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Abstract

In the late Miocene, giant ancient pockmarks, which are fairly rare globally, developed in the Qiongdongnan
Basin. In this paper, to determine the sedimentary characteristics and genetic mechanism of these giant ancient
pockmarks in the Yinggehai Formation of the Qiongdongnan Basin, based on high-resolution 3D seismic data and
multiattribute fusion technologies, we analyzed the planar distribution and seismic facies of the ancient
pockmarks and compared the characteristics of the ancient pockmarks with those of channels, craters, and
hydrate pits. Moreover, we also discussed the implications of the fluid escape system and paleo-bottom current
activity in the ancient pockmark development area and analyzed the influence of the ancient pockmarks on the
paleoclimate in this region. Finally, an evolutionary model was proposed for the giant ancient pockmarks. This
model shows that the giant ancient pockmarks in the southern Qiongdongnan Basin were affected by both deep
fluid escape and lateral transformation of paleobottom currents. In addition, the giant ancient pockmarks
contributed to the atmospheric CO, concentration in the late Miocene and played a great role in the contem-

porary evaluation of deepwater petroleum exploration.
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1 Introduction

The escape of fluids in deep seabed formations may lead to
the release of large amounts of greenhouse gases and may even
induce marine geological disasters caused by instabilities in the
seabed topography, thus indirectly affecting the environment,
oil-gas resources, and marine engineering (Davy et al., 2010; Sun
etal., 2011; Zhu et al., 2021). Submarine pockmarks have been
widely studied because they are a sign of deep-formation fluids
escaping on the seafloor (Sun et al., 2011; Hovland and Som-
merville, 1985; Hovland et al., 2002; Judd and Hovland, 2007;
Bottner et al., 2019). As early as 1970, King and Maclean, famous
geologists, discovered the existence of seabed pockmarks on the
continental shelf of Nova Scotia, Canada, and carried out re-
search from the perspectives of topography and sedimentary fa-
cies. However, due to the lack of high-precision seismic data and
analytical technologies at that time, the genetic mechanism of
the pockmarks was not effectively confirmed (King and Maclean,
1970). It was not until 1985 that Hovland et al. analyzed gas com-
position data obtained in the subsea pockmark development
area and proved that the pockmarks are depression landforms
formed by the upward movement of deep fluids through migra-

tion pathways and that these fluids were released on the seafloor
(Hovland and Sommerville, 1985). With continuous innovations
in seismic exploration technologies, geologists have obtained a
further understanding of pockmarks. Pockmarks have been con-
firmed to develop in estuaries, on continental shelves, on contin-
ental slopes, and on abyssal plains (Bottner et al., 2019; Sun et al.,
2011; Luo et al., 2012). Hovland et al. divided pockmarks into 6
types, including unit, chain, and compound pockmarks, accord-
ing to their planar distribution characteristics and scale (Hov-
land et al., 2002). Regarding their planar distribution, pockmarks
often appear as crescents, ellipses, chains, or slender shapes
while appearing in V, U, or W shapes in the seismic section (Judd
and Hovland, 2007). Previous studies have shown that most
pockmarks are between 10 m and 200 m in diameter (Sun et al.,
2011; Luo et al., 2012), with some reaching far beyond this size.
Pilcher and Argent (2007) coined the term “giant pockmarks” to
describe pockmarks larger than 1 000 m in diameter. A giant
pockmark with a diameter of more than 10 km has developed on
the seabed of the Chatham Uplift in New Zealand (Davy et al.,
2010); this pockmark is the largest found in the world thus far.
Geologists used sonar and multibeam technologies to suc-
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cessively discover submarine pockmarks on the northern contin-
ental margin of the South China Sea (Liang et al., 2017; Sun et al.,
2011; Lin, 1995). However, studies using these technologies are
often limited with regard to the dimensional accuracy of the ana-
lyzed pockmarks (Zhu et al., 2021). High-precision 3D seismic
data have great advantages in revealing seabed pockmarks
(Wang et al., 2011; Lu et al., 2017). Based on past analytical res-
ults obtained for seismic profiles and derived seafloor pore water
geochemical test data, pockmarks can be divided into two types:
the active type (Liu et al., 2017) and the inactive type (Sun et al.,
2018; Guan et al., 2014). The submarine fluid in the northern part
of the South China Sea is active, so submarine pockmarks are
actively developing in this region (Guan et al., 2014; Zhu et al.,
2021). Presently, submarine pockmarks with obvious scales have
been discovered in the Zhujiang River Mouth Basin (Liu et al.,
2017), Qiongdongnan Basin, Zhongjiannan Basin (Sun et al.,
2011; Bai et al., 2014; Geng et al., 2017; Chen et al., 2018), Xisha
Uplift (Guan et al., 2014), and Liyue Basin (Zhang et al., 2019) in
the southern South China Sea, some of which are even giant
pockmarks (Sun et al., 2011; Chen et al., 2015; Zhang et al., 2020).

