the study area, striking the NEE-
SWW with a maximum length of 2.12 km (Figs 4a and 7a). Its up-
per-tips terminate below Reflector T30 and its lower-tips are
mainly located near Reflector T30 (Fig. 7b). This fault extends
downward to the interior of the Liuhua carbonate platform from
cross-lines 1 700 to 1 760. The maximum observed fault throw is
19.08 ms (TWT).

Vertical throw distribution plots of fault 19 also show relative
flat topped profiles (M-type) (Fig. 7c). Its throw distribution con-
tours exhibit an approximately elliptical shape for the entire fault
plane which is similar to that of fault 17 (Figs 6d and 7d).
However, the lowermost section of the vertical throw distribu-
tion is missing due to the chaotic seismic reflection of the car-
bonate platform (Figs 7b, c, and d). The core of vertical throw
contours is characterized by a maximum throw zone of 12 ms
(TWT) (Fig. 7d). In the upper-tip region between −583 ms and
−614 ms (TWT, 3% of the fault height), the fault vertical throws in-
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crease from 0 ms to 9 ms with a gradient of 0.19 (Figs 7c, d). In the
central section of vertical throw distribution plots (87 % of the
fault height), the throw gradient slowly varies from 9 ms to 19 ms
(maximum fault throw) with an average value of 0.017 between
−614 ms and −1 173 ms (TWT, 65% of the fault height) (Figs 7c, d).

4.2.3  Conjugate normal fault (fault 276)
Fault 276 is located northeast of the study area, oriented to

the NEE-SWW with a maximum length of 3.18 km and an ob-
served maximum vertical throw of 14.98 ms (TWT) (Figs 4a and
8a). Its upper-tips also terminate below Reflector T30 and its
lower-tips are mainly located above Reflector T40. It conjugates
another normal fault with opposite dip from cross-lines 1 780 to
1 830 (Fig. 8d).

Vertical throw distribution plots and contours of fault 276 ex-
hibit intense variations on the fault plane (Figs 8b, c). The fault
throw abruptly changes to 0 ms in the intersection region of two
conjugate faults (Figs 8b, d). The maximum throw zone (9 ms,
TWT) is located in the lower section of vertical throw distribution
contours on the fault plane (Fig. 8c), which is different from those
of faults 17 and 19 described above (Figs 6d and 7d). From cross-
lines 1 750 to 1 800, the 6 ms throw contour bends toward the
maximum throw zone and the corresponding throw gradient de-
creases from 0.15 at cross-line 1 760 to 0.017 at cross-line 1 770
(Figs 8b, c). A small concentric ellipse can be observed from
−1 169 ms to −1 202 ms (TWT) in depth between cross-lines 1 810

and 1 840. The fault throws in the core is 0 ms, corresponding to
the intersection region of two faults. The fault throws of concent-
ric ellipse gradually increase from cross-lines 1 820 to 1 760,
which almost dividing the maximum throw zone of 9 ms (TWT)
into two sub-zones.

4.2.4  Connecting normal faults (fault 13)
Fault 13 is located southeast of the study area, oriented to the

E-W with a maximum length of 2.83 km (Figs 4a and 9a). Its up-
per-tips terminate below Reflector T30 and lower-tips are loc-
ated at different stratigraphic intervals within the Middle Mio-
cene bounded by Reflectors T32 and T40 (Fig. 9b). The maxim-
um extension depth reaches −1 383 ms (TWT) at cross-lines 1 150
to 1 170.

Vertical throw distribution plots of fault 13 exhibit relatively
flat-topped profiles (M-type) (Fig. 9c) like those of fault 17 and 19
(Figs 6c and 7c). Its throw contours exhibit two segments charac-
terized by approximately concentric ellipses and separated by
minimal throw a zone of 0 −3 ms (TWT) on the fault plane
(Fig. 9d). One segment is located between cross-lines 1 080 and
1 130 (left segment) and the other lies between cross-lines 1 140
and 1 220 (right segment). The former maximum throw zone of
9 ms (TWT) is located at −908 ms to −1 111 ms (TWT) between
cross-lines 1 100 and 1 120 while the latter maximum throw zone
lies at −774 ms to −1 270 ms (TWT) between cross-lines 1 160 and
1 190, which means that the maximum throw zone region of the
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left segment is smaller than that of the right segment.
The fault throws increase from 0 ms to 6 ms (TWT) between -

