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Carbonate platforms form informative archives for paleoclimates and their internal structures can also hold
crucial information about the tectonic history and carbonate evolution of the ocean basins. The Zhongsha atoll
(Macclesﬁeld Bank) forms the largest atoll system in the South China Sea with a surface area of 23500 km2.
However, the internal structure and evolution of this atoll system is completely unknown. 2D multichannel
seismic reﬂection data were acquired in 2017 over the Zhongsha atoll in the South China Sea to unravel the
stratigraphy, geomorphology, depositional processes, and seismic facies of one of the world's largest atoll for the
ﬁrst time. This Neogene carbonate platform comprises more than 1 km thick carbonate sequence and overlies a
metamorphic basement. The southeastern part of the atoll comprises a fault-controlled graben system, which
was formed during the Cenozoic rifting stage of the South China Sea. Most of the faults trend NE-SW and E-W
and terminate at or slightly above the top of Middle Miocene strata. Atolls and abundant organic reefs initiated
on the positive relief and closely mimicked the underlying topography during the Early Miocene. Shallow-water
carbonates continued growing through Middle Miocene to present times. Regional uplift led to subaerial exposure, termination of platform growth and karstiﬁcation during the Miocene. We also reveal a number of ﬂuidﬂow features such as vertical sub-bottom venting features (chimneys and pipes), chaotic reﬂection zones, which
provide the ﬁrst evidence of active ﬂuid venting in the area of Zhongsha atoll. The Neogene sedimentation
history of Zhongsha atoll further provide an important paleoenvironmental context for future scientiﬁc drilling
to better constrain the evolution of Asia Monsoon.

1. Introduction
Atolls are ring-shaped reef complexes. The most extensive groups of
atolls occur in the Paciﬁc Ocean but there are also numerous atolls in
the central Indian Ocean and the South China Sea (SCS) (Burger and
Gochfeld, 2000; Betzler et al., 2009, 2013; Jorry and Bièvre, 2011). The
SCS is a marginal sea of the Paciﬁc Ocean, aﬀected by the South Asian
Monsoon belt (Ha et al., 2018), climatically in a tropical and subtropical area (23 °N-4 °N) (Fig. 1). Here, atolls and reefs developed
extensively in Miocene times as carbonate platforms built up during
regional transgressions onto relict positive reliefs (Wilson, 2008; Fyhn
et al., 2013). Ever since then, the platform's evolution has been determined by the interplay of tectonic subsidence, sea-level changes,
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ocean currents, and regional environmental change (Martin et al., 1996;
Schlager, 1999; Lukasik et al., 2008; Wu et al., 2014; Wang et al., 2014;
Shao et al., 2017). In the northern SCS, carbonate platforms started to
develop along the shelf edge in the Late Oligocene and achieved a
maximum expansion during the Early Miocene (Wu et al., 2016). Most
of these northern platforms were subsequently drowned during the
early Middle Miocene, in response to the local subsidence along the
northern margin and a global sea level rise (Zampetti et al., 2004, 2005;
Fyhn et al., 2009; Fyhn et al., 2013).
The Zhongsha atoll (Fig. 1) is a ring of shoals arranged along the
outer rim of a drowned atoll structure. Zhongsha atoll has not been
drilled so far. It is covered by recently acquired four wide-angle seismic
reﬂection proﬁles, which together with the multichannel seismic
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Fig. 1. Location and bathymetry of Zhongsha and Xisha, and wells XY-1 and XK-1 on Xisha, used to constrain the age of the Zhongsha seismic sequence. Light blue
lines indicate the locations of seismic lines used in this study. Note that the Zhongsha atoll shows a relative ﬂat surface because multibeam bathymetric data are not
available for the interior of Zhongsha atoll. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this
article.)

Fig. 2. Schematic seismic stratigraphic column of the Xisha-Zhongsha, based on drilling results from wells XY-1 and XK-1, and its correlations to regional SCS and
global relative sea level changes (Haq et al., 1987; Miller et al., 2011; Ma et al., 2011; Wu et al., 2014; Wang et al., 2015) and regional SCS tectonic episodes.

In this study, we aim to generate a ﬁrst overview of this unknown
platform, which forms the largest single atoll system in the SCS with a
surface area of 23500 km2, and its interactions with climate, tectonics
and other environmental factors. Using newly-acquired seismic-reﬂection data and multibeam bathymetric data, we assess and interpret
some of the sub-bottom features to reveal unique information about the
stratigraphy, geomorphology, depositional processes, and seismic facies
of this region for the ﬁrst time.

reﬂection data from Xisha island, reveal that both are located on rifted
blocks that appear to have been separated from the South China margin
since the Early Miocene (Taylor and Hayes, 1980; Briais et al., 1993;
Qiu and Wang, 2001; Qiu et al., 2004; Franke et al., 2014; Barckhausen
et al., 2014). We use observations from wells XY-1 and XK-1 on Xiyong
and Xisha islands to propose a stratigraphy model and a depositional
history of the Zhongsha carbonate atoll (Fig. 2). Preliminary results on
the lithostratigraphy and geochemistry of XK-1 and XY-1 have recently
been reported in several papers (Li et al., 2006; Wang et al., 2015; Xiu
et al., 2015; Shao et al., 2017).
2
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Fig. 3. The southern and eastern slopes of Zhongsha are steep, with angles of up to 90°, and are dominated by channels and by slump deposits.