Previous studies have illustrated that the formation of seabed
pockmarks is closely related to the escape of deep-formation flu-
ids and the actions of seafloor-bottom currents (Hovland et al.,
2002; Pilcher and Argent, 2007; Sun et al., 2011; Zhu et al., 2021).
Pockmarks reflect vivid indications of tectonic activities, bottom
current activities, sedimentary environment evolution mechan-
isms, and the exploration of oil-gas resources such as natural gas
hydrates (Wang et al., 2011; Sun et al., 2018; Zhu et al., 2021). Al-
though some achievements have been made in researching and
understanding seabed pockmarks both in China and globally
(Sun et al., 2017; Pilcher and Argent, 2007; Hovland and Som-
merville, 1985; Hovland et al., 2002; King and Maclean, 1970;
Bottner et al., 2019), few discoveries or studies on ancient pock-
marks formed in geologically historical periods and buried un-
der the seabed have been reported (Bai et al., 2014). In this re-
search, we found that giant ancient pockmarks developed at the
bottom of the Yinggehai Formation in the Qiongdongnan Basin,
exemplifying globally rare landforms. Using high-precision 3D
seismic data, we analyzed the planar distribution and seismic fa-
cies characteristics of these ancient pockmarks using multiattrib-
ute fusion technologies, compared the characteristics of the an-
cient pockmarks with those of channels and craters, and clarified
the deposition mechanism of the ancient pockmarks. In addition,
the genetic mechanism of the ancient pockmarks was revealed by
combining the processes in which deep-formation fluid escapes
and bottom currents cause erosion. We also discuss the influ-
ence of the studied ancient pockmarks on the paleoclimate, and
the relevant sedimentary evolution processes. Researching these
ancient pockmarks can not only serve researchers in further un-
derstanding the geomorphological characteristics of ancient
pockmarks but can also provide a reference for analyses of sedi-
mentary paleoenvironments.

2 Geological setting

The Qiongdongnan Basin is located in the northern part of
the South China Sea, characterized by a Cenozoic rift basin that is
NE trending overall and reflects the topographic features of be-
ing high in the northern and southern regions and low in the
central area (Ren and Lei, 2011; Xie et al., 1996; Cheng et al.,
2021; Sun et al., 2015). This basin is connected to the Yinggehai
Basin in the west, the Hainan Uplift region in the north, the
Zhujiang River Mouth Basin in the east, and the Yongle Uplift re-
gion in the south (Cheng et al., 2021; Su et al., 2009) (Fig. 1). The

area of the basin is approximately 45 000 km?, and the contem-
porary maximum water depth exceeds 3 000 m. Since the Mio-
cene, most of this basin has exhibited a semideep-sea—-deep-sea
sedimentary environment (Xiong et al., 2021; Li et al., 2018c;
Cheng et al., 2021). Bounded by the T60 breakup unconformity,
the Qiongdongnan Basin can be divided into a lower rifting peri-
od and an upper depression period (Jiang et al., 2013; Ren and
Lei, 2011; Xie et al., 1996; Wu et al., 2018) (Fig. 2). During the rift-
ing period, the basin experienced strong tectonic activity, while
in the depression period, which tended to be stable, the tectonic
activity almost stopped (Cao et al., 2015; Su et al., 2009). In addi-
tion, according to the differences in the subsidence rate, the
basin depression period can be divided into an early thermal
subsidence period and a late accelerated subsidence period (Ji-
ang et al.,, 2013; Ren and Lei, 2011; Xie et al., 1996). Drilling meas-
urements have confirmed that several sets of source rock forma-
tions with good hydrocarbon generation potential exist in the
basin, among which the Yacheng Formation coal measure is the
main source rock (Wei et al., 2021; Lai et al., 2021; Fang et al.,
2019).

The study area considered in this research is located in the
southwest area of the Beijiao Sag in the southern Qiongdongnan
Basin (Fig. 1), with an area of approximately 1 000 km? and a con-
temporary water depth of approximately 1 500 m. Drilling activit-
ies at YL19-1-1 have revealed that the Miocene strata in the
Qiongdongnan Basin mainly comprise mudstones, with a large
number of developed deep-sea muddy deposits (Lei and Ren,
2016; Li et al., 2021).

