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Nan’an Basin is a giant hydrocarbon basin, but its tectonic division scheme and associated fault systems
has not been well understood. Based on newly acquired seismic data from the southwestern margin of
the South China Sea, this study analyzed the structural units, tectonic feature and geodynamics of the
sedimentary basin. The new data suggests that the Nan’an Basin is a rift basin oriented in the NE-SW
direction, rather than a pull-apart basin induced by strike-slip faults along the western margin. The
basin is a continuation of the rifts in the southwest South China Sea since the late Cretaceous. It
continued rifting until the middle Miocene, even though oceanic crust occurred in the Southwest Sub-
basin. However, it had no transfer surface at the end of spreading, where it was characterized by a late
middle Miocene unconformity (reflector T3). The Nan’an Basin can be divided into eight structural units
by a series of NE-striking faults. This study provides evidences to confirm the relative importance and
interplay between regional strike-slips and orthogonal displacement during basin development and
deformation. The NE-SW-striking dominant rift basin indicates that the geodynamic drivers of tectonic
evolution in the western margin of the South China Sea did not have a large strike-slip mechanism.
Therefore, we conclude that a large strike-slip fault system did not exist in the western margin of the
South China Sea.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction Cenozoic could be an important mechanism that induced the

opening of the South China Sea (Tapponnier et al., 1982). The pull-

The western margin of the South China Sea (SCS) is thought to
be formed by strike-slip movement offshore Vietnam (Tapponnier
et al., 1982; Rangin et al., 1995; Yao et al., 2005; Savva et al.,
2014). The strike-slip fault extends from the Red River Fault via
the East Vietnam Fault and is connected to the Lupar Fault to the
south (Morley, 2002; Liu et al., 2004; Qiu et al., 2005; Yao et al.,
2005). A giant strike-slip component that occurred in the

* Corresponding author. Laboratory of Geophysics and Georeouce, Institute of
Deep-sea Science and Engineering, China Academy of Science, Sanya, Hainan
572000, China.

E-mail address: swu@idsse.ac.cn (S.-G. Wu).

https://doi.org/10.1016/j.petsci.2022.08.036

apart basin, Wan’an (Nam Con Son) Basin, was formed by the
strike-slip fault (Yao et al., 2008, 2018). However, some other
studies have argued that the strike-slip fault did not have a large
strike-slip component during the Cenozoic because no apparent
strike-slip movement occurred during the Tertiary (Clift et al.,
2008; Cullen et al., 2010; Sun et al., 2011; Franke et al., 2014;
Morley, 2016).

Nan’an Basin, including Wan’an (Nam Con Son) and part of the
Nanwei Basin, is located at the tip of the Southeast Subbasin in the
South China Sea (Fig. 1a). It is a distal rifting basin that connects to
the continental-ocean boundary (COB) (Hall, 2002; Ding et al.,
2013; Gao et al., 2016; Yao et al., 2018; Song et al., 2019). Similar
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Fig. 1. (a) Tectonic location of Nan’an Basin, South China Sea. The upper left inset shows the regional plate tectonics of the SCS. The lower right legend is illustrations of the main
geologic symbols. The squares are the IODP/ODP sites. BB is Balingian Basin, CLB is Cuu Long Basin, ENB is East Natuna Basin, LB is Luconia Basin, LYB is Liyue Basin, NAB represents
Nan’an Basin, PRMB is Pearl River Mouth Basin, QDNB is Qiongdongnan Basin, TXNB is Taixinan Basin, YGHB is Yinggehai Basin, and ZMB represents Zengmu Basin. The box in-
dicates the location of the Nan’an Basin. The red solid lines indicate the major faults; (b) is structural units of Nan’an Basin, the geological section cross the Southwest Subbasin and
Nansha Block of the south margin. The top shows structural units of Nan’an Basin and the seismic track line positions mentioned in the text. Circles with a cross indicate drilling well
sites, purple lines indicate the locations of the seismic sections, red lines represent the faults, dot-dashed lines represent boundary of the second units of the sedimentary basin, and
the blue dashed line outlines the original Nam Con Son Basin (Matthews et al., 1997) and Nanwei Basin (Yao et al., 2005); Lower is the structural section across the Zengmu Basin
and Nan’an Basin, and see Fig. 1a for location. Bottom is the comprehensive profile across the Southwest Subbasin (Qiu et al., 2005).

