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Abstract

Grain-size sensitive component separation (GSCS) methods are pivotal for paleoenvironmental reconstruction but
remain underexplored in tectonically active deep-sea seamount settings like the central South China Sea (SCS).This
study presents the first systematic comparison of three GSCS techniques, namely standard deviation (STD), end-
member modeling (EMM), and principal component analysis (PCA). These methods are applied specifically to
sediment core GT-06 recovered from the Zhongnan Seamount in the central South China Sea. By integrating grain-size
unmixing with complementary proxies, including magnetic susceptibility (MS) and loss on ignition (LOI), we assess
the resolving power of each method and relate the resulting components to site-specific sedimentary processes (e.g.,
summer monsoon, volcanic activity, seamount collapse-induced turbidity currents). Key results show that all methods
identified three dominant grain-size ranges (clay, silt-sand, coarse sand) with robust inter-method correlations.
Critically, EMM and PCA uniquely resolved a volcanic-derived silt component (EM2) that was undetectable using the
STD method, highlighting a key limitation of STD in complex settings. Four geologically meaningful end-members
were identified: (1) fine-grained terrigenous clay linked to the East Asian summer monsoon (EASM), (2) volcanic
detritus reflecting Quaternary submarine eruptions, (3) siliceous biogenic debris indicative of monsoon-modulated
productivity, and (4) coarse calcareous fragments associated with seamount collapse-induced turbidity currents. The
results highlight the superior ability of EMM/PCA to resolve complex signals, whereas STD serves as an efficient yet
limited tool for first-order screening. Together, these methods form a site-adapted framework for tectonically active
deep-sea seamounts: EMM/PCA enabling fine-scale interpretation of monsoon-volcanic-turbidity interactions, and STD
supports rapid large-dataset comparison. This workflow improves the reliability of paleoenvironmental reconstructions
in mixed-signal settings like the Zhongnan Seamount.
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1 Introduction

In Quaternary paleoenvironmental reconstruction, sed-
iment grain-size is a key proxy for deciphering geological
archives in marine settings, as these archives preserve crit-
ical information about sediment provenance, transport
processes, and depositional dynamics (Yu et al., 2016).
This is particularly true for deep-sea sediments in tectoni-
cally active marginal seas like the South China Sea (SCS,
Fig. la). However, grain-size distributions typically re-
flect a complex mixture of multiple sources (e.g., terrige-
nous input, volcanic ash, and biogenic debris), and dy-
namic processes (e.g., turbidity currents and bottom-cur-
rent sorting). Such complexity leads to overlapping sig-
nals from diverse depositional environments, making it
challenging to isolate individual environmental drivers
(Flemming, 2007; Weltje and Prins, 2003).

Traditional grain-size analysis methods, such as bulk
parameter calculation (e.g., mean grain-size, sorting) and
C-M plots (Zhao et al., 2017), struggle to resolve these
mixed signals, especially in deep-sea settings. For in-
stance, bulk grain-size parameters fail to distinguish ter-
rigenous clay (transported by monsoonal rivers) from vol-
canic silt (derived from submarine eruptions) in the SCS
central basin, as their hydrodynamic transport signatures
overlap under weak deep-sea currents. Similarly, C-M
plots often produce ambiguous results in settings with
variable sediment supply, further limiting their use for
high-resolution paleoenvironmental reconstructions.

Grain-size sensitive component separation (GSCS) me-
thods address this limitation by decomposing complex
distributions into discrete components, each linked to spe-
cific environmental drivers, directly overcoming the inabi-
lity of traditional methods to resolve mixed signals (Welt-
je and Prins, 2003). Three widely used GSCS techniques,
for instance, standard deviation (STD) (e.g., Boulay et al.,
2003, marine adaptation), end-member modeling (EMM)

a b

105°

110°
|

115° 120°  123°E
250 | ] |
N

200

115.25°E
10°

50

115.5°E

e 11575°E

Yue Yuanfu et al. Acta Oceanol. Sin., 2026, Vol. 45, No. 2, P. 1-13

(e.g., Boulay et al., 2007, Prins et al., 2000, for sediment
application; Weltje, 1997, original framework), and prin-
cipal component analysis (PCA) (e.g., Yi et al., 2012, ma-
rine adaptation) have advanced sedimentary research.
Specifically, STD identifies grain-size intervals sensitive
to environmental changes by quantifying variance in frac-
tional abundances, with prior applications including de-
tecting winter coastal current signals in continental shelf
sediments (core S20, Tian et al., 2015); however, its effec-
tiveness in deep-sea settings, where hydrodynamic condi-
tions and sediment sources differ drastically from shallow
waters, has not been systematically validated. EMM,
based on non-negative matrix factorization, extracts ge-
netically distinct end-members (Weltje and Prins, 2003).
For example, EMM applied to northern SCS core PC338
successfully isolated a 2—10 um terrigenous clay compo-
nent (tied to summer monsoon intensity), signals unre-
solvable by traditional bulk parameters (Li et al., 2019).
PCA reduces dimensionality to extract orthogonal princi-
pal components, with marine-adapted protocols (Yi et al.,
2012) enabling separation of overlapping depositional sig-
nals in shelf and slope environments.