2. Geological background

atolls. The bathymetric map in Fig. 1 was made by combining the
multibeam depth soundings with the predicted bathymetry from satellite data. Multibeam bathymetric data are missing from the interior
of Zhongsha atoll.

Zhongsha atoll (also known as Macclesﬁeld Bank) is one of the
world's largest elongated drowned atoll. The entire Zhongsha atoll
covers an area of about 23500 km2, its length exceeds 150 km southwest-northeast, and its maximum width exceeds 75 km. It is located
between 15.4 and 16.25 °N, 113.6–115 °E in the SCS. The SCS is a
product of rifting and seaﬂoor spreading that took place between the
Late Cretaceous and Early Oligocene. The Zhongsha and Xisha islands
(Fig. 1) are interpreted as rigid continental blocks that rifted oﬀ the
South China Block during this period, although ongoing seismicity
suggests that their bounding faults are still active or were recently reactivated (Yan et al., 2014). Previous studies have concluded that
continental crust underlies the Zhongsha atoll, based on seismic,
gravimetric, and magnetic data and the geological similarity to the
adjacent northern continental margin of the SCS (Taylor and Hayes,
1980, 1983; Briais et al., 1993). By the Early to Middle Miocene, faults
bounding the Zhongsha-Xisha block on the northern margin of the
southwestern sub-basin of the SCS had ceased to accommodate crustal
extension. The block began to subside due to post-rift cooling and
thickening of the lithosphere (Sun et al., 2009; Franke et al., 2014; Gao
et al., 2016). The crustal thickness of Reed Bank and Zhongsha, once
parts of the same continental block, lie in the region of 20–25 km
(Nissen et al., 1995; Huang et al., 2019).
The precise nature and composition of the acoustic basement of
Zhongsha atoll is still unclear. Well data from XY-1 suggests that the
Zhongsha atoll and Xisha island consist of Precambrian metamorphic
basement covered by more than 0.5 km of Neogene carbonate (Zhu
et al., 2016; Shao et al., 2017). The northern SCS region experienced
continued subsidence since Late Neogene and temperature, salinity,
and water depth conditions suitable for the extensive development of
coral reef carbonate strata were established (Zhang et al., 2018).

4. Results
4.1. Margin structure and morphology
Zhongsha atoll is a ring-shaped drowned atoll which developed
directly over the Zhongsha block and lies about 200 km southeast of
Xisha (Paracel) platform. The multibeam bathymetric data record a
complex system of submerged platforms with a shallowest measured
water depth of 10–20 m. The platform's long edges trend NE-SW and
vary in sinuosity. The submarine topography of the Zhongsha region is
characterized by diﬀerent morphologies, including large atoll systems,
coral reefs, and canyons (Fig. 1). An elongated extension of shoals and
reefs projects from the northeast corner of Zhongsha atoll (Fig. 1).
The western outer slope of Zhongsha atoll is bounded by the
Zhongsha-Xisha trough, where the seaﬂoor dreaches to depths of about
2500 m. The east and south facing slopes reach down to the abyssal
plain of the SCS in about 4000 m water depth, and are extremely steep,
in places vertical (Fig. 3). The eastern slope is located in water depths of
500–4200 m and is steep, with angles up to 90° (Fig. 1). The average
angle of the east slope is about 11°, but in its upper reaches it steepens
abruptly to 30°. Numerous submarine canyons, gullies, and slumps are
dominated on the north, east and south slopes (Figs. 1 and 3).
4.2. Seismic framework
Due to the lack of wells on the Zhongsha atoll, the carbonate sequences in the seismic proﬁles and the interpreted depositional history
are referenced to observations in wells XY-1 and XK-1 from Xisha
platform (Figs. 1 and 2). Seven key horizons, including the seaﬂoor (SB,
T30, T40, T50, T60, T80, and Tg) are interpreted via jump correlation
and six intervals (seismic units A-F) are recognized within the study
section (Fig. 2). A seismic unit is deﬁned as a mappable interval of
associated characteristic seismic reﬂectivity patterns (referred to as
seismic facies (SF), Table 1) bounded by marker reﬂectors. The marker
reﬂections coincide with distinct changes at the boundaries and likely
caused by lithological and/or structural contrasts.