to several deepwater basins (Zhang et al., 2019; Zhu et al., 2022),
this basin is rich in oil and gas, and several geophysical survey
cruises have been conducted since the 1980s (Matthews et al., 1997;
Yao et al., 2008; Cullen et al., 2010). Based on the geophysical data,
many geologists suggest that the basin was a strike-slip basin that
formed since the Eocene (Clift et al., 2008; Yao et al., 2008). How-
ever, new geophysical surveys executed by the GMGS (Guangzhou
Marine Geological Survey) indicate that the basin may extend
eastward to the Southwest Subbasin. Initial rifting sequences
existed during the late Cretaceous and early Eocene, but no typical
NS-striking slip fault controlled the basin boundary. Furthermore,
there are NE-striking rift faults controlled the main depressions of
the Nan’an Basin (Matthews et al., 1997; Morley, 2002). Therefore,
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the Nan’an Basin have been a NE-striking rift basin since the
Paleocene (Wu et al., 2016). It was the continuation of the South-
west Subbasin SCS during the rifting stage.

The Nan'an Basin is a key oil-bearing province to be confirmed if
it is a large strike-slip fault dominated pull apart basin or a rifting
basin. In this study, we studied the structural units, evolution of the
main fault, and geodynamics of the Nan’an Basin using newly ac-
quired seismic data. Furthermore, we discussed the Neogene tec-
tonic evolution of the western margin of SCS.

2. Geological setting

Nan’an Basin is located at the tip of the Southwest Subbasin in
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the SCS, adjacent to the Indo-China Peninsula of the Eurasian Plate,
which includes the Wan’an Basin (Nam Con Son Basin) (Fig. 1b)
(Matthews et al., 1997; Lee et al., 2001; Yao et al., 2008) and the part
of Nanweixi Basin (Peng et al., 2019; see also in Fig. 1b). The basin
extends from the continental shelf to the slope, and the maximum
water depth reaches 1800 m. The basement of the Nan’an Basin is
composed of Hercynian-Indosinian metamorphosed rocks and the
Yanshan volcanic arc (Yan et al., 2014). However, middle Jurassic to
late Cretaceous granite and diorite (178 + 5 Ma—97 + 3 Ma) were
encountered in more than 20 drilling wells in the sedimentary
basin. The rift sequence of the Nan’an Basin is older than that of Cuu
Long Basin (Fig. 1a), but previous articles have taken unexpected
different views of Neogene tectonic movement (Matthews et al.,
1997; Li et al., 2013). The early Oligocene extension in the Cuu
Long Basin was relatively weak, with little expansion during the
Oligocene fault period. However, at least two Neogene rifting stages
occurred in Nan’an Basin, which underwent lateral extension (Yao
et al., 2005), especially during the middle Miocene extension as
imaged by the seismic profiles. Breakup unconformities are widely
distributed during early Oligocene. The middle Miocene (10.5 Ma)
unconformity marked the tectonic inverse of significant middle
Miocene rifting. Although the lower Miocene Wan’an Formation
was considered postrifting sequence, the last phase of rifting was
identified in the middle Miocene Lizhun Formation and late
Miocene Kunlun Formation between 15.5 and 10.5 Ma. The last
rifting phase unconformity occurred in latest Miocene (Fig. 2). This
means that the main rifting phase lasted from the Eocene to the
middle Miocene. Interestingly, all the structures were active in
reflector T3. The Nan’an Basin experienced post-rift subsidence in
the early Miocene, followed by extension from the middle Miocene
to 10.5 Ma, and then ended.

3. Cenozoic sequence stratigraphy
3.1. Seismic reflectors and unconformities

Based on the seismic interpretation of the Nan’an Basin, seven
seismic reflectors have been discerned in the basin: seismic re-
flectors Ty, Ty, T3, T%, T4, Ts and Tg (Wu et al.,, 2016; Yao et al., 2005;
Lunt, 2019; see also Figs. 2—7). The stratigraphic division initial
referred to Wu (1997). Recently, Dung et al. (2018) redefined the
reflectors based on the drilling wells. Reflecor T; reflected the un-
conformity and relative conformity induced by eustasy curve. It
represents the boundary (1.8 Ma) between Quatenary and Pliocene.
Reflector T, is widely unconformity in the Nan’an Basin. It was
named Guangya event (Yao et al., 2008) and corresponded to 5.3
Ma. Reflector T3 was an important unconformity in the Nan’an
Basin, and represented the beginning of collision between the
Borneo and Nansha Block. Reflector T3 was the spreading end of the
Southwest Subbasin at 16.5 Ma. Maybe the tectonic postpone led to
occurrence of local unconformity. Reflector T4 represented the
breakup of the Southwest Subbasin which has great effect on the
Nan'’an Basin. It was encountered by drilling wells, and its age was
23.3 Ma between Oliogocene and early Miocene. Reflector Ts and Tg
beneath the reflector T4 has no drilling well control, but shows
strong reflection on the seismic profiles (Figs. 3—7).