Although these GSCS methods have been widely ap-
plied in diverse marine settings spanning continental
shelves to deep-sea basins (Chen et al., 2022; Jiang et al.,
2023; Lin et al., 2023), their application in tectonically ac-
tive deep-sea basins (e.g., the central SCS) remains under-
explored. In such regions, sedimentary signals are unique-
ly shaped by overlapping processes: monsoon-driven ter-
rigenous transport, submarine volcanic input, and seam-
ount collapse-induced turbidity currents (Cai et al., 2018;
Zhang et al., 2003). This complexity highlights the need
to compare GSCS methods, as their ability to disentangle
mixed sources and processes directly impacts the reliabili-
ty of paleoenvironmental reconstructions.

The SCS (Fig. 1a), a semi-enclosed basin at the con-
vergence of the Eurasian, Pacific, and Indo-Australian
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Fig. 1. The location and surrounding topography of the core GT-06(a), topography of the sampling area (b). Red star

denotes core GT-06; black lines outline Zhongnan Seamount.
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Plates, is a globally significant site for studying sedimen-
tary responses to tectonic and climatic interactions (Wang,
2020; Yang et al., 2007). Its central basin (average water
depth ~4 700 m) is uniquely challenging for sedimentary
signal interpretation: it is dominated by seamounts and
characterized by mixed provenances (monsoon-transport-
ed terrigenous material from the Red/Zhujiang Rivers,
volcanic detritus from Luzon Arc, and biogenic debris;
Cai et al., 2018, 2024; Zeng et al., 2025) and dynamic
processes (e.g., turbidity currents triggered by seamount
collapse or earthquakes; Zhang et al., 2003).

Among these seamounts, Zhongnan Seamount
(13.81°N, 115.37°E, Fig. 1b) stands out as a key site for
GSCS validation. Located at the structural boundary be-
tween the eastern and southwestern sub-basins of the cen-
tral SCS, it captures overlapping signals: long-range ter-
rigenous inputs (via monsoonal currents) and local vol-
canic detritus (from submarine eruptions). Critically, its
water depth (~3 837 m) lies just below the carbonate com-
pensation depth (CCD, ~3 4004 000 m; Liu et al., 2022a;
Wang and Chen, 2013), where deep-sea currents and car-
bonate dissolution further obscure mixed provenance sig-
nals (Cai et al., 2018). This setting not only amplifies the
need for robust GSCS methods but also provides a natu-
ral “testbed” for resolving monsoon-volcanic-deep-sea dy-
namic interactions.

Notably, most previous GSCS studies in the SCS have
focused on marginal slopes or continental shelves (e.g., Li
et al., 2019; Yang et al., 2007). These studies rely on a
limited number of methods (typically one or two, e.g.,
EMM, STD, or PCA) to interpret relatively simple sedi-
mentary signals. In contrast, the deep sea environment of
the central basin, which is featured with overlapping tec-
tonic, climatic and oceanographic processes, has received
little attention. This leaves a critical gap: how to reliably
apply and compare multiple GSCS methods to separate
complex signals in such settings.

Beyond grain-size-based proxies, other paleoenviron-
mental archives in the northern SCS, such as coral
records, have also provided valuable insights into Holo-
cene climate and sea-level dynamics. For instance, Yue
et al. (2024) reconstructed Mid-Holocene sea-level high-
stands and corresponding climate responses in the north-
ern SCS using coral records, confirming that monsoon
variability during this period significantly modulated re-
gional sedimentary processes. However, such high resolu-
tion climate sea level linkages remain understudied in the
deep sea seamount settings of the central SCS. In these
settings, tectonic and volcanic activities further compli-
cate sedimentary signals, which emphasizes the value of
our multimethod GSCS approach for separating mixed en-
vironmental drivers.

Given the tectonic-climatic-oceanographic complexi-
ty of the SCS central basin, which heightens the need for
robust GSCS validation, we address two critical ques-
tions: (1) How do STD, EMM, and PCA differ in resolv-
ing mixed grain-size signals (e.g., monsoon-transported

clays vs. volcanic ash) in the tectonically active SCS cen-
tral basin? (2) Can integrating these three GSCS tech-
niques with independent proxies [magnetic susceptibility
(MS), loss on ignition (LOI)] improve the accuracy of pa-
leoenvironmental proxies for interpreting both back-
ground depositional processes (e.g., biogenic productivity
and hemipelagic sedimentation) and high-energy events
(e.g., seamount collapse-induced turbidity currents)?

