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A B S T R A C T

Seismic facies analysis is the most widely used method to identify event deposits from subaqueous environments. 
However, the internal structures of a chaotic or transparent seismic unit that represent event deposits are usually 
poorly imaged. This is primarily due to the limited resolution (usually <10 m) of commonly available multi- 
channel seismic reflection data. As a consequence, potential (sub)meter-thick, interbedded background sedi-
ments that may divide the chaotic layer cannot be discerned on such a seismic profile. The result of this, is that a 
complex of multiple moderate-thickness event layers can be misinterpreted as a single, thick event layer and this 
can greatly impact age-depth model reconstruction and geohazard assessment. One approach to resolve the 
problem is to correlate seismic data with high-resolution sediment core analysis. To address the problem in the 
South China Sea, we combine multiple methods to identify event deposits in the IODP holes U1499A and 
U1432C. Our dataset reveals that: (1) the previously interpreted ~50 m-thick slumping unit in the region is a 
complex of multiple moderately sized units; (2) the slumping events are clustered between 0.6 and 0.4 Ma. Using 
our new understanding of event emplacement, we define event-free age models for mass wasting on the margin 
of the South China Sea, improving our understanding of local geohazards. Our methods here represent a sedi-
mentological approach which could be used in other subaqueous environments to reconstruct event-free age 
models and geohazard histories.

1. Introduction

Seismic stratigraphic analysis is commonly employed to study 
lacustrine and marine depositional environments. Within the Interna-
tional Continental Scientific Drilling Program (ICDP) (Cukur et al., 
2014; Coianiz et al., 2019) and the International Ocean Discovering 
Program (IODP) (Strasser et al., 2011), seismic reflection data is widely 
used to distinguish between large-scale mass movement deposits, such 
as slumping units and megaturbidites, from hemipelagic deposits. Par-
allel seismic reflections are usually interpreted to represent normal or 
background sediments which have not undergone postdeposition 
deformation and remobilization (Roksandić, 1978; Xu and Haq, 2022). 
In contrast, an interval characterized by chaotic and/or transparent 
seismic facies is usually interpreted as a mass movement deposit unit 
(Posamentier and Kolla, 2003; Frey Martinez et al., 2005; Bull et al., 
2009). Together these data can be used to reconstruct the 

sedimentological history of a continental margin or lake basin.
Efforts have been made in recent decades to improve seismic 

reflection imaging. Generally, 2D multi-channel seismic reflection sur-
veys can provide profiles with a vertical resolution of ~10 m, for 
example, the case from the South China Sea (He et al., 2014). This can be 
improved to the order of meters to decimeters by using 3D acoustic 
reflection techniques commonly now used in industry, (Strasser et al., 
2011; Sun et al., 2017a) and advanced methods such as short-offset 3D 
“P-cable”-type geometry (Berndt et al., 2012; Karstens et al., 2019) and 
seismic diffraction imaging (Schwarz and Krawczyk, 2020; Ford et al., 
2021), or high-resolution systems such as Sparker (Kluesner et al., 2018, 
3.5 kHz (Olson and Damuth, 2010), etc.

However, despite the great improvement in acoustic reflection 
techniques, academic investigations, such as those associated with IODP 
drilling campaigns in the South China Sea, are still limited to lower 
resolution datasets. This continues to plague investigations concerning 
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chaotic seismic reflections and hence, thin interbedded background 
deposits often remain unresolvable on seismic profiles. As a result, 
where complexes of moderate-sized slumping units exist, these can be 
misrepresented as individual think slumping units. This will impact the 
accuracy of age-depth models for marine sections and therefore will 
affect potential geohazard assessments in subaqueous environments.

One possible approach to overcome these drawbacks in seismic 
interpretation is to correlate seismic stratigraphic data with high- 
resolution sedimentological analysis of long cores. Here, we apply this 
approach to drill cores from the northern South China Sea deep-basin 
(Fig. 1). In the basin, a ~ 50 m-thick chaotic seismic reflection within 
the seismic profile across the IODP Expedition 367 Site-U1499 has been 
interpreted as a thick slumping unit that occurred during ~0.8–0.4 Ma 
(Fig. 1c) (Sun et al., 2018c). Based on the assumption that this unit was a 
single instantaneous event deposit, the unit was entirely removed when 
establishing an astronomical-tuned age model using natural gamma-ray 
data (Zhang et al., 2019). In this paper, we test whether this ~50 m thick 
chaotic seismic reflection is indeed a consequence of a giant slump event 
or a complex of multiple smaller events. To achieve this, we analyze 
cores from IODP Expedition 367 Hole-U1499A and IODP Expedition 349 
Hole-U1432C, which are 50 km apart from each other in the deep-basin 
(Fig. 1b). To do this we use detailed event sedimentological analysis. 
Based on our results, we then discuss wider implications of our results 

for event chronology reconstruction and geohazard assessment.