The reflector T; unconformity represents the boundary between
the Quaternary and Pliocene. It occurred within the sedimentary
depression and varied in thickness from the shelf to the slope basin.
It was characterized by typical foreset cross-bedding sequences and
by high frequencies, large amplitudes, and continuity. A deep-water
channel system occurs in a local slope canyon that is parallel to the
Southwest Subbasin.

Reflector T, corresponds to the boundary between the Pliocene
and upper Miocene. Reflector T has a large amplitude and good
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continuity in the continental shelf. It was characterized by two sets
of reflection waves in the continental slope which have moderate
amplitudes, low to middle frequencies, and are very continuous.
The sequence varied from continental shelf to slope facies and was
characterized by onlap in the basin margin due to rising sea level.

Reflector T3 is an important unconformity between the upper
and middle Miocene, and may be related to the Borneo orogeny
(Madon et al., 2013). It has moderate to large amplitudes and good
continuity and local overlap in the depression of the basin, whereas
it shows weak amplitudes and discontinuity in the uplift.

Reflector T} is the boundary between the middle and lower
Miocene. The entire basin was discernible and it became an
important unconformity. The reflector has a large amplitude and
good continuity. The seismic sequence over the reflector has a
parallel reflection, few faults, and weak deformation. However, the
seismic sequence below the reflector shows intense deformation.

Reflector T4 has been argued over. A few studies consider that it
could be a breakup unconformity. However, we suggest that
reflector T4 indicates the response to the opening of the Southwest
Subbasin in the early Miocene. Reflector T4 has low to moderate
frequencies, moderate and large amplitudes, and continuous re-
flections. It is weaker and more variable in magnitude and becomes
indistinct at the centre of the depression. The low-frequency se-
quences below the reflector onlap to the basin slope and belong to
the rifting fill sequences.

Reflector Ts is the breakup unconformity between the boundary
of the upper and middle Eocene. Reflector Ts can be traced through
the entire basin. It has an apparent unconformity with low-
frequency, high-amplitudes, and continuous reflections. It mixed
with the T reflector during the uplift.

Reflector Ty is interpreted as the acoustic basement of the basin,
which reflects the transfer from compression uplift to rifting in the
Indo-China Peninsula. Reflector Ts experienced long-term erosion;
hence, reflectors Ty and Ts are mixed together. Reflector Ty had
various amplitudes and continuity reflections, and diffraction
waves occurred in the rise. It showed fuzzy and faulted reflections
and was difficult to trace due to the poor seismic quality.

3.2. Cenozoic seismic stratigraphy

Based on the seismic profiles across Nan’an Basin and drilling
results from Wells 12C-1X, 12B-1X, Dua-1X, AM-1X, DH-1X, DH-2X,
4A-1X, Mia-1X, and 4B-1X, seven seismic reflectors, namely, Ty, T,
Ts, T%, Ts, Ts, and T, were identified. Eight regional seismic se-
quences have been divided by these seismic reflectors since the
Eocene. The Cenozoic strata have been divided into the Renjun,
Xiwei, Wan'an, Lizhun, Kunlun, and Guangya Formations from the
bottom to the top (Fig. 8). The maximum depth of Well Dua-1X
revealed that the thicknesses of the Xiwei, Wan'an, Lizhun, Kun-
lun, and Guangya Formations are 915 m, 415 m, 830 m, 275 m, and
990 m, respectively. The seismic sequence between reflectors Ts
and T; was not encountered in the drilling well, and is called the
Renjun Formation (Yao et al.,, 2005, see also Figs. 3—7).