These questions address two longstanding gaps in SCS
sedimentary research. First most previous GSCS studies
have focus on marginal slopes or shelves, and no system-
atic comparison of STD, EMM, and PCA has been con-
ducted in the tectonically active deep-sea of the central
basin; Second Environmental interpretation of grain-size
components, such as distinguishing volcanic from terrige-
nous sources, depends largely on regional analogies with-
out site-specific evidence.

To address these gaps, we focus on core GT-06 col-
lected from the Zhongnan Seamount in the central South
China Sea. This site is uniquely suited to record mixed en-
vironmental signals. We combine GSCS with MS and
LOI to achieve three main objectives. First, we assess the
performance of STD, EMM, and PCA in deep sea envi-
ronments. Second, we link grain size components to cor-
responding environmental processes. Third, we establish a
multi-method GSCS protocol for complex marginal sea
setting.

By analyzing core GT-06’s unique sedimentary arc-
hive, this study resolves how tectonic, climatic, and ocea-
nographic processes shape deep-sea sediments in the SCS.
It also provides a transferable framework for similar tec-
tonically active marginal seas (e.g., Caribbean, Mediter-
ranean), where overlapping processes demand advanced
multi-technique approaches.

2 Study area

The Zhongnan Seamount (13.81° N, 115.37° E; Fig. 1b)
is situated at the structural boundary between the eastern
and southwestern sub-basins of the SCS, within a tecto-
nically active zone shaped by multi-plate convergence
(Wang, 2020). Geographically, the Zhongnan Seamount
occupies the northeastern margin of the southwest sub-
basin, forming a prominent volcanic edifice that rises ap-
proximately 3 600 m above the adjacent seafloor. Its mor-
phology is characterized by a gently dipping northern
slope and a steep southern flank. Basalt recovered from
the northern slope yields an Ar-Ar age of (6.64 + 0.42) Ma,
indicating that the seamount was constructed during the
late Miocene phase of seafloor spreading in the SCS (Yan
etal., 2014; Zeng et al., 2025).

This location makes it ideal for validating GSCS
methods, as its flanks capture three key sedimentary sig-
nals critical for testing method resolution: (1) Long-range
terrigenous input: Fine silt/clay (grain-size <63 pm)
transported ~1 000 km from the Red/Zhujiang Rivers via
monsoonal currents (Cai et al., 2024; Zeng et al., 2025);
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(2) Local volcanic detritus: Quaternary submarine erup-
tions from the Luzon Arc, transported to the seamount via
deep-sea turbidity currents (~17 Ma; Wang et al., 2024;
Cai et al., 2018, 2022); and (3) Episodic turbidity cur-
rents: triggered by seamount collapse, depositing coarse
calcareous debris (Howe et al., 2000).

Core GT-06 was recovered from the southern flank of
Zhongnan Seamount at a water depth of 3 837 m (Fig. 1b),
which is just below the SCS CCD (~3 400—4 000 m).
While the central basin (average water depth about 4 700
m) is dominated by intense carbonate dissolution, the
seamount flank acts as a localized “topographic high-
stand”. Here, bottom currents slow down, which mitigat-
ing dissolution and facilitates the preservation of calcare-
ous bioclasts (e.g., foraminiferal tests) in episodic turbidi-
ty deposits (Cai et al., 2018; Zhang et al., 2003). This is a
critical feature for studying high-energy events in deep-
sea settings and testing GSCS method accuracy.

3 Materials and methods

3.1 Sampling collection and stratification

Core GT-06 (total length: 517 cm) was collected from
the southern flank of Zhongnan Seamount (13.812 4°N,
115.374 6°E; 3 837 m water depth) in the central SCS
(Fig. 1b), with undisturbed sediment recovery confirmed
by visual inspection of lithological continuity (e.g., no in-
ternal deformation of the carbonate-rich Al layer, 50-58
cm).

A lithology-guided stratified sampling strategy was
adopted to reflect the core’s depositional characteristics:
top 10 cm: 2-cm intervals (5 samples) to capture high-
resolution signals of short-lived events (e.g., turbidity
current fluctuations); remaining 507 cm (10-517 cm):
4-cm intervals (125 samples) to resolve long-term back-
ground sedimentation. In total, 130 samples were ob-
tained for multi-proxy analyses, including grain-size, MS,
and LOL

3.2 Laboratory analyses

All analyses were conducted in Guangxi Laboratory
on the Study of Coral Reefs in the South China Sea,
Guangxi University, with strict quality control (e.g., blank
samples, triplicate measurements) to ensure data reliabili-

ty.