3. Data and methods
Multichannel seismic-reﬂection data were acquired during August
and September 2017. This is the ﬁrst seismic experiment across the
Zhongsha atoll in the SCS. The streamer was 600 m long with 6.25 m
channel separation. The source distance is 12.5 m, so the seismic system
has a 90 m migration distance. Data processing was accomplished using
the Omega processing platform. The original seismic data are interpreted Petrel E&P software platform [(∗) = Mark of Schlumberger]. All
the vertical scales for seismic proﬁles shown in the study are two-way
travel time. Bathymetric data were collected by the Guangzhou Marine
Geological Survey (GMGS) and used to image the slopes around the

4.2.1. Unit A (early rift): late paleocene to Early Oligocene
Unit A ﬁlls half grabens dissecting the top of the basement, reaching
thicknesses of as much as 100 ms (TWTT: two-way travel time
3
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Table 1
Seismic facies description and interpretation.
seismic facies

reﬂection characteristics

Interpretation
carbonate
platform

SF1

mound shape, convex-up subhorizontal parallel reﬂections,
continues, high amplitude

continuous to semi-continuous,
low to moderate amplitude

lagoon

SF6

SF7

SF2

SF3

seismic facies

downlap of lower
reﬂection terminations,
sigmoidal clinoforms
moderate to high amplitude

carbonate
progradation
Slope

steep margin,
backstepping

Platform margin,
shrinking

SF8

SF9

SF4

karst facies with high
amplitude, broken reﬂections

karstiﬁcation

SF10

SF5

reﬂection characteristics

Interpretation

positive topography relief,
continuously accumulating, layered,
and generally with a chaotic weak
reﬂection

reef rim

spiky strong reﬂectors,
partly highly attenuated,
and/or scattered.
internal reﬂection are
rather chaotic

pinnacle reef

mounded external shape, internal
reﬂectors attenuated
but visible, either subparallel to
seabottom or oblique

patch reef

chaotic reﬂection zones
or vertical discontinuous
zones inside of the pipes

ﬂuid ﬂow
seismic pipes

vertical to subvertical
columnar zones of disturbed seismic
reﬂections (velocity pullup)

hydrothermal
water,
seismic chimney

Fig. 4. NW-trending seismic proﬁle over the eastern end of Zhongsha atoll. Seismic facies associations separated by six regional surfaces deﬁne 6 seismic units (A–F),
interpreted tentatively on the basis of long distance well-ties. Faults (red lines) are observed cutting units A, B, C and terminating mostly below reﬂector T50. The
blue dots represent the reefs. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)

basement is discontinuous and cut by numerous normal faults, with a
dominant SW-NE trend. Unit A is characterized by chaotic internal reﬂectivity with low to medium amplitudes. A general age of Late Paleocene to Early Oligocene is proposed for this package based on the
comparison with the succession known from the Xisha platform (Wu
et al., 2014).

thickness), and is mainly observed in a rifted basin situated in the
southeast Zhongsha atoll (Fig. 4). Reﬂector T80, at the top surface of
Unit A, is only observed in the rifted basins and grabens. The basal
reﬂector, Tg, represents the top of the basement with an approximate
age of 65 Ma. Data quality is too poor over the Zhongsha atoll to
support clear and consistent interpretations of Tg. The top of the

4
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Fig. 5. A rift basin is observed at the southwest margin of Zhongsha atoll. The Reﬂector T50 marks the boundary between syn-rift and post-rift sequences.

in thickness within the range of 50–150 ms (TWTT). Reﬂection
packages range from horizontal and continuous to mounded and discontinuous, with distinct reﬂectivity changes and seismic stacking
patterns. Isolated mounds and cones in a wide range of sizes and with
internal chaotic reﬂection patterns and onlapping overlying reﬂectors
are common in this unit (Figs. 4 and 5). The mounded reef rim seismic
facies (SF6) is ﬁrst encountered in Unit D above reﬂector T50. Its width
is nearly 7 km and its height exceeds 100 ms TWTT. Lagoonal deposits,
interpreted on the basis of continuous to semi-continuous reﬂectors
with low to moderate amplitude, appear along with the initiation of the
reef rim deposit. Reﬂector T40 is a widely recognizable relativelyhigh
amplitude reﬂector that is assigned to the Upper Miocene strata, around
10.5 Ma (Figs. 2 and 4).