2. Geological setting

2.1. Northern edge of the South China Sea deep-basin

The South China Sea is one of the largest marginal seas in the world, 
with an area of ~3.5 million km2, a maximum water depth of ~5500 m, 
and an average water depth of ~1200 m (Fig. 1a). It is located at the 
junction of the Pacific, Indo-Australian, and Eurasian Plates (Ding et al., 
2018; Sun et al., 2019). It formed as a consequence of middle- to late- 
Cenozoic continental margin rifting (Larsen et al., 2018; Le Pourhiet 
et al., 2018; Ding et al., 2020). The South China Sea deep-basin receives 
>420 million tons of fluvial sediments every year from its northern 
margin, of which the Pearl River alone contributes >100 million tons 
annually (Milliman and Farnsworth, 2011; Liu et al., 2016).

The study area lies on the northern edge of the South China Sea deep- 
basin, a passive margin that comprises the Pearl River Canyon system, 
Baiyun Sag (continental slopes), and the nearby abyssal plain (Fig. 1b). 
The Pearl River Canyon system is slope-incising and slope-confined 
(Harris and Whiteway, 2011). The head of the system is incised into 
the continental slope, at a water depth of ~300 m, and ~ 250 km away 
from the mouth of the Pearl River. The head of this canyon did not 

Fig. 1. Geological setting of the study area. (a) Locations of the South China Sea and focused study region. (b) Pearl River Canyon system (indicated by dashed black 
line), locations of IODP/ODP sites used (U1499 and U1432) and referred to (U1501, U1504, U1505, 1148 and 1146) in this study. (c) Seismic profile of crossline 
15ecLW3 across Site U1499; the ~50 m-thick interval of mass-transport complexes is marked (adapted from Sun et al., 2018c); CSF-A: Core depth below sea floor-A. 
(d) A simplified model showing the sedimentary system and major sedimentary processes in the region. CCD: carbonate compensation depth.
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connect to the Pearl River mouth during Quaternary eustatic sea level 
low stands when the sea level was ~130 m lower than today (Miller 
et al., 2020).

The Pearl River Canyon system extends over 250 km seaward down 
the continental slope and finally discharges onto the abyssal plain at a 
water depth of ~3500 m (Ding et al., 2013). Slope failures and turbidity 
currents have occurred frequently in this region (Fig. 1d). Many N-S 
extended sub-parallel short (~60 km) and deep (~50–300 m) canyons 
lie on the northern edge of the Baiyun Sag at water depths of 
~450–1500 m (Zhu et al., 2010) (Fig. 1b). These canyons are relatively 
young and active when compared with the canyons developed in the 
middle and lower part of the Pearl River Canyon system. Small-scale 
landslides/slumps also repeatedly occurred in this region during the 
Quaternary (He et al., 2014).

The high fluvial sediment input, steep continental slopes, and deep 
canyons make the northern edge of the South China Sea deep-basin 
prone to slope failure and slumping (Ding et al., 2013; Wang et al., 
2014; Wang et al., 2017; Li et al., 2020). In the middle-lower reach of the 
Pearl River Canyon system (Fig. 1b), Sun et al. (2008) first reported a 
large-scale submarine landslide complexes covering an area of ~13,000 
km2 by using multi-beam bathymetric mapping and seismic reflection 
data. By correlating with the strata at ODP site 1146 (Fig. 1b), the ages of 
those sliding events are estimated to be ~1.59 Ma, ~0.79 Ma, ~0.54 
Ma, ~0.3 Ma, and ~ 0.19 Ma, respectively (Li et al., 2014; Sun et al., 
2017b; Sun et al., 2018b).