3.2.1 Grain-size analysis (including GSCS techniques)
Laser diffraction measurement: Grain-size distribu-
tion was determined using a Malvern Mastersizer 3000
[measurement range: 0.01-3 500 um; resolution: ¢0.01,
¢ = —log,(d/d,)]. Each sample was measured in triplicate,
yielding a relative standard deviation (RSD) of <3% (cal-
culated from triplicate mean grain-size values) to ensure
reproducibility. Grain-size parameters [mean grain-size
(Mz), median diameter (Md), sorting coefficient (o)),
skewness (Sk,), kurtosis (Kg)] were calculated via the

Folk-Ward graphical method (Folk and Ward, 1957).

Grain-size sensitive component separation (GSCS):
Three techniques were applied to decompose mixed grain-
size signals, with key parameters optimized to match the
deep-sea sedimentary characteristics of core GT-06. We
selected these methods to leverage their complementary
strengths: EMM for defining physically meaningful end-
members, PCA for extracting variance-based components,
and STD for its computational efficiency in rapid screen-
ing.

PCA was conducted in SPSS 26 using volume- nor-
malized grain-size data (1-phi intervals, 0.01-3 500 pum).
Varimax rotation was applied to extract orthogonal com-
ponents with eigenvalues >1, ensuring a cumulative vari-
ance exceeding 90%.

EMM is implemented in MATLAB 2021b using the
AnalySize toolbox (Paterson and Heslop, 2015). Non-neg-
ative matrix factorization was applied, with the optimal
number of end-members determined by two criteria: (1)
reconstruction variance >99.6% (minimizing data fitting
error) and (2) average angular deviation <5° (ensuring end-
member distinctiveness; Prins et al., 2000).

The STD method was implemented in Python to iden-
tify grain-size intervals with high sensitivity, calculated at
0.1-phi intervals over the range 0.01-3 500 um. Sensitive
grain-size intervals were identified as the modes corre-
sponding to relatively high STD values, following Boulay
et al. (2003).

3.2.2 Magnetic susceptibility (MS) and loss on ignition
Loy

MS was measured using a Bartington MS2 meter with
an MS2F sensor (resolution: 1 x 1078 SI), calibrated to ze-
ro before each measurement and averaged over three read-
ings to minimize noise. MS data were used to verify vol-
canic detritus (high MS values indicate abundant magnet-
ic minerals in volcanic particles; Chen et al., 2007; Shin
et al., 2020).

LOI was determined to quantify organic matter
(LOI550, burned at 550°C) and carbonate (LOI950,
burned at 950°C) contents. Samples were first weighed
(W) and then heated at 105°C for 24 hours to constant
weight (,, to remove moisture); then sequentially heat-
ed at 550°C for 4 hours (to oxidize OM) and weighed
(W,); LOISS0 = [(W, — W3)/W,] x 100% (OM content); fi-
nally, samples were heated at 950°C for 2 hours (to de-
compose CaCO;) and weighed (W,); LOI9S0 = [(W; —
w,)IW,] x 100% (CaCO, content).

Each measurement included three replicate samples
and one standard reference material (soil CRM
GBW07401), with LOI RSD <5% and CRM recovery rate
95%—105% (quality control criteria). LOI550 was used to
validate biogenic productivity, while LOI950 indicated
turbidity current events (high CaCO, preservation).

Pearson correlation coefficients () were calculated to
assess relationships between grain-size sensitive compo-
nents and environmental proxies (MS, LOI).
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4 Result

4.1 Lithological unit and basic characteristics of
grain-size data

Grain-size analysis of core GT-06 yields the follow-
ing key bulk parameters (Fig. 2), which form the basis for
subsequent GSCS and lithological validation.

The sediment is predominantly composed of silt
(21.86%—81.74%, mean 69.52%), followed by sand
(8.01%—-76.16%, mean 22.36%) and clay (1.99%—14.06%,
mean 8.12%). As shown in Fig. 2, the Mz ranges from
$#2.76 to ¢6.95 and Md varies between ¢1.23 and ¢6.87
(mean ¢4.05), with overall poor sorting (sorting coeffi-
cient o;: ¢1.82-¢3.53, mean ¢2.37), variable skewness
(Sky: ¢—0.71 to $#0.51), and kurtosis (Kg: #0.64—¢1.31).

Lithological units are further validated by grain-size
parameters and geochemical proxies (LOI, MS; Fig. 2):

Unit A (0-142 cm) is characterized by coarser Mz
(¢2.76—¢6.06) and higher organic matter content (LOI550:
8.18%—14.96%, mean 11.45%). A distinct carbonate-rich
subunit (A1, 50-58 cm) within Unit A has a LOI950 of
28.34%, far exceeding the central SCS basin average (<4%,
Cai et al., 2022), and exhibits the coarsest Mz (¢2.76—
#4.47) and very poor sorting (o,: ¢2.32—¢$2.85) in the core.
Based on these textural and compositional anomalies,
specifically the abrupt coarsening and high carbonate con-
tent, we explicitly interpret subunit Al as a turbidite de-
posit.