The acoustic basement may be Mesozoic metamorphic rock and
granite (Matthews et al., 1997; Liu et al., 2004). The lowest Renjun
Group is the initial rifting sequence over the acoustic basement. The
strata between reflectors Ts and T; were inferred to be lower and
middle Eocene strata. The sequences have moderate to high am-
plitudes, moderate frequencies, and discontinuous reflections. Its
external form has a wedge shape and is interpreted as half-graben
fillings. We infer that the lithology is terrestrial alluvial, fluvial, and
lacustrine facies, and contains glutenite and few fossils. It was
limited to the deep depression of Wan’an Basin over the uncon-
formity. The maximum depth of SQ1 was less than 1000 m in the
eastern basin.
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Fig. 2. Generalized columnar section showing the stratigraphy and seismic sequence in Nan’an Basin, South China Sea. Eight sequences since the late Eocene have been identified in
Nan’an Basin. The sea level curve was obtained from Haq et al. (1987). Cenozoic sedimentary facies in Nan’an Basin varied from terrestrial to deep marine. The tectonic event and
main unconformities referred from Taylor and Hayes (1980), Barckhausen et al. (2014), Li et al. (2014a) and Lunt (2019).

SQ1 is the Xiwei Formation, which is characterized by moderate
to high amplitudes, moderate continuity or discontinuity, and weak
frequency. It has an apparent onlap and varies in thickness
200—4000 m. The lacustrine facies were deposited in the north-
west region of the basin. A few transitional facies occurred in the
east of the basin, indicating that the transgressive facies came from
the east. Well Dua-1X encountered SQ1 as a lacustrine interbedded
sandstone and mudstone that contains a coalbed and bioclastics.
The sequence fining upward and can be divided into a lowerstand
fluvial channel, deltaic glutenite, transgressive shallow lacustrine
mud, and a highstand deltaic floodplain.

SQ2 is the lower Miocene Wan’an Formation sequence between
reflectors T4 and T} The seismic reflection was characterized by
moderate amplitudes, moderate continuity, parallel or diverge
configuration, and a wedge-like shape. The reflections varies from
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strong to weak amplitude from east to west. The top of the
sequence shows truncation, onlap, downlap, and concordance. SQ2
was widely distributed throughout the basin, with a thickness of
400—2800 m. The sedimentary centre is located in the north of the
sag. The sequence is usually 400—800 m, with a maximum thick-
ness of 2000—2800 m.

In the late Oligocene, Nan’an Basin was dominated by shallow
sea environment. During the last rapid decline of sea level in the
late Oligocene, erosion occurred in the southern and western parts
of the Nan’an Basin. The unconformity on the seismic profile
expressed moderate to low frequency, moderate to high amplitude,
and a continuous reflection (Figs. 3—5), which was identified as
reflection T4. The early Miocene sequence from drilling Well DH-1X
can be divided into two cycles of sea level rise and fall, which
represent the lower and upper parts of SQ2. The sedimentary facies
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Fig. 3. Multichannel seismic reflection profile (a) and its interpretation (b). See Fig. 1b for location.

are typical of shore sands and mud. The lower tract consists of
shallowing upward delta and foreshore deposits; the transgressive
tract is composed of degraded parasequences, including shore
sands and shale; and the high stand tract is dominated by shallow
marine sand and mud, as well as mudstone.

SQ3 is the lower Lizhun Formation sequence. The sequence has
seismic characteristics of moderate amplitude, moderate fre-
quency, and a continuous reflection. Top truncation, concordance,
bottom onlap, and downlap occurred. The sequence varies in
thickness throughout the basin, with a maximum thickness of
2000—2800 m in the northern sag. Well DH-1X revealed that SQ3
was dominated by shallow marine facies.

SQ4 is located above the upper Lizhun Formation over reflector
T3. SQ4 has a moderate amplitude and continuous reflection
(Figs. 3—6). The sequence was dominated by shallow marine facies,
and thick carbonate platform sequences occurred in the uplift of
the basin. It has two composite waves. A large sea level drop of
120 m is thought to have occurred at middle Miocene (Haq et al.,
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1987; Yao et al., 2005; Lii et al., 2013). SQ4 consists of lowerstand
prograded and agraded parasequence, and the transgression is a
retrograde parasequence. The highstand system tract was charac-
terized by the carbonate platform development stage. Wells Dua-
1X and AM-1X encountered thick carbonate sequences during the
middle Miocene (Fig. 8).

SQ5 is the Kunlun Formation during the latest middle Miocene.
SQ5 consists of prograded sandstone and mudstone on the car-
bonate platform. SQ5 has a moderate amplitude and continuous
reflection (Figs. 3—6). The sequences was dominated by shallow
terrigenous facies. SQ5 consists of lowerstand prograded and
agraded terrigenous sequences, while the highstand system tract
was characterized by the carbonate platform development stage
(Fig. 8).