590 ms and −730 ms (TWT, 19% of the fault height) in the upper
section of the left segment, displaying an average throw gradient
of 0.042. However, the same fault throws variation only occurred
in the upper-tips regions between −576 ms and −602 ms (TWT,
3% of the fault height) in the upper section of the right segment
(Figs 9c, d), showing an average throw gradient of 0.23. In the
central section of vertical throw distribution (6 − 9 ms, TWT), the
average throw gradient of the left segment is 0.016 between −730
ms and −908 ms (TWT, 24% of the fault height) while it is 0.023 in
the right segment between −683 ms and −811 ms (TWT, 15.9% of
the fault height). Towards the lower section of vertical throw dis-
tribution, the fault throws decrease from 6 ms to 0−3 ms (TWT)
between −1 128 ms and −1 139 ms (TWT) in depth, increase from
0 − 3 ms to 3 ms (TWT) between −1 139 ms and −1 167 ms (TWT),
and then decrease to 0 ms at the depth of −1 308 ms (TWT) in the
left segment. Correspondingly, the average throw gradient
changes from 0.27, to 0.1, and to 0.021. In the right segment, the
fault throws decrease from 6 ms (TWT) to 0 ms in lower-tip re-
gions between −1 349 ms and −1 380 ms (TWT, 3% of the fault
height) with an average gradient of 0.19.

5  Discussion

5.1  Extended depth of post-rift normal faults in the interior of the
Liuhua carbonate platform
Our results show that many post-rift normal faults cut off Re-

flector T40 and extended downward into the Liuhua carbonate

platform (Figs 4 and 5). However, the extended depth of these
normal faults is difficult to recognize due to the chaotic seismic
reflections in the interior of the carbonate platform. This brings
challenges and uncertainty in evaluating the qualities and poten-
tialities of the Liuhua carbonate reservoirs. Therefore, based on
the symmetric characteristics of the ideal elliptical model of nor-
mal fault throw distribution (e.g., Cartwright et al., 1995; Baudon
and Cartwright, 2008; Fossen, 2016), this study estimated the ex-
tended depth of normal faults that penetrated into the carbonate
platform below Reflector T40 to explore whether these normal
faults have cut off the entire carbonate reservoir.

We selected four typical post-rift normal faults including fault
19, which cut through the carbonate platform and are located at
different regions of the study area (Fig. 4a). Faults 217, 139, and
89 show approximately elliptical shapes for the entire fault planes
as the fault 19 (Fig. 10). The fault throw contours of Fault 19 show
that the uppermost-tip is at the depth of a −585 ms (TWT) and the
core is located at the depth of a −630 ms to −1 149 ms (TWT)
(Figs 6d and 10a), indicating that the lowermost-tip of the fault in
the carbonate platform was estimated to be from −1 442 ms
to −1 569 ms (TWT) (Fig. 10a).

Similarly, the uppermost-tips of faults 217 and 139 are also
at −583 ms (TWT) in depth (Figs 10b, c), but their cores are loc-
ated at depths of −928 ms to −1 259 ms (TWT) and −978 ms to
−1 486 ms (TWT), respectively. These mean that the two faults
have probably extended downward to −1 380 ms to −1 610 ms
(TWT) and −1 714 ms to −1 780 ms (TWT) in the carbonate plat-
form (Figs 10b, c).

The fault throw contours of fault 89 show that the uppermost-
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tip is located at −581 ms (TWT) and the core lies between −839 ms
and −974 ms (TWT) in depth (Fig. 10d), which mean that the
lowermost-tip of this fault was estimated to locate between
−1 308 ms and −1 410 ms (TWT).

The analysis estimated that the lowermost-tips depth of post-
rift normal faults is mainly located between −1 308 ms to
−1 780 ms (TWT). Previous seismic profiles calibrated by the Well
LH1-1-2 show that Reflector T60 marked the bottom of the Li-
uhua carbonate platform. This bottom boundary is calculated to
be about −1 611 ms to −1 760 ms (TWT) in the study area (Chai,
2014; Chen et al., 2015). Therefore, it seems that these post-rift
normal faults may not entirely penetrate through the carbonate
platform while they may cause the destruction and redistribu-
tion of oil and gas reservoirs in the Liuhua area.