2.2. IODP holes U1499A and U1432C

Two IODP holes on the northern edge of the abyssal plain near the 
Pearl River Canyon are used in this study (Fig. 1b). The 110 m Hole 
U1432C was cored at 3829 m water depth (18◦21.08′N, 116◦23.45′E), 
during the IODP Expedition 349 in 2014 (Li et al., 2015). The 659 m 
Hole U1499A was cored at 3760 m water depth (18◦24.57′N, 
115◦51.59′E), during the IODP Expedition 367 in 2017 (Sun et al., 
2018c). The two drill sites stand ~50 km apart on the abyssal plain, 
ideal for a detailed comparative study.

The site survey 2-D seismic reflection data shows a chaotic to 
transparent seismic layer tied to the core depth of ~100–50 m below the 

seafloor at Site U1499. The core interval has been interpreted as a thick 
slump unit deposited between ~0.8–0.4 Ma (Sun et al., 2018c) (Fig. 1c). 
This unit was then removed from astronomically-tuned age models 
generated for this site as is the common practice (Zhang et al., 2019).

Since the vertical resolution of the 2-D site seismic data used to 
survey the IODP sites is ~13 m (Sun et al., 2018b), sediment layers or 
features below this resolution (may represent ~100 kyr in time at the 
drill site) are unable to be clearly separated using this data. Thus, un-
disturbed pelagic mud intervals, turbidites, and volcanic ash layers with 
thickness below the seismic resolution cannot be discerned from the 
seismic data. Therefore, there is the possibility that the previously 
interpreted single thick slump unit comprises multiple layers of mod-
erate- to large-scale slump deposits. If this is the case, a sedimentary 
sequence separated by undeformed pelagic mud, turbidite layers, and/ 
or volcanic ash layers could be present (Fig. 2). This study will test this 
hypothesis by analyzing the sedimentary facies and structures from 
holes U1499A and U1432C, and conduct a detailed comparative study 
between the two sites.

3. Methods and primary chronology

For the purpose of this study, the upper 120 m of Hole U1499A and 
the entire 110 m of Hole U1432C are examined.

3.1. Depth-scale adjustment

Core recovery rates for some core sections are >100 %. This is due to 
the expansion of sediments during and after core extraction. To avoid 
missing centimeter-scale event layers, we adjust the originally docu-
mented depth scale (Depth CSF-A: core depth below sea floor-A; Li et al., 
2015; Sun et al., 2018c) to corrected depth. This acknowledges any 
overlap of core sections post-expansion. A conversion table between the 
two depth scales is supplied in the supplementary information 
(Tables S1 and S2). All depths used in this study refer to the corrected 
depth scale if not annotated.

Fig. 2. Schematic figure explaining the hypothesis. (a) Two models of slumping: Scenario A, a giant slump; Scenario B, a series of small slumps. The stars indicate the 
locations of drill cores. (b) Sedimentary processes correspondence to the two slumping scenarios. (c) Event deposits correspondence to the two scenarios.
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3.2. Magnetic susceptibility, bulk density, and natural gamma radiation 
measurements

The magnetic susceptibility of core sections was measured at 1 cm 
interval using a Bartington MS2F point sensor on a Section Half Multi-
sensor Logger (Li et al., 2015; Sun et al., 2018c). Magnetic susceptibility 
is a useful proxy used to trace volcanic ash layers (Heider et al., 1993; 
Vigliotti et al., 2022). The bulk density of recovered sediments was 
evaluated based on measurements of gamma-ray attenuation. Gamma- 
ray attenuation was measured on whole-round core sections using a 
Multisensor Core Logger (Li et al., 2015; Sun et al., 2018c). It was 
measured at 2 cm and 2.5 cm resolution for holes U1499A and U1432C, 
respectively. Natural gamma radiation (counts per second) of sediments 
from holes U1499A and U1432C was measured on whole-round cores at 
10 cm resolution using a Natural Gamma Radiation Logger (Li et al., 
2015; Sun et al., 2018c). Natural gamma radiation is effective for 
stratigraphic correlation and helpful for the evaluation of the relative 
content of clay and carbonate (Díaz-Curiel et al., 2021; Liu et al., 2023).

3.3. Identification of event deposits and sediment facies

We identified sediment facies and event deposits through their 
different magnetic susceptibility, bulk density, and natural gamma ra-
diation characteristics. Visual logging was also conducted on high- 
resolution core images to discern event layers via their different 
colors, textures, and structures from background deposits such as hem-
ipelagic mud and laminations of calcareous ooze.