SQ6 is the Lower Guangya Formation and is characterized by
moderate to high frequency, moderate to weak amplitude, and
moderate continuous reflections (Figs. 3—6). It may be early Plio-
cene lower-energy terrigenous deposits. Drilling Well AM-1X
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reveals that SQ6 consists of transgressive hemipelagic and high- The lack of lowerstand system tract strata may lead to shelf uplift
stand tracts with prograded shallow marine and hemipelagic facies. and bypass the continental slope, so the lowerstand system tract is
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dominated by a deep-water turbidity channel system and mass
transport deposits. The transgressive tract deposited a thick
shallow marine shale, while the highstand system tract was char-
acterized by a carbonate platform and deep sea development stage
(Fig. 8).

SQ7 is the upper Guangya Formation and is characterized by
moderate to high frequency, moderate to strong amplitude, and
continuous reflections (Figs. 3—6). Drilling Well AM-1X revealed
that SQ7 consists of transgressive hemipelagic and highstand sys-
tem tracts of prograded shallow marine and hemipelagic facies. The
lack of lowerstand system tract strata could indicate shelf uplift and
bypass on the continental slope.

SQ8 is a Quaternary shelf to deep marine sequence that differ-
entiates the shallow marine sequence in the west from the deep
marine sequence in the east. Shallow marine mud was dominant in
the western part of the basin, a shelf margin delta was distributed
in the centre of the basin, and hemipelagic bioclastic clay and tur-
bidites occurred on the continental slope (Figs. 3—6).

4. Tectonics of Nan’an Basin
4.1. Structural units

Nan’an Basin is characterized by a union rifting tectonic feature
during the Cenozoic. The northern and southern boundaries are
characterized by southeast- and northwest-dipping normal faults
(Figs. 3—7, 9). The tectonic units of the basin consist of NE-SW-
striking half-grabens and horsts, which were filled by a large
number of rifting sequences (Fig. 1b). The boundary between the
Nan’an and Zengmu Basins was separated by normal faults and an
active magmatic uplift zone (Figs. 1b and 7a).

Two groups of faults with NE/NNE and NW strikes controlled
the second structural units in Nan’an Basin (Fig. 1b). NE- and NNE-
striking faults divided the main depressions and rises, while NW-
striking faults have confined the west sag, shelf and slope geo-
morphology. The faults that occurred in Nan’an Basin were usually
less than 200 km. The fault's throw could be 3 km. By combining
the fault geometry and sedimentary evolution, Nan’an Basin has
been divided into seven structural units: north sag, north rise,
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Fig. 9. Typical rifting fractures and half-graben structures are well developed in
Nan’an Basin, interpreted from the multichannel seismic reflection profile L7. See
Fig. 1b for location.
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central sag, central rise, south sag, south rise, and southeast sag.

The northern sag consists of a north fault terrace and a north-
dipping half-graben (Figs. 6 and 7). It was controlled by NE-SW
basement faults. The sequence above reflector Ts is
6000—9000 m thick, and the maximum thickness is over 10000 m.
Its acoustic basement trended to southward. The sedimentary
centre is located in the southeast. Cover sequences increased the
thickness of the strata to the southeast and had a well-developed
sigmoid progradation configuration. Yao et al. (2005) suggested
that depression in the west could be a part of the northern sag. It
was controlled by NNE- and ENE-trending basement faults. The sag
onlapped on the Xibei Fault terrace in the south-eastward direction.

Strikes in the northern rise trended NE-SW with fault terraces,
which consist of several terraces that decrease to the southeast.
Cenozoic strata over reflector Ts had a thickness of 2000—5000 m.
The sequence above reflector Ts is 2700—7000 m thick, and the
maximum thickness is over 9000 m. The rise extended to the slope
in the eastward direction (Fig. 6).

The central sag is a NE-SW striking graben in the centre of the
basin and is retained by the north and south rises (Figs. 6—-9). It
consists of two concordant faults. It has Cenozoic strata with a
thickness ranging from 6000 to 9000 m, and a maximum thickness
of 12000 m. The structural rise in the sag is more than 4000 m.
Rifting sequences were formed as an anticline. The cover sequences
were dominated by the sigmoid configuration in the south-
eastward direction.

The central rise has NE-SW trend which was consisted of a
narrow basement horst. The sequence above reflector Ts is
4000—6000 m thick, and the maximum thickness is over 9000 m.
The rise extended to the slope in the eastward direction (Figs. 6 and
7).

The southern sag is located south of the basin and consists of
two half grabens. It has Cenozoic strata with a thickness of
6000—9000 m and a maximum thickness of 12000 m (Fig. 7). The
structural rise in the depression is more than 4000 m. Rifting se-
quences were formed as an anticline. The cover sequences were
dominated by the sigmoid configuration in the south-eastward
direction.