5.2  Formation mechanisms of karst caves at the top of the Liuhua
carbonate platform
High-resolution 3D seismic data show that abundant karst

caves developed at the top of the Liuhua carbonate platform
(Figs 4a and 11) and have been described by Sun et al. (2013) and
Chen et al. (2015) in detail. These karst caves were suggested to
be formed by the dissolution and collapse of the carbonate plat-
form (Sun et al., 2013; Chen et al., 2015), where post-rift normal
faults were proposed to serve as pathways for corrosive fluids
(Chen et al., 2015). However, our 3D distribution model of post-
rift normal faults and amplitude coherence slice show that the
distribution extent of these normal faults cutting through the car-

bonate platform is not well consistent with developed locations
of karst caves (Figs 4a, 4b, and 11). Particularly, normal faults are
densely distributed in the southwest part of the study area, yet no
karst caves have developed. In contrast, karst caves are relatively
well-developed in the northwestern part, where only a few nor-
mal faults are distributed (Figs 4a and 11).

Additionally, karst cave without normal faults connected has
been observed on continuous seismic profiles, which is de-
veloped in the interior of the carbonate platform, penetrated
through Reflector T40 (top of platform), and continued to extend
upward into the middle Miocene strata (Fig. 12). Despite the ad-
vantages of the ideal elliptical model for normal fault throw dis-
tribution discussed earlier, the post-rift normal faults may lack
sufficient depth extension to cut through the carbonate platform
completely (Fig. 10) Although the pore water of sandstones was
speculated underlying the carbonate reservoirs according to the
logging data of wells LH11-1-1A and LH11-1-2 (Zampetti, 2005;
Chai, 2014; Chen et al., 2015), There seems to be insufficient evid-
ence to agree that faults can serve as an effective pathway for mi-
grating the deep pore water to form karst caves.

Previous studies showed that oil/gas reservoir was located in
the structural highs of our study area (Fig. 13a). The migration
direction of oil and gas was from the northwest (Huizhou Sag)
and the migration time of oil is inferred to have taken place dur-
ing the middle-late Miocene (Li, 2010; Chai, 2014; Jiang et al.,
2015). The oil and gas accumulation zone, characterized by
structural highs, is mainly located in the northeastern part of the
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study area, where only a few karst caves are developed (Fig. 13a).
These indicate that the oil and gas accumulation zone is not in
good accordance with the distribution of karst caves and carbon-
ic acid corrosion derived from hydrocarbons is not the main
factor in the formation of these karst caves.

The formation time of karst caves is mainly in the late Mio-
cene to early Pliocene (Chen et al., 2015), corresponding to the
Dongsha Event that had occurred from 10.5 Ma to 5.5 Ma and
were characterized by intense faulting re-activation and late Neo-
gene magmatic activities (Lüdmann and Wong, 1999; Wu

et al., 2014). In particular, our study area is located at the mag-
matic belt (Fig. 13b). Previous studies have suggested that large
volumes of porosity formed during the burial stages in carbonate
reservoirs are believed to result from the mixing corrosion caused
by formation fluids and externally sourced fluid at higher temper-
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Fig. 11.   3D spatial distribution of normal faults cut off carbonate
platform and karst caves. White irregular circles indicate the loc-
ations of karst caves.
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atures (Esteban and Taberner, 2003) and one of the more obvi-
ous characteristic is the low value of fluid microthermometry
δ18O. Sattler (2004) found that the carbonate rocks in the Liuhua
area exhibit significantly low values of δ18O through chemical
analysis of the logging curve (LH-11-1-4, LH-11-1-1A, LH-11-1-3)
and core materials. Saddle dolomite, which was thought to be a
high-temperature product, has been found in the core wafer. The
presence of saddle dolomite is believed to be associated with the
Miocene volcanic activity in the SCS (Radke and Mathis, 1980;
Sattler et al., 2004). In the Liuhua region, it is believed that sec-
ondary cavities in the carbonate platform underwent dissolution
modification after the compaction process, exhibiting character-
istics indicative of later-stage dissolution in deep burial condi-
tions (Hu, 2016). These evidences all support hydrothermal activ-
ity at high temperatures in the Liuhua area.