Unit B (142-510 cm) is finer-grained than Unit A
Mz: ¢4.22-¢6.95) with lower organic matter (LOI550:
5.24%-16.46%, mean 8.87%) and carbonate (LOI950:
1.50%-8.13%, mean 3.74%). Periodic LOI5S50 peaks
(e.g., 234-314 cm, Fig. 2) correlate with slightly coarser

Mz (~¢4.21-$6.69).

The bulk grain-size distribution curves (Fig. 3) show
multimodal patterns (2—3 dominant peaks) with consis-
tent characteristics within each unit: Units A and B both
show a fine-grained peak (~3-6 pum) and a medium-
grained peak (~20-50 pm/50-90 pum). As shown in Fig. 3,
Unit B exhibits a broad coarse-grained peak (~300-
600 pm, sand), which is predominantly absent in the main
body of Unit A. However, subunit Al displays a distinct
curve cluster, with the coarse-grained peak (~350 pum) sig-
nificantly enhanced (relative abundance >16.21%) com-
pared to other parts of Unit A (~0-4.73%).

4.2 Results of grain-size sensitive component
separation (GSCS)

4.2.1 Principal Component Analysis (PCA)

PCA extracted 5 components with eigenvalues >1 (cu-
mulative variance 98.2%, Table S1) with F5 excluded due
to negligible variance contribution (<3.2%).

The rotated factor loading matrix identifies four grain-
size components (Fig. 4). In this context, high factor load-
ings signify specific grain-size intervals that covary
strongly, thereby isolating distinct sedimentary popula-
tions controlled by specific transport or depositional
mechanisms.

F1 explains the largest variance (32.5%) and is domi-
nated by the clay range (0.4—1.5 um);

F2 (23.9%) and F4 (15.4%) represent the medium silt
(27.4-51.8 um) and coarse silt—fine sand (98.1-143.9 um)
fractions, respectively;

Notably, F3 (23.3%) exhibits dual loading peaks, dis-
tinguishing fine silt (F3-1: 8.7-14.5 pm) and coarse sand
with negative loading (F3-2: 309.5-515.8 pum).
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Fig. 2. Vertical variations of grain-size parameters, LOI and MS in core GT-06. Lithological units are delineated by a
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4.2.2 End-member modeling (EMM)

EMM was performed via non-negative matrix factor-
ization (AnalySize, MATLAB 2021b). The optimal num-
ber of end-members was determined by two metrics
(Figs 5a and b): (1) reconstruction variance stabilized at
99.6% and (2) average angular deviation decreased to <5°
(indicating distinct end-member signals).

Four end-members with distinct modal peaks were ex-
tracted (Fig. Sc):

EMI represents a fine-grained component with a mo-
dal peak at 4.0 pm (range: 2.1-6.7 pm) and an average

abundance of 38.2%;

EM2 corresponds to a medium silt component, peak-
ing at 35.3 pm (range: 27.4-45.6 pm), with an overall av-
erage abundance of 28.8%;

EM3 is identified as a coarse silt—fine sand compo-
nent, peaking at 86.4 um (range: 58.9-98.1 pm), account-
ing for 28.9% of total abundance;

Finally, EM4 denotes a coarse sand component, with a
modal peak at 351.7 um (range: 309.5-453.9 um) and low
average abundance (4.1%).

4.2.3 Grain-size standard deviation (STD) method

STD was calculated for 0.1-phi intervals to identify
sensitive grain-size intervals (Fig. 6). Three distinct peaks
were observed, with the following characteristics:

S1: Fine clay interval (2.8—4.6 um) with a modal peak
at 4.0 pm, and an average STD of 0.73;

S2: Medium silt—fine sand interval (58.9-86.3 pm),
peaking at 86.3 um, with an average STD of 0.67;

S3: Coarse sand interval (309.5-453.9 pm), peaking at
400.0 pm, and exhibiting the highest average STD (1.03)
among all intervals.

The delineation of these intervals relies on visual iden-
tification and lacks a universal statistical criterion (reflect-
ing an inherent subjectivity in the method), S1, S2, and S3
nonetheless show substantial overlap with the grain-size
ranges of EM1, EM3, and EM4, respectively. In contrast,
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Fig. 5. Grain-size end-member analysis results: a. Model fit (R2) vs. number of end-members; b. average angular devi-
ation; c. grain-size frequency curves for four end-members, with modal peaks at (EM1: 4.0 um, EM2: 35.3 um, EM3:

86.4 um, EM4: 351.7 um).
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Fig. 6. Grain-size standard deviation (STD) analysis in
core GT-06 sediments, highlighting three sensitive inter-
vals (S1-S3).