3.4. Primary chronology

Samples from holes U1499A and U1432C were analyzed for calcar-
eous nannofossil and foraminiferal content, and biostratigraphic event 
identification (Li et al., 2015; Sun et al., 2018c). In addition, paleo-
magnetic studies have been conducted for the two holes by the IODP 
Scientific Parties. The Brunhes/Matuyama boundary (0.77 Ma) in holes 

U1499A (Sun et al., 2018c; Zhang et al., 2019) and U1432C (Li et al., 
2015) is located at 116.3 m and 105.6 m, respectively. To conduct a 
detailed comparative study with Hole U1432C, we investigated the 
upper 120 m of Hole U1499A. In total, four microfossil ages and one 
paleomagnetic age are used to reconstruct the primary age-depth model 
of Hole U1499A (Fig. 3a; Table S3). In addition, five microfossil ages and 
one paleomagnetic age are used to reconstruct the primary age-depth 
model of Hole U1432C (Fig. 3b; Table S3). The microfossils of the 
holes were checked every ~6–10 m. Age uncertainties due to limited 
sample resolution are also considered (Fig. 3; Table S3).

4. Results

4.1. Basic types of event deposits and sediment facies

We identified pelagic mud, silty turbidites, sandy turbidites, mega-
turbidites (meter-scale thickness), volcanic ash layers, three types of 
large-scale mass transport deposits (Fig. 4), and coring disturbances 
from the IODP core sections.

4.1.1. Pelagic mud, turbidite, volcanic ash, and turbidite-pelagic mud 
package

The units of pelagic mud are composed of clay and very fine silts 
without graded bedding. They commonly show massive and homoge-
neous textures, and small variations in magnetic susceptibility and bulk 
density (Fig. 4a, c). Occasionally, bioturbations can be found in these 
sediments. By contrast, turbidites are characterized by upward-fining 
grain size sequences and decreasing magnetic susceptibility, and bulk 
density from the base of the deposit to its top (Fig. 4a, c). Both silty and 
sandy turbidites are identified. The silty turbidites are composed of 
graded silts at their base with mud caps. The sandy turbidites are made 
up of graded coarse to fine sands at their base and finning to mud caps. 
The silty turbidities have weak erosion bases compared to the sandy 
turbidites which have sharp erosional contacts. For these turbidites, the 
ratio between the thickness of graded bedding (silty or sandy base) and 

Fig. 3. Primary chronology of holes U1499A and U1432C. (a) Primary age-depth model of Hole U1499A; the paleomagnetic and microfossil ages from Zhang et al. 
(2019) and Sun et al. (2018a, 2018b, 2018c), respectively. (b) Primary age-depth model of Hole U1432C; the ages from Li et al. (2015) (Table S3).
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mud tail is usually around 1.
We define meter-scale coarse sandy turbidite as megaturbidites. 

Megaturbidites are identified at 49.5 m (0.75 m thick) and 51.4 m (2.86 
m thick) in holes U1499A and U1432C, respectively. These layers have a 
ratio of >7 in terms of the thickness of the graded sandy bases and their 
mud tops. Sharp erosional bases are observed at the base of these 
megaturbidites. In addition, parallel laminations are preserved in the 
megaturbidite from Hole U1499A (Fig. 4d). The megaturbidites show 

greater variability in physical characteristics than the other observed 
thinner turbidites (Fig. 4d). They show very low levels of magnetic 
susceptibility and exhibit decreasing magnetic susceptibility in their 
lower sections but an increasing trend in the upper part. Their bulk 
density shows frequent and large amplitude variations.

Volcanic ash layers show extremely high levels of magnetic suscep-
tibility (> 100 × 10− 5 SI) (Fig. 4b). Together, pelagic mud and turbidite 
deposits are commonly found to comprise turbidite-pelagic mud 

Fig. 4. Features of basic sediment facies and event deposits in holes U1499A and U1432C. (a) Pelagic mud and silty turbidites. (b) Pelagic mud and volcanic ash 
layer. (c) Pelagic mud and sandy turbidites. (d) Megaturbidite. (e-g) Type I-III large-scale mass transport deposits. Mag. Sus.: Magnetic susceptibility. GRA: Gamma 
ray attenuation. (a-b): from Hole U1432C; (c-g): from Hole U1499A.
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packages but show large variability in terms of the physical features 
exhibited by different couplets (Fig. 4a, c-d).