4.2.2. Unit B: (Syn-rift) Early Oligocene to Early Miocene
Unit B is bounded at its base by T80 in the rift basins, where it is
observed conformably overlying Unit A, and by Tg elsewhere where it
overlies the basement. Its upper boundary is at T60. The maximum
thickness of Unit B is about 80–100 ms (TWTT). It terminates to the east
of Zhongsha atoll. The upper part of the unit shows medium to transparent reﬂectivity basin-ﬁll forming onlap patterns in grabens created
by the movements of the E-W and SW-NE trending faults (Fig. 5). Unit B
is strongly rotated and shows large horizontal variability. Strong parallel reﬂectors and the syn-rift timing suggest it consists of siliciclastic
deposits. The deposition of this unit is mainly controlled by E-W, SWNE faults during rifting processes, and a general range age of Early
Oligocene to Early Miocene is proposed.
4.2.3. Unit C (transition): Early Miocene
Seismic Unit C, bounded between the reﬂectors T60 and T50, is
characterized by subparallel to parallel reﬂectors of low to medium
amplitude and low-amplitude hummocky reﬂections that are cut or
deformed by faults (Figs. 4 and 5). The maximum thickness of this unit
is up to 80 ms (TWTT), around 160 m. Abundant mounded features
indicate the ﬁrst occurrences of reefs and discrete carbonate banks.
Externally, the platform (characterized by SF1; Table 1) shows a
convex-up morphology. Internally, SF1 is dominated by sub-horizontal,
parallel reﬂections with high amplitudes. In the seismic proﬁles, chaotic
reﬂectivity and rugged topography are observed (SF5, Table 1), indicating that the unit experienced post-depositional karstiﬁcation. Unit
C terminates at reﬂector T50, which can be traced throughout
Zhongsha atoll at (Figs. 4 and 5). The upper surface of the platform in
Unit C is slightly tilted and recognizable by its rough fault-related topography, indicating ongoing fault activity (Figs. 4 and 5). According to
the Xisha platform wells, reﬂector T50 dates from the Middle Miocene
(15.5 Ma). We suggest that unit C is a transitional unit, which marks the
shift from syn-to post-rifting in the study region.

4.2.5. Unit E: late Miocene
Unit E, bounded by reﬂectors T40 and T30, comprises late Miocene
strata. The maximum thickness of this unit is about 100 ms (TWTT).
Several patches and pinnacle reefs (SF7, SF8, Table 1) are interpreted to
occur in the lagoon. Seismically, they are present as mounded or spiky
structures with hummocky to contorted high-amplitude reﬂections.
Progradational patterns locally vary in shape and extent but often appear as ﬂat-topped sigmoids lapping down on to the top of Unit D
(Fig. 6; SF3, Table 1). Mounds are more isolated within unit E. Karst
(SF5, Table 1) features occur continuously throughout Unit E (Fig. 4).

4.2.6. Unit F: pliocene to present
Unit F is bounded by reﬂector T30 and the seaﬂoor. Its maximum
thickness is about 150 ms (TWTT) (Figs. 4 and 5). Two diﬀerent sets of
reﬂection patterns are identiﬁed in this unit. One is characterized by
sub-parallel to parallel reﬂections with low to medium amplitude, interpreted as representing lagoonal deposits (SF2, Table 1). The other
pattern appears within mound structures with low-amplitude chaotic to
transparent reﬂectivity, interpretable as reefs (SF7, SF8, Table 1).

4.2.4. Unit D (post-rift): Middle Miocene to Late Miocene
Seismic Unit D lies between reﬂectors T50 and T40. This unit varies
5
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Fig. 6. Seismic expression of the reef rim with uninterpreted seismic line (A) and interpreted seismic line (B). Seismic reﬂection patterns changed signiﬁcantly after
the Middle Miocene.

and external geometries of seismic reﬂector packages, their relationships to their neighbors, and the nature of reﬂector terminations. A reef
rim enclosing the lagoon is recognized on the basis of its positive relief,
high-amplitude, parallel, continuous reﬂections at the top, and its lowamplitude internal reﬂectivity oriented parallel to the top of basement,
which suggests continuous aggradation. The width of the reef rim varies
from 3 to 6 km (Figs. 4 and 6). The reef rim continued to grow from the
Middle Miocene (unit D) up to the Present (unit E and F) locally and
reaches a height of more than 0.5 km and is mainly developed above
the Lower Miocene carbonate platform. The base of the Mid Miocene
atoll is bounded by high-amplitude continuous reﬂections, indicating a
strong impedance contrast (Fig. 6).
The clinoform facies (SF3, Fig. 6) occurs primarily at the reef rim's
ﬂank and adjacent to lagoons. The facies are identiﬁable on the basis of
a series of distinct, subparallel, shingled clinoforms (Fig. 6). The identiﬁcation of onlap termination on the shelf margin reefs is complicated
by interﬁngering of strata from the carbonate reefs and their surroundings. The detailed stratigraphy of the clinoform indicates progradation and is particularly well developed along the northwest
margin of the reef rim (Fig. 6). The lack of well control where the
seismic facies are observed prevents an assessment of the exact lithologies present.