EM2 (27.4-45.6 pm) lacks a corresponding STD peak, at-
tributed to its low abundance (<5% in most samples) and
partial overlap with EM3 on grain-size distribution curves
(Section 5.1.1). These results highlight that while STD
serves as a rapid screening tool, it has limitations in re-
solving complex signals compared to multivariate meth-
ods. This comparison thus provides a foundation for as-
sessing method applicability and environmental interpre-
tation (see Section 5).

5 Discussion

5.1 Comparative analysis of the results of GSCS
methods

Our comparative analysis of core GT-06 reveals that
while STD, EMM, and PCA exhibit broad consistencies
in identifying primary grain-size populations, their capa-
bility to resolve subtle secondary components differs sig-

S1
10 20 30
A |

Fl1 F2+F3-1
0 5 10 0 20 40

0

nificantly. This contrasts with results from simpler sedi-
mentary settings (e.g., core YJ; Huang, 2018) where
methods often yielded high consistency (2 > 0.9), but
echoes findings from heterogeneous environments like
ODP 1146 (Wan et al., 2007), where method-dependent
discrepancies (e.g., 2 components by STD vs. 3 by EMM)
were pronounced. Consequently, in the mixed-signal set-
ting of the Zhongnan Seamount, the choice of GSCS tech-
nique is critical for accurately decoupling volcanic and
turbidity signals from the background hemipelagic sedi-
mentation.

5.1.1 Consistency and discrepancies among GSCS meth-

ods

STD vs. EMM: S1 (2.8-4.6 pm), S2 (58.9-86.3 um),
and S3 (309.5-453.9 um) exhibit strong consistency with
EMI1, EM3, and EM4, respectively (Fig. 7), confirming
that both methods reliably capture the major sedimentary
signals. A key discrepancy is that EM2 (27.4—45.6 um) is
detectable by EMM but undetectable via STD. This differ-
ence arises from the partial overlap between EM2 and
EM3 on the grain-size distribution curve, where both
components jointly form a single broad peak. When such
overlap occurs, the component with greater inter-sample
variability (EM3) dominates the combined variance, shift-
ing the overall STD peak toward the EM3 range. More-
over, EM2 exhibits a broader and flatter modal shape,
which disperses its variance across multiple grain-size
bins, whereas EM3’s sharper peak concentrates variance
into fewer bins (Fig. 3). Consequently, the STD method
emphasizes the sharper, higher-variance EM3 mode and
fails to resolve the overlapping EM2 peak.

EMM vs. PCA: F1 (0.4-1.5 pm), F4 (98.1-143.9 um),
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0 8 16 24

EM4 F3-2

0 -
30 4
60
90
120
150 1
180 1

210

240

270

300 1

330 4

360 -

390 1

420

450

480 4

510 4

Depth/cm

B

| — | —— [

0 25 50 0 15 30 0 8
EMI EM2

S2

0

L
0 20 40

S3

— T
16 24 16

F4

Fig. 7. Variation of components separated by three grain-size separation methods with depth in core GT-06.
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F3-2 (309.5-515.8 um) align with EM1, EM3, EM4 in
grain-size range and depth trends (Fig. 7). F2 (27.4-
51.8 pm) and F3-1 (8.7-14.5 pm) overlap with EM2’s
dominant range (27.4-45.6 um), further validating EM2’s
authenticity. PCA’s F3 (dual ranges: 8.7-14.5 um and
309.5-515.8 um) illustrates its variance based grouping.
This statistical feature couples low energy fine and high
energy coarse signals, rather than continuous sedimentary
processes.

5.1.2 Cross-method validation

STD-PCA validation confirms further consistency: S1
correlates strongly with F1 (#2 = 0.81, p <0.01; Fig. 7),
despite F1’s main range (0.4—1.5 um) not explicitly in-
cluding S1 (2.8-4.6 um). Analysis of factor loadings
(Fig. 4) clarifies this relationship: grain-sizes within the
S1 interval exhibit high loadings on Factor F1 (0.98)
while showing negligible loadings on other factors
(<0.43). This indicates that S1 and F1 represent the same
dynamical population controlled by the same depositional
mechanism, despite the slight offset in their calculated
peak ranges.

Similarly, the other STD-identified intervals also align
with specific PCA components: S2 corresponds to the
variation of F4, and S3 matches the coarse fraction of F3-
2, as detailed in Table 1.

Notably, no STD-identified fractions are integrated in-
to adjacent PCA components (e.g., 72 = 0.02 between F1
and F3-1, p > 0.05), ruling out signal overlap. Overall,
STD- and PCA-derived sensitive signals show consistent
depth trends (Fig. 7), demonstrating good methodological
compatibility (Chen et al., 2013; He et al., 2015).