4.1.2. Three basic types of large-scale mass transport deposits
The Type I large-scale mass transport deposit units are characterized 

by soft carbonate clasts and chaotic structures (carbonates mixed with 
mud) (Fig. 4e). These units have a much higher bulk density than 
observed pelagic mud, but lower bulk density than measured turbidites. 
They also exhibit large variations in magnetic susceptibility. The Type II 
large-scale mass transport deposit units are characterized by folded thin 
beds of calcareous ooze (Fig. 4f). These units generally show much 
higher bulk density than the Type I large-scale mass transport deposits. 
The Type III large-scale mass transport deposit units are composed of 
older aged gray-colored carbonates (Fig. 4g). They contain microfossils 
with ages spanning from 2 Ma to >3.5 Ma, much older than the paleo-
magnetic age (0.77 Ma) of pelagic mud at the core depth of 116.3 m 
(Fig. 4g). This unit type shows very low magnetic susceptibility and 
small variations in physical features.

4.1.3. Coring disturbances
The upper 162 m of Hole U1499A and the entire Hole U1432C are 

cored using advanced piston corers. Thus, coring disturbances are ex-
pected to be preserved in the recovered two soft sedimentary sequences 
(Jutzeler et al., 2014). We observe three basic types of coring distur-
bances (Fig. 5). Type 1 disturbances are characterized by deformed 
laminations or thin beds that are entirely confined by the two sides of the 
core edge, and without layers, or beds confining the deformed structure 
at the top of it. This type of disturbance normally occurs on the top of a 
core section. Type 2 disturbances are characterized by symmetric 
deformation structures that are entirely confined by coring tubes with 
structure edges extending down core. Type 3 disturbances are charac-
terized as cracks but without showing a regular fault line, and are 
therefore identifiable as different from syndepositional micro-faults.

4.2. Distribution of sediment facies and event deposits in the focused core 
intervals

In Hole U1499A, the lower (120.0–103.3 m) and upper (50.7–40.0 
m) parts are characterized as turbidite-pelagic mud packages (Fig. 6). 

Fig. 5. Three basic types of coring disturbances in Hole U1499A. Type 1: disturbed thin beds entirely confined by the core edge. Type 2: moderate disturbed 
structures with edges extending toward the coring direction. Type 3: irregular crack.
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Fig. 6. Sedimentary facies and physical features of focused core interval (40–120 m) from Hole U1499A. (a) Core images showing sedimentary facies and event 
deposits. (b) Sediment facies and event deposits distribution. (c-d) Natural gamma radiation (NGR) and magnetic susceptibility (MS) characterize changes in physical 
features of the sedimentary sequence. Cps: counts per second. The numbers of 1 to 10 in (a) mark the deposit units indicated in (d). Tur.-pela.: turbidite-pelagic mud 
package. Core width: 7 cm.
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The middle part (103.3–50.7 m) of the core mainly comprises two units 
of Type I mass transport deposits, four units of Type II mass transport 
deposits, and four units of Type III mass transport deposits. The 10 units 
of Type I-III mass transport deposits account for ~74% of the total 
thickness of the core interval 103.3–50.7 m.

Similarly, in Hole U1432C, the lower (110.0–81.5 m) and upper 
(54.5–39.0 m) parts are also expressed as turbidite-pelagic mud pack-
ages (Fig. 7). The middle part (81.5–54.5 m) mainly comprises three 
units of Type I mass transport deposits, two units of Type II mass 
transport deposits, and one interval without recovery (81.5–70.6 m). 
The five units of Type I-II mass transport deposits account for ~55% of 
the total recovered thickness of the core interval 81.5–54.5 m.

4.3. Event-free chronology

Type I-III mass transport deposits and megaturbidites are 

instantaneous deposits that may represent days to seconds in time 
duration. They account for ~50% and ~ 30% of the total thickness of 
recovered sediments in holes U1499A (upper 120 m) and U1432C, 
respectively. We refine the two primary age-depth models based on 
paleomagnetic and microfossil ages of the two holes by applying the idea 
of event-free chronology, i.e. instantaneous deposits are removed 
(Fig. 8a, b). The uncertainties resulting from microfossil sample reso-
lution are also estimated by using the sediment accumulation rate of 
pelagic mud (Tables S4 and S5).