3 Data and methods

The application prospects of high-precision 3D seismic data
and multiattribute fusion technologies have facilitated improved
rigorous analyses of the shape, structure and genetic mechan-
isms of ancient pockmarks. Over the past few years, the Guang-
zhou Marine Geological Survey collected 2D and 3D seismic re-
flection data using a G gun type-II air gun. Among their data, 3D
seismic data were acquired in 2018 with a main frequency range
of 30-70 Hz, a sampling interval of 1 ms, and a bin size of 3.125 m
(inline direction)x18.75 m (crossline direction). The seismic data
used in this study were processed using the GeoCluster (a CcGG®
product) processing system applied by the Guangzhou Marine
Geological Survey (Ye et al., 2018). Moreover, the sequential
stratigraphic framework utilized herein was determined based on
the study of Cheng et al. (2021) (Fig. 3). Second, the horizontal
coherence slice attributes and time structure diagram of the T30
interface were extracted by Geoframe® software (a Schlumber-
ger® product)(Figs 4b and 5). In addition, by combining Petrel®
software (a Schlumberger® product) with the time-depth con-
version formula provided by the Guangzhou Marine Geological
Survey and calculating the denudation thickness using the sedi-
mentation rate provided by the Guangzhou Marine Geological
Survey, paleomorphological maps of Horizons T30 and T40 in the
study area were drawn(Fig. 4a). Based on the features of paleo-
geomorphology and seismic profiles, we measured and obtained
the three-dimensional characteristic data of ancient pockmarks
in the study area (Table 1). The global CO, content data and
change curves applied in this study were summarized by Wei and
Tian (2022).

4 Results
4.1 Planar characteristics of ancient giant pockmarks

According to the recovered palaeomorphological informa-
tion and extracted coherent attributes, during the depositional
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Fig. 1. Location of the study area (red rectangle) in the Qiongdongnan Basin (black dashed line boundary), northern South China Sea
(insert) (modified from Lei and Ren (2016), Cao et al. (2015) and Jiang et al. (2013)). The elevation data were derived from Tozer et al.
(2019). Moreover, the deep-water well data were derived from Lei and Ren (2016).

period of the Yinggehai Formation, ancient pockmarks were
mainly distributed in the northern part of the study area and
could be divided into oval-, crescent- and chain-shaped pock-
marks according to their planar shapes (Fig. 4a). Among the
identified pockmarks, nos 1-6 are fully developed in the study
area. Except for pockmark no. 4, which is crescent-shaped, the
rest are oval-shaped. Pockmark no. 4 is a crescent-shaped pock-
mark that protrudes southward on the plane (Figs 4a and 5).
Pockmarks 7, 8, and 9 are incomplete in the study area. Pock-
mark nos. 7 and 8 are chain pockmarks, and no. 7 has chain
branches. No. 9 is presumed to be an oval-shaped pockmark
(Figs 4a and 5). In general, the strikes of pockmark nos. 4, 5, 7, 8,
and 9 in the study area are nearly all east-west oriented, while the
rest are nearly northeast-oriented (Figs 4a and 5). In addition,
ancient pockmarks no. 3 and no. 9 developed multiple depres-
sion centers, and pockmark no. 5 is composed of two individual
closely spaced but not connected pockmarks (Fig. 5). Among the
six complete pockmarks identified in the study area, pockmark
no. 1 is the largest, with a long-axis diameter of 4.95 km, a short-
axis diameter of 2.21 km, and a depth of 0.34 km; pockmark no. 2
is the smallest in scale, with a long-axis diameter of 2.29 km, a
short-axis diameter of 1.25 km, and a depth of 0.43 km; and pock-
mark no. 6 is the shallowest, with a depth of 0.33 km (Table 1).
The pockmarks identified in the study area do not exhibit good
symmetry, and the south/southeast side of the inner wall of the
pockmarks are steeper than the other pockmark surfaces (Figs 4a
and 5).

4.2 Seismic reflection characteristics of giant ancient pockmarks
According to the high-precision 3D seismic profile derived

herein, the nine ancient pockmarks developed in the study area
show obvious concave features and are either U-, V-, or W-
shaped. The interiors of the ancient pockmarks are mainly filled
with weak-amplitude sediments, with a small amount of medi-
um-strong-amplitude sediments at the bottoms, and the
south/southeast sides of the inner walls of the ancient pock-
marks are steeper than the other pockmark surfaces (Table 1;
Figs 4a and 5). No truncation reflections were observed in the
strata developed in the ancient pockmarks in the study area. In
the seismic section, the strata underlying the pockmarks show
obvious pull-down or chaotic seismic reflection characteristics,
and gas chimney structures and obvious strong-amplitude an-
omaly zones can be observed in some areas (Figs 4c and 6). In
addition, a turbidite channel at the top of the Meishan Forma-
tion and mass transport deposits in the late depositional stage of
the Yinggehai Formation can also be observed on the seismic
profile in the study area (Fig. 6). The interior channel sediments
mainly comprise channel sands, exhibiting strong amplitudes on
the seismic profile. In the strata overlying the turbidite channel,
obvious interlayer small faults can also be observed (Fig. 6).