5.1.3 Implications for method selection in complex deep-

sea settings

Table 1 summarizes the comparative performance of
the three methods and provids key insights for tectonical-
ly active deep-sea basins. Our findings suggest that while
STD is a simple tool for large-scale screening and major
event identification (e.g., S3), its utility is limited by the
subjectivity involved in defining grain-size boundaries
and its tendency to overlook low-abundance components
(e.g., EM2). PCA effectively extracts variance-based sig-
nals but may statistically group distinct sedimentary pro-
cesses (e.g., F3’s dual ranges). In contrast, EMM demon-
strates superior capability in resolving complex mixed sig-
nals by accurately determining end-member numbers and
isolating subtle components, albeit with higher computa-
tional demands.

5.2 Environmental interpretation of GSCS com-
ponents

To robustly interpret the sedimentary dynamics of the
Zhongnan Seamount, we integrate the GSCS-derived com-
ponents with site-specific proxies (MS, LOI). We also
validate them against comparative data from other mar-
ginal seas (Table S2). This approach balances site-specif-
ic insights with methodological generality. Based on the
comparative analysis in Section 5.1, we primarily utilize
the EMM results (EM1-EM4) as the framework for envi-
ronmental interpretation, as this method proved most ef-
fective in disentangling the specific monsoon, volcanic,
and turbidity signals preserved in core GT-06.

A synthesis of findings from the studies listed in Ta-
ble S2 reveals the global consistency of clay-sized compo-
nents as fluvial/monsoon proxies and coarse sand as tur-
bidite indicators. However, this comparison highlights the
site-specific uniqueness of Zhongnan Seamount, where
the 27.4-51.8 pum fraction is of volcanic origin, distinct
from other regions where similar fractions typically re-
flect aeolian or fluvial inputs. Based on these compara-
tive insights and site-specific proxies (Figs 2 and 8), the
four GSCS-derived components in core GT-06 are linked
to distinct sedimentary processes.

(1) Clay-sized component (0.4—6.7 um: FI/EM1/S1)

Although this component exhibits statistically signifi-
cant but weak negative correlations with LOI550 (r =
—0.265, p <0.01) and MS (» = —0.283, p < 0.01), its pri-
mary identification relies on its grain-size characteristics
which are consistent with terrigenous clay. The weak cor-
relations likely reflect the complexity of deep-sea sedi-
mentation where multiple sources mix, diluting simple
linear relationships. However, comparative data from SCS
cores (e.g., PC338, Li et al., 2019) show that clay in the
range of 0.4 um to 6.7 pm reflects summer monsoon driv-
en fluvial input. This aligns with the clay range in core
GT-06, indicating that fine terrigenous particles were
transported by the Red/Zhujiang Rivers (Cai et al., 2024;
Zeng et al., 2025). Notably, S1 (2.8-4.6 um) is partially
captured by F1 (0.4-1.5 pum) in PCA (loading = 0.98,
Fig. 4), confirming shared monsoon-driven dynamics
across methods (Section 5.1).

Our interpretation of EM1 as a monsoon-driven ter-
rigenous clay component aligns with the geochemical and
mineralogical evidence from Zeng et al. (2025), who stud-
ied core GTO5 from the northern slope of the SCS. These
features were interpreted as reflecting mixed continental
and island-arc sources, modulated by monsoon-controlled

Table 1. Comparison of grain-size sensitive components extracted from core GT-06 sediments

PCA/um

EMM/pum STD/pm

F1(0.4-1.5)
F2(27.4-51.8); F3-1(8.7-14.5)
F4(98.1-143.9)
F3-2(309.5-515.8)

EMI(2.1-6.7)
EM2(27.4-45.6) -
EM3(58.9-98.1)

EM4(309.5-453.9)

S1(2.8-4.6)

$2(58.9-86.3)
$3(309.5-453.9)
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Fig. 8. Core GT-06 contents for the four end-member components and LOI and MS.

sediment supply, thereby supporting our inference of EM 1’
s origin.

(2) Volcanic silt component (8.7-51.8 pum: F2/F3-1/
EM2)

Unique to EMM/PCA (undetected by STD; Section
4.2.2), this component correlates positively with MS (» =
0.456, p < 0.01), where high MS indicates abundant mag-
netic minerals in volcanic detritus (Chen et al., 2007; Cai
et al., 2022; Shin et al., 2020). EM2 (27.4—45.6 um) has a
modal peak at 35.3 pm, matching volcanic glass fractions
in SCS volcanic event layers (e.g., Chen et al., 2007). Its
vertical distribution is non-uniform: abundance reaches
14% in the 450-510 cm interval (mean MS = 8.67, vs.
core mean = 2.93), further confirming intermittent volca-
nic input. In contrast to Mediterranean cores, where simi-
lar grain-size fractions reflect acolian input (Beuscher
et al., 2017; Hamann et al., 2008), the EM2 component in
core GT-06 is associated with turbidity transport trig-
gered by submarine eruptions, which is consistent with the
seamount’s proximity to the Luzon Arc (tectonically ac-
tive; Chen et al., 2007).