4.3. Carbonate platform, reef rims, pinnacle reefs, and lagoons
4.3.1. Early to Middle Miocene carbonate platform
The seismic characteristics of the Early to Middle Miocene carbonate platform and reefs (unit C) diﬀer from those of the surrounding
strata (Fig. 4). In the study region, the Early to Middle Miocene carbonate platform is characterized by a broad tilted top surface and steep
margins generated by normal faults. The platform is less than a few km
wide and up to 50–100 ms thick. Its internal structure varies from highamplitude, continuous, parallel reﬂections to discontinuous, mounded
reﬂections. The top of the middle Miocene carbonate platform corresponds to the pronounced regional unconformity T50, which shows
convex-up morphology. T50 is onlapped by younger deposits, marking
a signiﬁcant hiatus which, coupled with a number of collapse structures
and depressions, suggests a late Early Miocene period of platform exposure and karstiﬁcation.
4.3.2. Reef rims
Atolls are characterized by well-developed reefal margins and an
interior lagoon. Discontinuous marginal reefs surrounded a lagoon with
water depth of up to 50–70 m. The middle Miocene was a major period
of atoll development in the SCS, as can be interpreted from the internal
6
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Fig. 7. Seismic expressions of pinnacle and patch reefs in the lagoon on A and B. Most of the reefs were developed between key horizons of T50 and T30.

Over time, reef mounds became conﬁned and stacked to form a
300 m thick reef complex (Fig. 8). The mounded discontinuous facies
are identiﬁed by a series of convex-upward or mound shapes (SF7, SF8,
Table 1). Typically, the ﬂanks of a mound structure are developed in a
stratigraphically lower reﬂection package while the crest is contained
in younger packages. Within the mounds, discontinuous and individual
internal reﬂector packages show onlapping and downlapping geometries. Mounds are separated from one another by packages of continuous to discontinuous horizontal, parallel reﬂectors. Mounds frequently occur in the lagoons. Based on their stratigraphic interval and
seismic signatures, the mounds and ridges are interpreted as reefs. The

4.3.3. Lagoons and reefs
Lagoons are major components of atoll systems and are sites of
gradual inﬁlling by carbonate sediments produced within them and at
the adjacent more productive reef rim. The general depth of the lagoon
ﬂoor in east Zhongsha atoll is about 50–80 m. Lagoon-ﬁlling processes
produce distinct seismic facies characterized by chaotic to subparallel
reﬂections in lensoid packages adjacent to carbonate mound structures
(Figs. 4, 7 and 8). These packages onlap the mound complexes and
downlap onto the underlying carbonate bank, often showing internal
stratiﬁcation. Seismic imaging in the lagoons was complicated because
of the irregular seaﬂoor topography caused by shallow reefs.

Fig. 8. Pinnacle and patch reefs dominated deposition in the lagoon during the post-rift phase.
7
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depth and there is reason to expect a high acoustic velocity within a
body composed of cemented sediments in the surface reef or mudmound structure (Hovland et al., 2010; Hovland and Judd, 1988).

reefs reveal pronounced diﬀerences in size and asymmetry consistent
with the expected windward-leeward eﬀect (Fig. 8). At the windward
margin, reef mounds appear at continuous elevation and with less
evidence for platform-derived sediment supply, reﬂecting continuous
wave activity. At the leeward-margin, we observe more platform-derived sediment supply, leading to limited progradation at the expense of
basin ﬂoor accumulation (Fig. 4).
Reef development in the lagoons started in the Middle Miocene.
Both pinnacle and patch reefs are present. In the seismic reﬂection
proﬁles, pinnacle reefs appear as spiky or conical packages bounded by
strong reﬂectors that are partly highly attenuated (Table 1). Internally,
the pinnacle reefs show relatively low reﬂection amplitudes, but some
reveal evidence of layering. Interpretation of the internal character of
pinnacle reefs becomes increasingly diﬃcult as they decrease in size
towards the lower limit of seismic resolution (Fig. 7A). Their internal
reﬂectors are attenuated, but and are displayed, layered and subparallel
to sea bottom (Figs. 7 and 8, Table 1).

5. Discussion
A seismic stratigraphic scheme showing the distribution of distinct
facies has been developed for the sedimentary succession of the
Zhongsha atoll (Figs. 3 and 4, Table 1). The Zhongsha atoll likely shares
a similar growth history with the Xisha platform, whose growth over a
long period of time was controlled by subsidence rate, sea level ﬂuctuations, carbonate production, terrigenous input, and ocean currents
(Ma et al., 2011; Wu et al., 2014; Shao et al., 2017). The Zhongsha atoll
is completely submerged under water. Zhongsha and Xisha are continental remnants that were not tectonically isolated from one another
till the Early Miocene (Briais et al., 1993; Taylor and Hayes, 1980).
Both XK-1 and XY-1 wells from Xisha resolved a thickness of more than
1200 m of carbonate. The Zhongsha atoll at is situated on a more distal
fault terrace to the east and may have experienced greater subsidence
as a result of more crustal extension. Continuous subsidence allowed for
the creation of accommodation space for the growth of an over 500 m
thick marine carbonate succession. Tentative seismic stratigraphy,
seismic stacking patterns, platform architecture, and depositional facies
allow us to identify two major depositional phases: syn-rift and postrift, for Zhongsha's evolution (Fig. 10).