4.3 Characteristics of channels at the top of the Meishan Forma-

tion and MTDs of the late Yinggehai Formation

In the late sedimentary period of the Yinggehai Formation, a
large set of mass-transport deposits (MTDs) developed in the
north and west of the study area (Fig. 7d), which showed obvious
disorderly reflections on the seismic profile (Fig. 7e). The MTDs
were supplied by a NW source and can cover most of the pock-
marks in the study area. In the seismic profile between Horizons
T40 and T27, an obvious interlayer fault can be identified, and
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Fig. 3. Sequential stratigraphy of the Qiongdongnan Basin, modified from Cheng et al. (2021) (the section location is shown in Fig. 1).

some even run through the T30 interface but not through the T27  showed strong amplitude bands on the RMS attribute map (Fig.
interface (Fig. 7e). On the top of the Meishan Formation, large-  7b). In the seismic profile, the channel sedimentary body is
scale channel sediments developed in the study area, which  mainly filled with weak amplitude deposition, which is U-shaped
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Fig. 4. Characteristics of the sedimentation period of the Yinggehai Formation in the study area: paleo-topographic map of Horizon

T30 (a); coherence slice of Horizon T31 (b); and seismic reflection

features (c).

Table 1. Summary of ancient pockmark characteristics in the study area

Number Longaxis/km  Shortaxis/km  Depth/km  Dip angle of the long axis/(°) Trend Profile shape  Planar shape

1 4.95 2.21 0.34 7.87 near NE U oval

2 2.29 1.25 0.43 21.52 near NE U oval

3 4.54 2.44 0.40 10.10 near NE w oval

4 4.18 1.56 0.36 9.87 near EW U crescent

5 2.75 1.68 0.60 25.00 near EW 8] oval

6 4.67 2.01 0.33 8.10 near NE U oval

7 12.04 10.66 1.03 9.80 near EW \% chain

8 14.63 10.22 1.17 9.16 near EW \% chain

9 9.16 7.38 1.25 15.64 near EW W oval

Note: The information provided for ancient Pockmarks 7, 8, and 9 comprises only the data collected within the research area, although

these pockmarks extend past the study area.

or V-shaped (Fig. 7c). At the same time, obvious reflections of
channel features can be identified, such as truncations (Fig. 7e).

5 Discussion

5.1 Comparison of the characteristics of various geological bodies
in the depression
A pockmark is a typical depression landform (Sun et al., 2011;
Pilcher and Argent, 2007; Bottner et al., 2019) that exhibits obvi-

ous stratum depression characteristics on seismic reflection
(King and Maclean, 1970; Luo et al., 2012). In the studied section,
channels and craters also exhibit obvious strata depression fea-
tures (Fig. 8), but these landforms are essentially different from
pockmarks.

5.1.1 Submarine channels
A submarine channel is a long strip of negative seafloor ter-
rain formed under the actions of turbidity currents and related
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Fig. 5. Time structure diagram of the T30 Interface. Bottom current direction modified from Li et al. (2018c).

sedimentation processes; a submarine channel is the main pas-
sage by which sediments are transported to a basin (Tian et al.,
2017). Due to the strong erosion effects experienced by the tur-
bidite sediments on the underlying strata during this transporta-
tion process, relatively obvious erosion characteristics usually
appear on the seismic-section strata in developed channels (Has-
san et al., 2005). Therefore, truncation reflections can usually be
observed on the seismic sections of channel development sites,
embodying the characteristic reflection of a submarine channel
(Tian et al., 2017; Selim, 2012). Because the deposition and filling
of channel sands occur in the channel sedimentary body, these
channels often show strong amplitudes in seismic sections (Sun
etal., 2011; Li et al., 2018c; Tian et al., 2017). Channel deposition
reflects a complete depositional process from the source to the
sink and tends to exhibit good planar connectivity (Tian et al.,
2017), while pockmarks usually develop at single points (B6ttner
etal., 2019). The paleogeomorphological analysis of the Yingge-
hai Formation in the study area revealed that several depression-
al structures are completely displayed in the area and are mutu-
ally independent (pockmark nos. 1-6). Although the geomorpho-
logical characteristics of depressions no. 7 and no. 8 reflect cer-
tain degrees of connectivity, the overall geomorphological char-
acteristics of the study area indicate high terrain in the southeast
and low terrain in the northwest during the depositional period
of the Yinggehai Formation; therefore, the sediments did not re-
flect the conditions required to be transported and eroded from
north to south through channels to form depressions no. 7 and
no. 8. At the same time, judging from the geomorphological fea-
tures of the depressions identified in the study area, multiple de-

pression centers exist in the no. 3 and no. 9 depression structures
but are not common in the channel sediments (Figs 4a and 6). In
addition, no characteristic channel reflections, such as trunca-
tion reflections, were identified in the seismic sections of the
Yinggehai Formation depressions in the study area (Figs 8d, e).