4.4. Ages of Type I-III mass transport deposits and megaturbidites

Based on our refined event-free age-depth model of the two drill 
holes (Fig. 8), we calculate the age of slumping units. This is achieved by 
assuming constant accumulation rates of hemipelagic mud between 
dated horizons. The accumulation rates of hemipelagic mud are derived 

Fig. 7. Sedimentary facies and physical features of focused core interval (39–109 m) from Hole U1432C. (a) Core images showing sedimentary facies and event 
deposits. (b) Sediment facies and event deposits distribution. (c-d) Natural gamma radiation (NGR) and magnetic susceptibility (MS) characterize changes in physical 
features of the sedimentary sequence. Cps: counts per second. The numbers of 1 to 5 in (a) mark the deposit units indicated in (d). Tur.-pela.: turbidite-pelagic mud 
package. Core width: 7 cm.
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after deducting all event deposits, such as turbidites and slumping units. 
In Hole U1499A, the 10 layers of Type I-III mass transport deposits are 
deposited at 0.43 Ma, 0.44 Ma, 0.46 Ma, 0.47 Ma, 0.48 Ma, 0.48 Ma, 
0.49 Ma, 0.60 Ma, 0.61 Ma, and 0.62 Ma, respectively (Fig. 8a; 
Table S6). In addition, the five layers of Type I-II mass transport deposits 
in Hole U1432C are emplaced at 0.43 Ma, 0.45 Ma, 0.45 Ma, 0.52 Ma, 
and 0.53 Ma, respectively (Fig. 8b; Table S6). The megaturbidites in 
holes U1499A and U1432C are both deposited at 0.43 Ma.

5. Discussion

Here we firstly discuss the sedimentary processes that formed the 
Type I-III mass transport deposits based on their distinct sedimentary 
textures. Secondly, we test our hypothesis that whether the thick chaotic 
seismic reflection is indeed a consequence of a giant slump event or a 
complex of multiple smaller events. Thirdly, we explore the recurrence 
behavior of the recovered slumping events. Finally, we discuss wider 

Fig. 8. Event-free chronology compared to primary chronology. (a) Event-free age model of Hole U1499A. (b) Event-free age model of Hole U1432C. (c) Primary 
age-depth model of Hole U1499A (same as Fig. 3a). (d) Primary age-depth model of Hole U1432C (same as Fig. 3b).
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implications of our results for regional geohazards and their chronology.

5.1. Linking Type I-III mass transport deposits to slumping processes

The rounded shape of soft carbonate clasts in Type I mass transport 
deposits indicates these events likely underwent plastic debris flow 
processes and emplacement. In addition, the chaotic structures of Type I 
mass transport deposits imply that these sediments have experienced 
long-distance transportation and deformation (Lu et al., 2017). As a 
result, we identify these deposits as those typical of slumping processes, 
similar to those that have been previously reported from other conti-
nental subaqueous environments, such as the Dead Sea (Lu et al., 2017), 
the paleo-Qaidam Lake, NE Tibet (Lu et al., 2021), the New Jersey 
Margin (McHugh et al., 2002), the Nankai Trough (Strasser et al., 2011), 
and the Southern Alaskan Margin (Jaeger et al., 2014).

Soft folded laminations of calcareous ooze, like the characteristic 
structures in Type II deposits, can be induced either by an in situ 

deformation process (locally sourced) (Heifetz et al., 2005; Lu et al., 
2020) or by a slumping process (ex situ process and remote sourced) 
(McHugh et al., 2002; Frey Martinez et al., 2005; Lu et al., 2017; Li et al., 
2023). In situ deformation processes normally occur within well- 
laminated sediments that have stable density structures (in contrast to 
turbidite-pelagic mud deposits) and are initiated by earthquake-forced 
Kelvin-Helmholtz instabilities (Heifetz et al., 2005). Considering the 
passive margin setting of the northern South China Sea, a slumping 
process is more plausible for the deformation and is therefore favoured 
by the authors. The most likely source region for the slumping is the 
shallower upper-middle continental slope, which accumulates carbon-
ate deposits as well as smaller volumes of sand (Fig. 1d).