The southern rise is characterized by NE detached faults. The sag
in the rise consists of several half grabens. The rifting fault block is a
south-rise-cropped seafloor or is covered by thin sediments. Nar-
row uplift separated the central and southern sags. The acoustic
basement of the southern sag dipped northwest. The total sedi-
mentary sequences have a thickness of 2000—4000 m (Fig. 7).

The southeast sag is the largest depression, covering
3.0 x 10* km?, but the rifting sequences include several small-scale
half-grabens filled in with thin rifting sequences. The total Cenozoic
strata is 10.4 km thick. Zengmu Basin was separated by a backward
faulting horst and a high volcanic intrusion (Fig. 7). The late
Miocene to Quaternary geomorphology increased the water depth
in the Zengmu Basin but was intruded by volcanic seamounts. The
sag consisted of several small half-grabens covered by terrigenous
sediments.

4.2. Structural layers

Seismic reflectors T3, Ts, and Tg were apparent regional un-
conformities, which could be related to three important tectonic
layers: the end of the rifting unconformity (reflector T3), onset of
the rifting unconformity in the Eocene (E2/E3), and the initial
rifting unconformity (reflector Ts). The end of the rifting uncon-
formity (reflector Tg) is a very important surface in Nan’an Basin
(Franke et al., 2014).

Based on the three main unconformities, three tectonic layers
were divided in the cover strata of the sedimentary basin
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(Figs. 4—7). The lower tectonic layer indicates the presence of fluvial
lacustrine facies between seismic reflectors T4 and Tg. It was early
half-graben rifting fill after compressional uplift. It was limited to
the east and northeast regions of the basin. However, this sedi-
mentary layer in the deepest depression was not encountered due
to the vague seismic facies and its large thickness (Fig. 7).

The middle tectonic layer included well-deformed sedimentary
strata, which represent the very important rifting stage sequence
between reflectors T} and Ty4. The sequences included the Wan’an
and Lizhun Formations. The lower part of the sequence is half-
graben fill and terrigenous sill drape from the shelf to the conti-
nental slope. The upper sequence has well-developed carbonate
platforms (Lii et al.,, 2013; Wu et al., 2016). The sequence varied
from lacustrine to shallow water and deep-water sedimentary
facies but was dominated by delta, littoral, and shallow marine
facies. The Wan’an movement in the late to middle Miocene
reformed the middle tectonic layer. Faulted anticlines, tilted blocks,
and uplifting erosion have been found in the basin.

The upper tectonic layer is the thickness of the continental shelf
terrigenous sedimentary facies. The sequence includes the Kunlun,
Guangya, and Quaternary Formations. It occurs in the S-style
reflection from the shelf to the slope and has a well-developed large
progradational structure. The sequence has a high-amplitude
reflection, good continuity, and gentle occurrence. Shallow water
carbonate platforms at the shelf margin were well developed.

4.3. Tectonic evolution

Nan’an Basin is a westward extension of the Southwest Subba-
sin. Acoustic basements in Wan’an Basin are composed of a
Jurassic-Cretaceous volcanic arc (Matthews et al., 1997; Liu et al.,
2004; Yan et al., 2006; Yu et al., 2018). The onset of rifting in the
basin could be in the late Cretaceous (Fig. 10). The early rifting
sequence encountered by the drilling well could be Eocene and
Oligocene Lacustrine facies (Fig. 10b and c). Early erosion and
deplanation produced a thickn terrestrial facies filled the NE-
striking graben.

The last rifting stage extended to the middle Miocene (Fig. 10d).
The basin experienced short-term uplift and erosion during the
early to middle Miocene. Subsequently, the two rifting centres were
distributed in the northern and southern sags. The sags deposited
terrestrial lacustrine, fluvial, and transitional facies. Since the early
Miocene, the rifting graben basin united together and encompassed
a large delta and shallow carbonate platforms. During the middle
Miocene, Nan’an Basin continued to subside, and deep-water
sedimentation occurred in the east. A late to middle Miocene tec-
tonic reversal occurred and led to an important unconformity in
Wan’an Basin, similar to the movement in the Zengmu Basin.

The post-rifting sequence during the late Miocene to Quaternary
(N3-Q) filled the thermal subsidence stage, which produced
regional subsidence and formed a shallow marine to deep marine
environment (Fig. 10e). The shelf margin delta and deep-water
sedimentary system were well developed in the east of the
Nan’an Basin.