4.4. Seismic pipes and venting system
We also identify some evidence of ﬂuid-ﬂow (venting) features.
These so-called chimneys or pipes appear as vertical zones of chaotic
reﬂections, often associated with vertical zones of discontinuous reﬂectivity. Due to the lack of independent constraints, we use the wellknown ‘ﬂuid-ﬂow interpretation’ system, which is now frequently used
on 3D modern marine-seismic data (Ho et al., 2018; Hustoft et al.,
2007), to identify potential ﬂuid ﬂow features in the four available
seismic lines.
In our seismic proﬁles, pipes appear as vertical to sub vertical zones
of highly discontinuous or disturbed reﬂections, or even as zones of
complete loss of coherence (Fig. 9). Their appearance is often markked
by seismic artefacts such as migration anomalies, scattering artefacts,
lateral velocity anomalies and attenuation artefacts related to shallow
diﬀractors. Up-doming of sub-surface parallel reﬂectors is observed, for
example from −0.7 to about −0.2 s TWT in Fig. 9B. The up-doming is
suspected to be a seismic pull-up artefact, because it diminishes with

5.1. Syn-rift phase (Units A, B, C) and post-rift phase (D, E, F)
Rifting of Zhongsha started in Paleogene times and accompanied a
period of subaerial exposure during the late Eocene and Oligocene
(Fig. 10A and B, C). In the southwest of Zhongsha, sediments accumulated in active grabens that experienced distinct periods of extension, as evidenced by thickness changes (Figs. 5 and 6). The space of
accumulation of hundreds of meters of carbonate over the Zhongsha
block during the Late Oligocene-Early Miocene (unit C) was mainly
driven by its subsidence (Figs. 4 and 10). By comparison to the Xisha

Fig. 9. Seismic chimneys or pipes. Reﬂection amplitudes within the pipe are generally highly variable, with localized amplitude anomalies distributed within or
immediately adjacent to the pipe.
8
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Fig. 10. Evolutionary model of the Zhongsha sedimentation history. Sedimentation was controlled by syn-rift tectonic subsidence and post-crustal thinning subsidence. The atoll started to form after the Middle Miocene.

in the SCS (Clift and Lin, 2001; Su et al., 1989). This relatively young
marginal basin is currently in a stadium which is characterized by still
preserved diﬀerences in subsidence and thermal history resulting from
rifting. The initial, complex and hardly quantiﬁable rift processes,
however are long enough ago. The post-rift shallow water platform carbonates northern SCS indicate a delay in subsidence during rifting in the South China Sea (Franke et al., 2014). The
ﬁrst phase of rapid subsidence at Xisha occurred at 10.5–8.2 Ma, and a
second after 5.5 Ma (LI et al., 2015). We propose that Zhongsha atoll
was also aﬀected by these drowning events in the Late Miocene and
Early Pliocene, on the basis of episodic pinnacle reefs and patch reefs
observed in the lagoons of units D, E, and F (Fig. 10).
Seismic facies and geometries reveal phases of platform aggradation, progradation and erosion that reﬂect the history of major relative
sea-level ﬂuctuations. The contrast between windward and leeward
ﬂanks of the platform seems to be more pronounced along the bank
margin and uppermost slope (Fig. 4). The absence of well constraints
makes precise correlation of the major seismic unit boundaries with
eustatic curves rather diﬃcult.

Platform, it is likely that this subsidence accompanied ongoing rifting
into Miocene times when carbonate platforms began to develop on
individual footwall blocks in Zhongsha's Precambrian or Mesozoic
metamorphic basement (Fig. 10). NE-SW trending fault planes dissecting the Zhongsha carbonate platform show that it may have suffered later fragmentation by tilting and vertical motion. Most of these
faults accommodate a relatively small throw in the carbonate deposits
(Figs. 4 and 5).
More than 200 m of northward-onlapping carbonate sediment in the
northern part the platform indicates the earlier onset of carbonate
production there than in the south. As noted above, the Early Miocene
carbonate platform may have initiated as reefs on tilted blocks. The
platform aggraded and/or backstepped in response to an overall rise in
relative sea level that was probably mainly driven by syn-rift subsdience during crustal extension (SF4) (Table 1). Relative thick carbonate sequences on the footwall blocks indicate that Zhongsha was
subsiding fast, and corals on topographic highs had the highest chances
of survival. The rapid subsidence might attributable to crustal thinning,
as might be expected during rifting. The top of the carbonate platform
(T50) shows denuded topography, possibly as a result of exposure and
tilting during reactivation of the normal faults in the early Middle
Miocene. The denudation could be related to glacio-eustatic drop in sea
level, leading to extensive meteoric ﬂushing of the shallow carbonate
platform. Such events created marked unconformities in Miocene reefal
sediments as revealed by seismic data (T50, and T40 surfaces, Fig. 4).
An atoll system initiated in the Middle Miocene and continued
growing through Miocene till present time (Figs. 10 and 11). Rapid
thermal subsidence was a key factor in atoll development, as has been
shown elsewhere in the SCS (Hutchison et al., 2010; Wu et al., 2014;
Shao et al., 2017). The rift processes at the transition from extension of
continental lithosphere to the formation of oceanic crust is well studied