Type III deposits are thick gray-colored carbonates. A previous study 
revealed that the carbonate compensation depth in the current study 
area is ~3800 m below sea level, which means the sedimentary CaCO3 
content would decrease to 0 at the water depth of the study site (Luo 
et al., 2018). When considering sea level and marine productivity 

Fig. 9. Core images showing slumping units in holes U1499A and U1432C are separated by pelagic mud, laminations of calcareous ooze, and/or turbidites. (a1-a10) 
Core images showing pelagic mud/laminations (a1-a3, a5, a6, a10), and turbidites (a4, a7-a9) during the intervening of slump deposit units in Hole U1499A. (b-e) 
Change in physical features of the two focused sedimentary sequences. (f1-f3) Core images showing turbidites (f1), volcanic ash layer (f2), and pelagic mud/lami-
nations (f3) during the intervening of slump deposit units in Hole U1432C. Tur.-pela.: turbidite-pelagic mud package.
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fluctuations during Quaternary glacial cycles, we estimate the CaCO3 
content of in situ sediments at U1499 (water depth: ~3770 m) and 
U1432 (water depth: ~3840 m) sites ranged between ~2%–1% and ~ 
1%–0%, respectively (Luo et al., 2018). Therefore, the Type III deposits 
are not likely to have been accumulated in situ. Microfossils from Type 
III deposits are also older than 2 Ma (Sun et al., 2018c), which is much 
older than the ages of underlying pelagic mud sequences.

Several IODP and ODP holes from the nearby continental slope re-
gion (Fig. 1b) both contained Quaternary sediments characterized by 
greenish-gray clay-rich nannofossil ooze with high carbonate contents 
(Fig. 1d) (Wang et al., 2000; Sun et al., 2018c). A significant hiatus 
occurred during 12–2 Ma has been identified at Site U1504 from the 
lower slope (Fig. 1b) (Sun et al., 2018c). The age of the hiatus matches 
the age of Type III deposits at Site U1499. We therefore link the Type III 
deposits to continental slope failures and related slumping, and mass 
flow processes.

5.2. Testing hypothesis

Type I, Type II, and Type III mass transport deposits in Holes U1499A 
and U1432C are consequences of slope failures and slumping processes 
in the Pearl River Canyon, Baiyun Sag. In the two holes, the thick 
slumping units are separated by pelagic mud, laminations of calcareous 
ooze, and/or turbidites (Fig. 9a1-a10). Their preservation indicates these 

sediments have no direct relationship with the slumping processes that 
resulted in the thick slump deposits. These results suggest that the pre-
viously interpreted single ~50 m-thick slump unit in Hole U1499A is a 
complex of multiple moderate to large-scale slump units.

The microfossil age of 0.4 Ma and the paleomagnetic age of 0.77 Ma 
are first-order control points to correlate the strata in holes U1499A and 
U1432C (Fig. 9). The upper and lower parts of the two core intervals in 
question also show very similar trends in the variation of natural gamma 
radiation and magnetic susceptibility (Fig. 9), and suggesting good 
correlation with one another. Hole U1432C also shows multiple 
slumping units separated by pelagic mud, turbidites, and/or volcanic 
ash layers during 0.6–0.4 Ma. The distribution of sediment facies and 
event deposits in the two holes therefore supports our hypothesis that 
the ~50 m-thick chaotic seismic reflection represents a complex of 
multiple moderate slumping units and not a single mass failure event.

5.3. Clustered slumping behavior

We calculated descriptive statistics based on the recurrence intervals 
of these slumping events. The coefficient of variation (standard devia-
tion divided by mean) of recurrence intervals is the most commonly used 
dimensionless parameter to describe the occurrence behavior of cata-
strophic events (Kagan and Jackson, 1991; Berryman et al., 2012; 
Moernaut, 2020). Normally, a record with a coefficient of variation ≥1.2 

Fig. 10. Clustered slumping behavior was recorded by the sedimentary sequences of holes U1499A and U1432C. (a-f) Sedimentary records. (g) Schematic models 
showing correspondence sedimentary scenarios. (h) Clustered distribution of the events recorded in the two holes.
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is defined as “clustered” behavior (Kagan and Jackson, 1991; Berryman 
et al., 2012; Moernaut, 2020). The coefficient of variation of identified 
events from Hole U1499A and Hole U1432C are ~1.5 and ~ 1.3, 
respectively (Fig. 10). This suggests that these events are clustered in 
time. These events can be grouped into three clusters within each hole 
(Fig. 10h).