5.1.2 Meteorite craters

A crater is a concave landform formed when a meteorite hits a
planet or moon; craters can be divided into simple and complex
impact craters (Zhao et al., 2011). A simple crater is a single
crater on the ground, usually no more than 4 km in diameter,
while a complex crater is usually larger than a simple crater and
exhibits a central peak, the result of the stratum being impacted
and rebounding (Keerthy et al., 2019; Zhao et al., 2011). Meteor-
ites exert strong impact forces, and obvious radial fissures tend to
develop on crater walls, appearing as concentric annular faults
on the plane; this is the most important structural feature of a
crater (Keerthy et al., 2019; Wang et al., 2013) (Figs 8a, b). In a
crater development area, typical shock-derived metamorphic
features, such as molten rock, breccia lenses, and quartz shock
surface lamination, can usually be identified (Keerthy et al., 2019;
Zhao et al., 2011; Li et al., 2018a). Because the energy of a meteor-
ite is concentrated on a soecufuc point on the surface of the
Earth, most craters are circular, while a few form elongated
shapes near the land surface when a meteorite is at an angle
(Keerthy et al., 2019; Li et al., 2018a). No obvious annular fissures
were observed in the seismic sections comprising the depression
structures in the study area; in addition, the identified depres-
sion structures mostly appeared to exhibit crescent, ellipse, and
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chain shapes, which differ significantly from the shapes of
craters.

5.2 Analysis of the genetic mechanism of the analyzed pockmarks

A seabed pockmark is a depression landform that is formed
by the fluid in the underlying strata escaping at a certain point on
the seabed through a migration pathway and causing the seabed
surface to collapse (Hovland and Sommerville, 1985; Hovland et
al., 2002; Bottner et al., 2019). In this study, we found that the
formation of the analyzed ancient pockmarks in the area in-
cluded two stages: one involving the escape of deep fluid and one
involving lateral reformation of the bottom current.

5.2.1 Fluid escape system

A fluid escape system mainly involves two aspects: “fluid” and
“escape”. Fluid escape types include seepage escape and accu-
mulated escape. Only when a fluid flows through a fault, gas
chimney, or other special pathway resulting in accumulative es-
cape is it possible to form pockmark landforms on the seabed
(Sun et al., 2011). Of course, after the decomposition of natural
gas hydrate in shallow seabed strata, there are often dents on the
seabed, but the scale of such dents is usually limited. For ex-
ample, the diameter of the pits formed by the submarine hydrate
mound after the nucleation, uplift and extinction stages is gener-
ally 1-300 m (Hovland and Svensen, 2006).

Drilling activities have revealed multiple sets of source rocks
in the Qiongdongnan Basin; for example, Miocene marine source
rocks, Oligocene marine transitional source rocks and Eocene la-
custrine source rocks, this basin has great potential for hydrocar-
bon generation at present (Lai et al., 2021; Fang et al., 2019;
Cheng et al.,, 2021; Ren et al., 2022). In the deep strata, the Ya-
cheng Formation has the best hydrocarbon generation potential
and the highest organic matter abundance, which is a set of me-
dium-good source rocks and is generally considered the main
source rocks in the Qiongdongnan Basin. In particular, the coal
measure source rocks in this set of strata have a wide distribu-
tion range and are a set of high-quality gas source rocks in the
basin (Lai et al., 2021; Fang et al., 2019). Previous studies have
confirmed that the Qiongdongnan Basin experienced multiple
periods of overpressure conditions and pressure relief (Xie et al.,
2016; Zhai et al., 2013). Since the depositional period of the
Huangliu Formation in the Late Miocene, the source rocks loc-
ated in the deep strata of the basin have gradually overmatured,
and hydrocarbon cracking has enhanced (Zhai et al., 2013;
Huang et al., 2016, 2017). The large-scale migration of natural
gases to shallow formations has generally been seen in various
sag formations (Zhai et al., 2013). In the depositional period of
the Yinggehai Formation, the Qiongdongnan Basin already had a
good hydrocarbon-generating capacity (Zhai et al., 2013; Huang
etal., 2016, 2017). Judging from the developmental scale of the



128 Xiong Pengfei et al. Acta Oceanol. Sin., 2023, Vol. 42, No. 2, P. 120-133

ancient pockmarks in the study area, the fluid escape activity in
the early Yinggehai Formation was likely relatively strong, indic-
ating that the fluid escaped at a certain scale and that the fluid
mainly originated from deep formations (Zhu et al., 2021). Obvi-
ously, pockmarks of this size in the study area are unlikely to be
mainly formed by the decomposition of gas hydrates in shallow
formations. However, it cannot be ruled out that gas hydrates
were formed and decomposed in the shallow strata at that time
and then participated in the formation process of the ancient
pockmark.

Although the Qiongdongnan Basin has been stable overall
since T60, hardly any large structural faults can be observed in
the basin; however, local tectonic activity can be induced under
superstrong pressure conditions, and stretched strata and small
faults have developed and serve as optimal vertical fluid-migra-
tion pathways (Xie et al., 2016). On the other hand, large-scale
sedimentary channel bodies developed during the depositional
period of the Meishan Formation in the southern deep-water
area of the Qiongdongnan Basin (Xiong et al., 2021). These chan-
nel sands are usually the predominant accumulation areas for
fluids in the formation due to their relatively coarse sediment
particle sizes (Xie et al., 2016). When the fluid in the channel
sands continually accumulates to reach a certain scale, the
overlying strata in the channel tend to develop compaction faults
due to the high-pressure conditions, and these faults then
provide migration pathways for fluids (Sun et al., 2011; Bai et al.,
2014). Pockmarks have also been observed to develop above
channel sediments on the current seafloor in the northern South
China Sea (Zhu et al., 2021). During this process, channel sands
played the role of accumulating fluids to facilitate the formation
of overpressure conditions.