5.2. The major Middle Miocene turning point (T50)
The prominent high-amplitude single reﬂection marked as T50
(Middle Miocene) occurs throughout the dataset. This key horizon is
characterized by a high contrast in acoustic impedance. It truncates
underlying reﬂections, and the sedimentary sequence above onlaps
onto it and marks an abrupt change in the seismic reﬂection patterns
(Figs. 5 and 6). A prominent carbonate platform terminates at T50, and
the upper part of the Miocene carbonate above T50 are characterized
by smooth, concentric seismic reﬂections that form convex mounds,
which indicate the onset of an atoll system in the Middle Miocene. Atoll
9
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Fig. 11. Summary of lagoon and reef evolution during four diﬀerent episodes. A: grabens generated by strike-slip and normal faults, no reefs; B: Carbonate platform
developed over the entire Zhongsha atoll; C: Carbonate platform shrank, lagoon and reefs partly occupied Zhongsha; D: Lagoon and reefs dominated, carbonate
platforms completely drowned.

(SF3), reef rims (SF6), and pinnacle and patch reefs (SF7, 8), which
composed the atoll system (Table 1). Further deepening caused local
back-stepping of reef rims (SF4), and progradation of leeward margins
into the lagoon (Fig. 4).
The very earliest lagoon was formed by subsidence against NW-SW
and E-W trending faults from Late Eocene to Early Oligocene times,
during the rifting process (Figs. 5 and 10). The lagoon was probably
ﬁlled by shallow-water clastic sediments, inhibiting the development of
reefs. During the post-Middle Miocene growth phase, the lagoon was
sheltered from storms and wave action by reef rims. These rims were
dissected by deep passages, allowing for strong currents to enter the
atoll lagoon and the subsequent sediment reworking and redeposition,
as well as for the growth of patch/pinnacal reefs (Ciarapica and Passeri,
1993) (Figs. 10 and 11). Most of the faults with NE-SW and E-W trend
terminate slightly above or on top of the Middle Miocene strata.
During the lagoon and reef-dominant phase, a large atoll and
abundant organic reefs initiated on positive relief, closely mimicking
the underlying Early Miocene rift topography (Fig. 10B; C, D, Fig. 11C
and D). These reefs continued growing vertically whilst most of the
preexisting Early Miocene reefs and carbonate platform were drowned.
The lagoon gradually ﬁlled in with a mixture of carbonate sediments
produced there, and to a greater extent at the more productive reef rim
(Fig. 6). Sedimentation resumed with the growth of reefal-slope
wedges, which exhibit oblique clinoforms (SF3), which lap down on to
the truncation surfaces and steepen basinwards (Fig. 6). The lagoon is
sheltered in comparison to the outside of the atoll, and may host scattered knolls, and patch and pinnacle reefs, which are particularly
abundant in the Miocene strata (Figs. 7, 8, 10). Seismic reﬂection
proﬁles show that the Middle Miocene to present wedge-shaped lagoon
deposits strongly truncate the underlying layer, which indicates sediment transport by gravity ﬂow from atoll reefs and reef rims.
Favorable conditions in water depth, nutrient supply, and/or seabed
morphology are likely to be the underlying controlling factors responsible for development of atoll reefs on Zhongsha. Zhongsha is located in the main ﬁeld of the East Asian monsoons. North-easterly
winds dominate the region in winter and south-westerly winds prevail