Marine slope failure and slumping usually initiate turbidity currents 
in front of the main body of the slump (Sun et al., 2018a). These more 
dilute flows tend to have longer run-out distances and therefore trans-
port sediment further. Site U1499 is closer to the toe of the Pearl River 
Canyon than Site U1432, and also 70 m shallower than Site U1432. 
Event cluster 3 can be correlated across both boreholes. However, the 
other event clusters are not recorded simultaneously in the two holes. 
This may either be due to the certain distance between the boreholes 
(~50 km) or different event magnitudes occurring, or different slump 
translation speeds, or contrasting sediment stack characteristics, i.e. 
levels of consolidation (Fig. 10g).

5.4. Wider implications

A comprehensive understanding of the links between sedimentary 
processes, deposits, and sediment facies is vital for event identification 
from subaqueous drill cores. In active subaqueous environments, such as 
the Dead Sea (Lu et al., 2022), Lake Van (Turkey) (Stockhecke et al., 
2014), the Gulf of Corinth (De Gelder et al., 2022), and the Nankai 
Trough (Kremer et al., 2017), the thickness fraction of slump deposits, 
turbidites, and/or debrites can reach to 10–30% of total recovered 
sedimentary sequences. This fraction could be even >50% during some 
specific time intervals when marine slumping frequently occurs, e.g., the 
Dead Sea during the last glacial period (Lu et al., 2017). Indeed, where 
these events are common, identification and removal of such events are 
critical to the establishment of accurate age-depth models. This is crucial 
where these models underpin local hazard assessments.

In the northern South China Sea, previous studies have interpreted 
the ~50 m-thick strata as one thick slumping unit by using seismic 
reflection data (Hole U1499A; e.g., Sun et al., 2018c). Based on this 
interpretation, the ~50 m-thick sediments were entirely removed from 
age-depth modeling for Hole U1499A (Zhang et al., 2019). Our pre-
sented high-resolution sedimentological investigation on these sedi-
ments reveals that slumping deposits only make up ~75% of the ~50 m- 
thick core interval. Our event-free chronology of Hole U1499A yields an 
average event-free sediment accumulation rate of ~7 cm/kyr for the 
period of 0.8–0.4 Ma, similar to the average rate of ~6 cm/kyr for the 
period of 1.0–0.8 Ma. This implies that background sedimentation rates 
in the region have not greatly changed during 1.0–0.4 Ma.

In many regions where recorded histories of natural hazards are 
short, which is particularly true for many subaqueous environments, our 
understanding of geohazards and their long-term behavior relies on 
preserved deposits in the geological record (Kremer et al., 2012; 
Gauchery et al., 2021). In the South China Sea, multiple slumping events 
have been identified using seismic reflection and multibeam data (Sun 
et al., 2018b). Some of them have been modeled to understand their 
potential to generate damaging tsunamis. These studies have suggested 
that slumping events in the northern part of the South China Sea could 
be tsunamigenic and thus may represent a largely unrecognized geo-
hazard for the coastlines of the South China Sea (Sun et al., 2022). Since 
event frequency and magnitude are two important parameters for geo-
hazard assessment, the identification of more(fewer) events of smaller 
(larger) magnitude has the potential to alter local/regional risk assess-
ments. The combined use of seismic reflection data and detailed sedi-
ment core investigations are therefore an important means to achieve 
more accurate geohazard assessments and inform potentially impacted 
communities.

In summary, the identification of event deposits is important for 
developing more reliable and accurate age-depth models. This is 
important, not only for further high-resolution paleoclimate studies but 

also for dating and reconstructing geohazard events and assessment of 
catastrophic risk. This study highlights the importance of combining 
these methods to accurately identify event deposits from marine sedi-
mentary sequences. Our high-resolution sedimentological method to 
discern event deposits may also prove suitable for IODP, ICDP, and other 
scientific drill cores in both passive and active subaqueous 
environments.

6. Conclusions

We investigate event deposits in the IODP holes U1499A and 
U1432C which are 50 km apart from each other in the northern South 
China Sea deep basin, combining multiple methods. We identify three 
basic types of slumping deposits through sedimentary structure analysis 
and consideration of carbonate compensation depth variation and 
microfossil age distribution. The slumping deposits are linked to slope 
failures that occurred in the NE South China Sea continental slope. We 
find that (1) the previously interpreted single thick slumping unit is a 
complex of multiple moderate-sized slump deposits; (2) the slumping 
events are clustered between 0.6 and 0.4 Ma. We derive high-resolution 
event-free age-depth models for holes U1499A and U1432C and have 
the potential to gain a better understanding of regional catastrophic risk 
by proper identification of event deposits.
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