On the seismic profile of the study area, high-amplitude re-
flections due to gas accumulation and gas chimneys can be ob-
served in the strata underlying the pockmarks, indicating that
these underlying strata have optimal conditions for fluid accu-
mulation (Figs 4c and 5). At the same time, in the Miocene
Huangliu Formation, obvious interlayer small faults have also
been observed; even between the Horizons of T31 and T20, there
are interlayer faults that run through the T30 interface and ter-
minates under the MTDs above the Horizon of T27 (Figs 4c and
5); similar faults have also been identified in other Miocene strata
in the southern Qiongdongnan Basin (Li et al., 2018b; Sun et al.,
2010). This indicates that the deep fluid leakage in the study area
not only occurs in the floor layer under the pockmark but also
continues for a period of time after the pockmark formation is
formed, which is effectively blocked by the MTDs in the late
Yinggehai Formation. It is clear that this continuous fluid leak-
age is much less severe due to the large amount of energy already
released through the pockmark.

5.2.2 Bottom-current erosion

At the original formation stage, pockmarks are usually nearly
circular in shape (Masoumi et al., 2014; Zhu et al., 2021; Yu et al.,
2021) and are then often transformed by bottom currents or grav-
ity currents until they finally take on a certain shape and scale
(Luo et al., 2012; Bai et al., 2014; Yu et al., 2021). When a gravity
current continuously acts on a pockmark landform, due to the
strong erosional effect, a pockmark located in the flow direction
is very likely to be transformed into a submarine channel (Yu et
al., 2021). Although there is a trend of connectivity among the an-
cient pockmarks in the study area, the pockmarks are relatively
independent overall and do not exhibit channel characteristics
(Figs 4a and 5). In addition, from the perspective of ancient land-

forms, it would be difficult for gravitational currents to act in the
study area to form the pockmark landforms observed in the area.
Hence, bottom-current activity may be the main controlling
factor determining the morphological changes observed in the
ancient pockmarks in the study area. In addition to the influence
of local topographic differences and other factors, the axes of el-
liptical, crescent-shaped and chain-shaped pockmarks often
have good matching relationships with the bottom-current flow
direction (Zhu et al., 2021; Dandapath et al., 2010), and the im-
pact of the bottom current on the pockmark can even be greater
than the effect of fluid escape (Sun et al., 2011).

Whether there is deep water in the Qiongdongnan Basin is
still controversial, but some consensus has been reached with re-
gard to the flow direction of the surface waters and middle wa-
ters in the basin (Tian et al., 2015; Chen et al., 2014, 2016; Gong et
al., 2016). By studying the obvious erosion differences between
the two sides of the seamounts near the Beijiao Sag in the Qiong-
dongnan Basin and by combining the results with the sediment-
ary characteristics and migration laws of the channel sediment-
ary bodies developed in the Miocene strata, Li et al. (2018c) re-
ported that during the depositional period of the Miocene
Huangliu Formation, a bottom current changed direction from
EW to NE near the Beijiao Sag; this finding is consistent with pre-
vious judgments on the flow direction of the middle waters in the
Qiongdongnan Basin (Palamenghi et al., 2015; Yang et al., 2008).
Moreover, the Beijiao Sag has mainly been in a semideep-sea
sedimentary environment since the depositional period of the
Meishan Formation in the Miocene, and the middle waters play a
major role in controlling the submarine sediments (Li et al.,
2018c¢). Under the condition that the tectonic setting of the basin
tends to be stable, the direction of the middle waters usually does
not change extensively (Li et al., 2018c; Palamenghi et al., 2015);
that is, the bottom-current activity oriented in this direction near
the Beijiao Sag continued at least until the deposition of the
Yinggehai Formation.

The trends of the ancient pockmarks in the study area mainly
include the east-west direction, and the southeast sides of the in-
sides of the ancient pockmarks are steeper than the other pock-
mark surfaces (Figs 4a, 5 and 6b), indicating that the bottom cur-
rent eroded the ancient pockmarks from west to east; the paleo-
bottom current in the study area in the Miocene was likely ori-
ented in the east-west direction (Yu et al., 2021; Bai et al., 2014;
Sun et al., 2011). Except for bottom-current erosion, the ancient
landforms in the study area, which were high in the south and
east and low in the north and west, also impacted the shape of
the pockmarks, thus resulting in the pockmarks in the study area
trending nearly northeast. Therefore, during the depositional
period of the Yinggehai Formation, the bottom current near the
Beijiao Sag in the southern region of the Qiongdongnan Basin
was oriented nearly east-west, while slight differences arose in
local areas due to geomorphological conditions and other factors
(Fig. 5). This finding is consistent with the results of previous
studies on the flow direction of the paleo-bottom current in the
deep-water area in the southern region of the Qiongdongnan
Basin (Li et al., 2018c; Palamenghi et al., 2015).