5. Discussion
5.1. A rift basin or pull-apart basin?

The debate surrounding the features of Nan’an Basin has long
been drawn out. Some studies suggest that giant strike-slip faults
existed and propose that the basin has a pull-apart origin (Liu et al.,
2004; Yao et al, 2008). However, other studies proposed that
Nan’an Basin was characterized by a typical rift basin structure
based on seismic profiles (Matthews et al., 1997; Franke et al.,
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2014). An aborted rifting trough is the early evolution stage of the
Southwest Subbasin (Song et al., 2019; Dong et al.,, 2020). The
seismic transects across the basin indicate that Nan’an Basin was a
rift basin from the Eocene to Miocene (Matthews et al., 1997;
Hutchison, 2004; Franke et al., 2014). Previous studies proposed
that continental crustal extension occurred along the western
segments. Franke et al. (2014) indicated that extension can be
transferred over a wide range, and was mainly controlled by lateral
flow in the ductile crustal layers. The lower-angle reflections of
Nan’an Basin are interpreted as inactive low-angle normal faults
(detachment faults). This type of fault is persevered in Nan’an Basin
(Franke et al., 2014). Closer to the coast and underneath the shelf,
the faults solidify at detachment surfaces, which is located below
individual rift basins that are separated by horst blocks (Figs. 7 and
8). These faults are characterized by highly thinning of the crust and
the presence of major ductile shear zones acting as a detachment
fault in the middle crustal layer. According to Lavier and Manatschal
(2006), these detachment faults provide accommodation space for
differential extension between the upper crust, the lower crust, and
upper mantle, which is accompanied by little uplift of the rift flanks
and subsidence in the hanging wall.

When oceanic crust occurred in the Southwest Subbasin, the
rifting system was still active in extension mode in Nan’an Basin.
Continued extension in the western rift lead to extra extension and
subsequent transition to the thinning mode. The second rift phase
is different from the wedge-shaped fill in the rift basins which near
the Southwest Subbasin. Here, thinning crustal on seismic profile is
most distinct feature, but we believe that there is considerable
variability along the continent ocean transition zone; therefore,
inexact conjugate profiles may lead to ambiguous interpretations
(Franke, 2013; Franke et al., 2014). This interpretation may not
consistent with fact that the rifting mode observed in South China
Sea did not lead to a typical simple-shear structure (Dong et al.,
2020).

Nan’an Basin has a long history of rifting deformation. It can be
divided into three stages: (1) Late Cretaceous to Eocene initial
rifting; (2) Eocene to Oligocene rifting that induced the main gra-
bens and rises; (3) Miocene rifting. L et al. (2013) believed that
rifting in the middle Miocene was mainly confined to late, and the
pre-existing topography was filled by faulting and subsequent
carbonate growth, as well as sea-level changes. According to their
report, no significant faulting activity has occurred since the late
Miocene. The third stage extension is relatively minor in the line of
the section, and extension ceased at the end of the late Miocene
(Matthews et al., 1997; Lee et al., 2001; Li et al., 2014a; Li et al.,
2014b). Figs. 5—7 show a single fault-bounded basin with both
the upper Miocene Wan’an Formation and the middle Miocene
Lizhun Formation. Significant faulting in the middle Miocene
sequence occurred at the southwest SCS margin. The seismic pro-
files (Figs. 5—7) illustrate that the unconformities in the basins
adjacent to the South China Sea were broken up and widespread, as
is the 10.5 Ma spreading centre. The early Oligocene unconformity
marks the end of the second rifting stage. Based on the timing of
deformation in the basins of the southern SCS margin, the upper
Miocene Wan’an Formation is usually considered a post-rift
sequence, while a new phase of rifting stage was identified in the
middle Miocene Lizhun Formation, and the late Miocene Kunlun
Formation between 15.5 Ma and 10.4 Ma (Lunt, 2019, Fig. 2). The
two rifting phase unconformities was separated by the post-rifting
Wan'an Formation (Fig. 2). The main synrift phase lasted from the
Eocene to the Oligocene. In Nan’an Basin, there was a period of
post-rift subsidence (late Oligocene-early Miocene), followed by
middle Miocene extension, which ended at approximately 10.5 Ma.