formation may have resulted from a major Middle Miocene increase in
accumulation rate, so that the lagoon could not be ﬁlled and an ‘empty
bucket’ geometry formed, i.e. the platform underwent a partial
drowning (Betzler et al., 2015). Drowning occurs where the rate of
relative sea level rise exceeds a platform's vertical accumulation rate for
long enough that the platform descends beneath the euphotic zone,
removing the photosynthetic basis for further growth (Schlager, 2005).
Only those parts of the platform situated upon structural highs within
Zhongsha survived, and those which kept pace with rising sea level
formed reef rims. Both global (Miller et al., 2011) and local relative sea
level curves, reconstructed using well data in of northern SCS, suggest a
rapid sea level rise in the Early Miocene (15–16 Ma) (Fig. 3).
We suspect that this regional drowning event may also correspond
to the Middle Miocene Climatic Optimum (MMCO), a period of relative
global warmth at 17-15 Ma. Geological proxy records, including global
stacks of δ18O and δ13C benthic foraminifers, indicate the MMCO featured above-present temperatures, relatively high atmospheric CO2,
and a substantially reduced Antarctic Ice Sheet (Zachos et al., 2008;
Huang et al., 2017). The MMCO led to an extension of the tropical belt
and favored the wide distribution of coral communities. After the
MMCO, renewed global cooling appears to have begun at ~14.2 Ma
(Shevenell et al., 2004). The subsequent glacial expansion drove a 0.7
to 1.0 per mil increase in seawater and benthic foraminiferal δ18O
(Billups and Schrag, 2003) and a lowering of sea level by ~40 ± 15 m
(Miller et al., 2011). At Zhongsha, the Middle Miocene to present
change in depositional style in the interior of the platform is seen as a
result of the development of a broad, atoll-like platform, rimmed by
reefs and having a relatively deep lagoon (Figs. 10 and 11).
5.3. Lagoon and reef evolution
The evolution of Zhongsha's atoll and reefs was in three major
phases: initial phase, growth phase, reef-dominated phase. Vertical
accretion in the platform interior continued without a well-deﬁned
stratigraphic break (Figs. 10 and 11). Here, the most prominent depositional elements include lagoons (indicated by SF2), clinoforms
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scale energy barriers. The platform slopes extend from the atoll margins
to the deep-sea basin and are cut by submarine canyons, which promote
the development of upwelling currents and may provide the hydrodynamic conditions required for reef-building corals and other organisms to ﬂourish. The monsoon may also play a signiﬁcant role in
shaping deep-water topography and the evolution of the atoll system.
Our ﬁrst documentation of the Neogene sedimentation history of this
climatic sensitive region provide an important paleoenvironmental
context for future scientiﬁc drilling to better constrain the Asia
Monsoon.

in summer (Clift et al., 2014). The monsoon plays a signiﬁcant role in
shaping the shallow-water topography under Zhongsha. Monsoon winddriven currents and topographically-induced upwelling impinged on
carbonate platforms beginning at about 13 Ma (Shao et al., 2017). Preexisting topography is an important control on the facies geometries of
the Zhonghsa atoll by providing large-scale energy barriers that result
in distinctive windward to leeward facies variability (Fig. 4). The extraordinary position and topography of the continental slopes, and the
circulation of deep-sea currents create favorable conditions for forming
coral reefs and promoting upwelling, which provide rich nutrients for
reef-building organisms on the submarine platforms. The growth rate of
the reef-building organisms and the accumulation of carbonate depend
on winds, waves and currents (Wang and Li, 2009a, b).
Canyons were possibly formed by both slumping and erosion of
turbidity currents, at times when the Zhongsha atoll was formed and
T40 and T30 surfaces developed (Fig. 2) (Klaus and Taylor., 1991;
Pratson et al., 1994). During submerged times, like today, they turn into
submarine canyons, which may promote the development of upwelling
currents and provide the hydrodynamic conditions favored by reefbuilding corals and other organisms. Downslope processes include
turbidity currents and mass wasting which are strong enough as to
deepened the canyons (Fig. 2).
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Our results document a number of seismic anomalies that resemble
ﬂuid-ﬂow features on the Zhongsha atoll (Fig. 9). These features concentrate in areas of the Late Oligocene-Early Miocene platform and are
also associated with pre-Miocene faults. The ﬂuid-ﬂow features could
therefore be conduits for geothermally-heated pore waters or gas (Wang
et al., 2018a, b). There appears to be no consistent pattern in the spacing of the hydrothermal vents relative to fault length, geometry or
intersection locations as is commonly observed when faults act as ﬂuid
ﬂow conduits. Given the complex distribution of faults (Figs. 3, 4 and
8), we suggest that interaction between all the aforementioned fault
array properties locally inﬂuenced the ﬂuid ﬂow.
There are, however, carbonate buildups that feature numerous
discontinuous hard-grounds (producing surfaces with high impedance
contrasts which may blanked the underlying reﬂections), widespread
liquid- and gas-ﬁlled compartments and pores at a variety of scales
(producing, for example ‘soft’ and ‘reverse’ reﬂections). This diversity
gives rise to numerous diﬀractions and areas of chaotic reﬂectivity,
which may mislead the interpretation of the seismic proﬁles of such
successions, particularly in the absence of a well control. Seismic artefacts (velocity anomalies, attenuation, transmission, and scattering)
and the complexity of imaging the margins of a near-vertical geological
feature whose width is often not much greater than the spatial resolution of the seismic data set combine to make the interpretation of details in the ﬂuid ﬂow structures extremely diﬃcult. This task would
have to await the availability of 3D seismic reﬂection data.
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