5.3 Evolution process of giant ancient pockmarks

According to our analyses of the seismic reflection, fluid es-
cape, and bottom current transformation characteristics of the
giant pockmarks in the Yinggehai Formation in the southern part
of the Qiongdongnan Basin, these pockmarks have undergone
the following evolution pattern: since the sedimentary period of
the Miocene Huangliu Formation, the deep hydrocarbon source
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rocks in the Qiongdongnan Basin have gradually become over-
mature, and the overpressure formed by hydrocarbon hydrolysis
has caused the development of small faults. Driven by strong
formation pressure, deep fluids, which are hydrocarbon-rich flu-
ids and composed of formation water, deep stratum material and
hydrocarbons, have gradually migrated to shallow formations
through advantageous paths such as faults and gas chimneys to
release energy. Passing through the Meishan Formation, these
deep fluids tend to accumulate in the channel sands of the
Meishan Formation (Fig. 9a). When the fluids in the channel
sands of the Meishan Formation reach a certain scale, they pref-
erentially release energy to the weak areas in the overlying strata
to form small faults or gas chimneys and then accumulate and
escape through those pathways. Thus, leakage occurred in the
ancient seabed in the early depositional stage of the Yinggehai
Formation to form nearly circular pockmarks, the most primitive
form of a pockmark (Fig. 9b). After the formation of the original
ancient pockmarks, the pockmarks were eroded and trans-
formed by the near-E-W-trending paleo-bottom current in the
southern region of the Qiongdongnan Basin (Fig. 9c), and the ini-
tially nearly circular ancient pockmarks were gradually trans-
formed to exhibit near-E-W trends. Due to local topographic dif-
ferences, oval-, crescent- and chain-shaped ancient pockmarks
formed, and the closely spaced pockmarks were connected on
the plane due to the transformational effect of the bottom cur-

advantage path

overpresure

rent, thus forming chain-shaped ancient pockmarks. Then, the
effective caprock deposited in the late depositional period of the
overlying Yinggehai Formation prevented the development of
pockmarks in multiple subsequent stages (Fig. 9).

5.4 Impact on paleoclimate

A pockmark is a characteristic landform that forms when
deep-formation fluid leaks onto the seabed. The process by
which deep-formation fluid migrates upward involves three
stages: (1) reaction with sediments; (2) breaking through the sed-
iments and reacting with seawater; and (3) breaking through the
hydrosphere and entering the atmosphere (Lai, 2007; Dickens,
2003; Katz et al., 1999).

Hydrocarbons and sulfate minerals in seafloor sediments un-
dergo anaerobic oxidation in anoxic environments, including the
anaerobic oxidation of methane, resulting in carbonate precipita-
tion and carbon dioxide; these substances can then provide suffi-
cient carbon sources and energy for biological processes (Fig.
10a), ultimately promoting the development of biomes, such as
the Cold Springs biome (Katz et al., 1999; Dickens, 2003). The ef-
ficiency with which hydrocarbons are consumed in sediments is
related to various factors, such as the fluid velocity, seafloor topo-
graphy, and bottom current activities (Lai, 2007). When hydro-
carbons cannot be completely consumed by sediments, they
break through the sediments and enter the hydrosphere (Fig. 10).

b atmosphere

sea level

'scawatery

c atmosphere
reformed by bottom current

sea level

reformed pockmark

buried pockmark
dense cover/MTDs?,

Fig. 9.

The evolution model of the giant ancient pockmarks in the Qiongdongnan Basin. Overpressure built up, and deep fluids

accumulated in the channel sands (a); the fluid in the channel sands escaped following accumulation, forming near-circular ancient
pockmarks on the seafloor (b); affected by bottom-current erosion, these ancient pockmarks were transformed into different shapes
(c); and the overlying effective capping prevented the ancient pockmarks from developing in multiple stages, causing the pockmarks

to be buried in the stratum (d).
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Fig. 10. Slight leakage of deep-formation fluids, most of which reacted with seabed sediments to form carbonate precipitation, while a
few reacted with seawater and failed to break through the hydrosphere (a); intense deep-formation fluid leakage, most of which broke
through the hydrosphere and entered the atmosphere, while a small part reacted with the seawater and seafloor sediments (b)

(redrawn after Katz et al. (1999) and Dickens (2003)).