Nan’an Basin is characterized by typical rift basin structures
(Figs. 3—7). The aborted rifting trough is the early evolution stage of
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Fig. 10. Tectonic evolution model of the Nan’an Basin, South China Sea since the Eocene. (a): Erosion acoustic basement before the Eocene, (b): Early rifting sequences during the
Eocene, (c): Early rifting sequences during the Oligocene, (d): Late rifting sequences during the early and middle Miocene, (e): Post-rifting marine facies sequences since the late

Miocene.

the Southwest Subbasin (Dong et al., 2016; Song et al., 2019; Taylor
and Hayes, 1980). The seismic transects across the basin indicate
that Nan’an Basin expresses a rift basin from the Eocene to Miocene
(Franke et al., 2014; Matthews et al., 1997). Previous studies pro-
posed that continental crustal extension occurred along the west-
ern segments. These lower-angle reflections of Nan’an Basin are
interpreted as inactive low-angle normal faults (detachment faults)
(Liang et al., 2019; Schliiter et al., 1996). These types of faults are
preserved in Nan’an Basin (Franke et al., 2014).

A typical listric fault style occurred along the western margin of
the South China Sea (Franke et al., 2014, Fig. 9). Therefore,
concordance of Nan’an Basin's Southwest Subbasin indicates no
giant strike-slip movement along the southwest margin. Nan’an
Basin at the tip of the Southwest Subbasin is characterized as an
extensional basin in which the main depression-defining faults
have not experienced major strike-slip displacements.
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5.2. North-south strike slip movement and evolution of the western
south China sea margin

Although some studies have argued that a N-S strike-slip fault
existed in Nan’an Basin, no direct evidence was found in the seismic
data that supports this proposition (Figs. 8 and 9). Yao et al. (2005)
emphasized that the Wandong left-lateral striking-slip Fault was
active from the Eocene to the middle Miocene (Yao et al., 2008).
This fault induced a NE-trending striking-slip fault, suggesting that
the faults controlled the rifting depressions. In fact, there was no
apparent N-S direction fault movement along the shelf break
strike-slip faults. Seismic data show that the main fault systems
were in a NE-SW direction (Fig. 1b). Shallow-water carbonate
platforms were distributed along the NE-SW striking direction,
which was controlled by the main NE direction depressions.
Matthews et al. (1997) also stated that there was no direct evidence
in the seismic datasets for Paleogene strike-slip displacement.
Therefore, we consider that minor transfer faults with an approx-
imately NNE-SSW trend are the segments of the major NE-SW
trending rift defining faults.
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On the contrary, some evidences suggested that similarly
striking slip faults occurred immediately onshore and offshore
(Rangin et al., 1995). They suggested the exist of the left-lateral
movement in the rifting stage, and onset of right-lateral move-
ment during the early Neogene between the Nan’an Basin and
Southwest Subbasin. In response to the openning of the Southwest
Subbasin, a gradual transgression occurred in the Nan’an basin,
which resulted in the dominance of lower Miocene marine silici-
clastic sequences (Matthews et al., 1997; Yao et al., 2008). As
transgression continued, a gradual deepening took place across the
basin depocenters and widespread carbonate deposition
commenced (Li et al,, 2014a; Lee et al., 2001). During the late
middle Miocene, a relative sea-level lowstand temporarily inter-
rupted carbonate platform development. The associated uncon-
formity pronouncedly truncates the underlying formations and
marks a distinct decrease in rifting. The steep geomorphology and
gravity anomaly induced by the shelf margin carbonate platform,
but not north-south strike slip movement.

6. Conclusions

Nan’an Basin is a typical rift basin. It is an aborted rifting trough
compared to the occurrence of oceanic crust in the Southwest
Subbasin. The extension can be transferred across a wide range,
which is mainly controlled by lateral flow in the ductile crustal
layers. Major low-angle reflections of Nan’an Basin are interpreted
as inactive low-angle normal faults (detachment faults). Nan’an
Basin is characterized by extensive crust thinning and the existence
of major ductile shear zones, which act as detachments at the
middle crustal levels.

The tectonic evolution of Nan’an Basin has been divided into
four stages since the late Cretaceous: (1) initial rifting from late
Cretaceous to Eocene; (2) rifting that induced the main grabens and
rises from Eocene to Oligocene; (3) rifting from early to middle
Miocene; and (4) shelf and deep marine development stage from
late Miocene to Quaternary.

This study shows that there are no apparent NS strike-slip faults
in the central Nan’an Basin. Minor transfer faults with an approx-
imately NNE-SSW trend are interpreted to be segments of the
major NE-SW trending rift defining faults. The steep geo-
morphology was induced by shallow water Miocene carbonate
platform development along the NS direction shelf break.
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