Furthermore, magmatic activities also can generate hydro-
thermal fluids containing H2O, CO2, CO, SO2, CH4, and HCl
through magma degassing and metamorphic dehydration reac-
tions of sediments surrounding the magma during and after mag-

matic activities (Westrich and Gerlach, 1992; Villemant and
Boudon, 1999; Allard et al., 2005; Hansen, 2006; Aarnes et al.,
2010; Iyer et al., 2013; Magee et al., 2017; Gao et al., 2019). These
fluids could produce local overpressures to drive themselves up-
ward or flow horizontally (Gao et al., 2019), can be the source of
acidic fluids. Therefore, we inferred that magmatic activities oc-
curred in the Dongsha Event produced hydrothermal fluids
which provided the main source of the corrosive fluid to form the
karst caves in the Liuhua carbonate platform.

In summary, we provide the following scenario to illustrate
the formation of karst caves in the Liuhua carbonate platform
(Fig. 14). In the middle Miocene, the carbonate platform of Zhuji-
an Formation developed on the sandstone layers of the Zhuhai
Formation and the basement blocks was drowned with the rapid
sea level rising and was covered by thick mudstones (Fig. 14a;
Chen et al., 2015). During the middle-late Miocene, oil and gas
formed in the Huizhou Sag migrated from the northwest to the
study area and accumulated in the structural highs of the Liuhua
carbonate platform (Sun et al., 2013; Jiang et al., 2015). In the late
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Miocene, the Dongsha Event occurred and caused a series of
NWW-trending faults and triggered a large amount of magmatic
activities (Fig. 14b). Abundant hydrothermal fluids were released
from magma and surrounding heated sediments and accumu-
lated into large volumes to cause over-pressures. These local
over-pressures drove the hydrothermal fluids to migrate upward
into the carbonate platform and to cause the dissolution and col-
lapse of the carbonate rocks (Fig. 14b). The dissolution and col-
lapse in the carbonate platform continued from the late Miocene
to the early Pliocene, which formed a great number of karst caves
on the top of platform combing with the oil and gas corrosive flu-
ids (Fig. 14c).

6  Conclusions
This study provided detailed interpretations for the post-rift

normal fault in the Liuhua carbonate platform of the PRMB,
northern SCS, including geometric shape, spatial distribution,
and fault throw distribution. The results indicate the following:

(1) A total of 289 post-rift normal faults were identified in the
study area. Theses faults consist of complex arrays like horsetail
and en echelon structures that are mainly oriented to NWW−SEE
and W-E direction while few of them are in NEE-SWW direction
in plan view. They are mainly located between Reflectors T30 and

T40 in cross-section view. Some extended upward above Reflect-
or T30 and penetrated downward into the carbonate platform be-
low Reflector T40.

(2) The post-rift normal faults in the study area can be classi-
fied into four types: ① isolated normal faults above the carbon-
ate platform; ② isolated normal faults cutting through the car-
bonate platform; ③ conjugate normal faults, and ④ connecting
normal faults. The fault throw contours of the first type present a
roughly concentric ellipse with a maximum throw zone on the
fault plane. The fault throw distribution on the fault plane of the
second type shows similar characteristics to that of the first type
but misses the lowermost section because their fault planes are
difficult to recognize in the carbonate platform with chaotic seis-
mic reflections. The fault throw contours of the third and fourth
types of normal faults do not exhibit classical concentric ellipse
as those of the first and second types. The vertical throws of con-
jugate normal faults anomalously decrease toward their intersec-
tion region on the fault plane, whereas the connected normal
faults present two maximum vertical throw zones in the central
section of the fault plane.

(3) The extended depth of post-rift normal faults cutting
through the carbonate platform is estimated from −1 308 ms and
−1 780 ms (TWT) using the symmetric elliptical distribution mod-
el of fault throw. This means that these normal faults may not
penetrate through the entire Liuhua carbonate platform but
probably cause the destruction and redistribution of oil and gas
reservoirs in the study area.

(4) We proposed that the hydrothermal fluids derived from
magmatic activities induced by the Dongsha Event are the main
factor in the karst caves at the top of the Liuhua carbonate plat-
form, whereas the oil and gas corrosive fluids play a positive and
additional role. The local over-pressures formed the hydrotherm-
al fluids and drove themselves upward into the carbonate plat-
form which caused dissolution and collapse. Our study high-
lights the dissolution of carbonate reservoirs and the extension of
post-rift normal faults should be taken into account considered
when assessing the carbonate reservoir heterogeneity and con-
nection in the offshore oilfields with similar characteristics in
China and the world.
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