At this stage, factors such as solubility, oxidation, and upwelling
in the seawater play leading roles in the consumption of hydro-
carbons in seawater (Dickens, 2003). The oxidation and dissolu-
tion of seawater cause hydrocarbons to be consumed. If the oxy-
gen content of seawater is high, hydrocarbons can be consumed
in large quantities. For example, more than 80% of the methane
in submarine thermogenic gases can be consumed in this pro-
cess (Dickens, 2003; Lai, 2007). This upwelling activity helps hy-
drocarbons pass through the hydrosphere and enter the atmo-
sphere (Dickens, 2003). Generally, only a small amount of hydro-
carbons can enter the atmosphere after reacting with sediments
and seawater. However, when deep fluids are released violently
on the seafloor, such as in mud volcanoes and pockmarks, hydro-
carbons can quickly break through the sediments, enter the hy-
drosphere, and rise rapidly (Judd et al., 2002). In this process,
sediments and seawater have little effect on the fluids, and most
hydrocarbons can enter the atmosphere and then impact the en-
vironmental climate; this process has been confirmed in studies
of short-term global warming in the Quaternary (Brook et al.,
1996). The giant pockmarks in the study area indicate that deep
fluid was active during this period, as can be observed in the seis-
mic sections obtained for many areas in the Qiongdongnan
Basin. This finding shows that most of the hydrocarbons present
in the deep fluids at that time could break through the sediments
and hydrosphere, enter the atmosphere quickly, and then im-
pact the paleoclimate (Fig. 10b).

The application of isotopes has enabled the reconstruction of

paleoclimatic information. Previous studies have shown that the
overall atmospheric CO, concentration in the global low latit-
udes exhibits an upward trend at approximately 6.5-5.5 Ma,
while after 5.5 Ma, the atmospheric CO, concentration began to
decline (Fig. 11). This finding corresponds to the Qiongdongnan
Basin releasing greenhouse gases into the atmosphere through
giant ancient pockmarks during the early deposition of the
Yinggehai Formation, while the caprock that formed during the
late deposition of the Yinggehai Formation effectively prevented
deep fluids from continuing to release greenhouse gases into the

A phytoplankton
@ boron isotope

200

4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5
Age/Ma

Atmospheric CO, concentration/ppmv

Fig. 11. Reconstructed records of atmospheric CO, concentra-
tions from different metrics ranging from 7.5 Ma to 4.0 Ma (re-
drawn after Wei and Tian (2022); dates are referenced from
Sosdian et al. (2018) and Breecker and Retallack. (2014)).



Xiong Pengfei et al. Acta Oceanol. Sin., 2023, Vol. 42, No. 2, P. 120-133 131

atmosphere. In addition, multiple wells, such as LS33-1-1 and
YL19-1-1, revealed an order of magnitude decrease in the abund-
ance of planktic foraminifera, which represents high productiv-
ity, in the Qiongdongnan Basin during the late Miocene (Li, 2013;
Li et al., 2021). This is partly related to the large leakage of deep
hydrocarbon-rich fluids through the pockmark, which affects the
marine environment.

6 Conclusions

The characteristics and nature of the giant ancient pock-
marks in the Qiongdongnan Basin were illustrated in this study
using 2D and high-precision 3D seismic data. In addition, the ge-
netic mechanism of the ancient pockmarks in the study area,
their impacts on the paleoenvironment were also discussed. The
main conclusions are described as follows:

(1) Giant ancient pockmarks are present in the Yinggehai
Formation of the Qiongdongnan Basin. The longest diameter
among these ancient pockmarks is 4.95 km, the shortest long-ax-
is diameter is 2.29 km, and the maximum depth is 0.33 km. The
overall trend of the ancient pockmarks is nearly E-W, and the
pockmarks are oval-, crescent- and chain-shaped on the plane
and U-, V- and W-shaped on the seismic profile.

(2) The giant ancient pockmarks of the Yinggehai Formation
in the Qiongdongnan Basin were formed under the common in-
fluence of the escape of deeply accumulated fluid and lateral
transformation of the bottom current. The overpressure formed
by the thermal evolution of the deep source rocks in the basin
provided the impetus for the upward migration of fluids. This up-
ward migration caused deep fluid to tend to accumulate in favor-
able accumulation areas, causing the formation pressure in these
fluid accumulation areas to continuously increase. With time, in-
terlayer faults or gas chimneys formed in the weak area of overly-
ing strata, and the accumulated fluid escaped from these path-
ways, forming nearly circular ancient pockmarks on the ancient
seabed. Afterward, due to the erosion and transformation of the
near-EW bottom current, the ancient pockmarks evolved into dif-
ferent shapes. Finally, the overlying dense and effective caprock
prevented ancient pockmarks from developing in the strata
throughout multiple stages.

(3) Pockmarks are a sign of intensive deep-fluid escape. Flu-
ids escaping through pockmarks are likely to break through the
hydrosphere and enter the atmosphere, where they impact the
atmospheric environment. At approximately 6.5-5.5 Ma, a large
amount of greenhouse gas was released from the Qiongdongnan
Basin into the atmosphere through the giant ancient pockmarks,
thus causing significant increases in atmospheric CO, and other
gases. Later, affected by the overlying effective cover, the ancient
pockmarks stopped developing, thus slowing down the large-
scale release of greenhouse gases into the atmosphere and redu-
cing the concentrations of CO, and other greenhouse gases in the
atmosphere.
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