Zeng et al. (2025) likewise recognize volcanic-de-
rived influence in GTOS and interpret the parent rocks of
some sediment fractions as andesitic to felsic volcanic
types within a continental-island-arc tectonic setting, and
they identify provenance shifts involving Luzon and oth-
er island sources. These independent geochemical finger-
prints from the northern slope support our identification of
EM2 as containing a substantial volcanic/supra-crustal
component, although the exact volcanic facies and deposi-
tional conditions differ between the shallower northern
slope (GTO05) and our deeper southern-flank GT-06 site.

(3) Biogenic coarse silt component (58.9-143.9 pm:
F4/EM3/S2)

EM3 (58.9-98.1 um) represents the coarse silt to fine

sand fraction in core GT-06. Crucially, this specific grain-
size range aligns with the “second component” (modal
size ~40—70 um) identified by Wang and Chen (2013) in
central SCS surface sediments. They explicitly demon-
strated that while this fraction contains abundant fora-
minifera in shallower slope waters, it consists primarily of
diatoms in deep basin areas below the CCD (~3 400—
3700 m; Liu et al., 2022a) due to the dissolution of cal-
careous tests.

This mechanism perfectly explains the characteristics
of EM3 in core GT-06 (3 837 m water depth): While EM3
shows a statistically significant but weak positive correla-
tion with LOI5S50 (» = 0.207, p < 0.05), implying a minor
organic association, it shows no correlation with LOI950
(r = 0.003, p > 0.05), indicating a negligible contribution
from carbonate fragments.

Therefore, supported by both regional sedimentary
patterns (Wang and Chen, 2013) and site-specific geo-
chemical evidence, EM3 is interpreted as a siliceous bio-
genic component dominated by diatom fragments.

(4) Turbidity current coarse sand component (309.5—
515.8 um: F3-2/EM4/S3)

EM4 (309.5-453.9 pm) is the coarsest end-member
(average abundance 1.38%) and exhibits a sharp peak at
50-58 cm (Subunit Al, abundance = 24.88%, vs. core
mean = 1.38%), coinciding with LOI950 = 28.34% (Sec-
tion 4.1), and far exceeding the central SCS basin average
(<4%, Cai et al., 2022). This component shows a strong
positive correlation with LOI950 (» = 0.861, p <0.01).
This high carbonate content (unusual for CCD-below set-
tings) confirms rapid burial of calcareous bioclasts by
high-energy turbidity currents (no time for dissolution).
EM4’s grain-size range and poor sorting (o, = 2.61) match
seamount collapse-induced turbidity deposits (Zhang et
al., 2003; Xiao et al., 2021). Unlike climate-driven turbid-
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ity currents (e.g., typhoon-induced), GT-06’s distance
from fluvial sources means EM4 specifically records tec-
tonically triggered seamount collapse: a unique signal of
the central SCS’s tectonic activity.

The above component-specific interpretations provide
a foundation for further exploring end-member interac-
tions and the unique sedimentary dynamics of Zhongnan
Seamount, as discussed in Section 5.2.2.

5.2.1 Comparative validation

Table S2 summarizes GSCS component interpreta-
tions across marginal seas, highlighting two key insights
that validate GT-06’s results while emphasizing its uni-
queness.

Methodological consistency across basins: Clay-sized
components (0.4—10 pum) consistently reflect fluvial/mon-
soon input, and coarse sand (>300 um) components con-
sistently indicate high-energy events (e.g., turbidity cur-
rents) in the SCS, East China Sea, and Mediterranean.
This consistency validates that GT-06’s core interpreta-
tions (EMI1 corresponds to monsoon clay, EM4 corre-
sponds to turbidity sand) are not site-specific anomalies
but align with global marginal sea patterns.

Site-specific uniqueness of GT-06: Unlike other SCS/
Mediterranean cores (where 27.4-51.8 um components re-
flect aeolian or fluvial input), the 27.4 pm to 51.8 um
component (EM2) in core GT-06 is of volcanic origin.
This underscores tectonic and volcanic in fluence the cen-
tral SCS’s. This difference highlights the need for site-
adapted GSCS interpretations, rather than direct extrapo-
lation from other regions.

Notably, single-method GSCS risks misinterpretation
(e.g., STD omitting EM2 in GT-06). For complex deep-
sea settings (e.g., seamount flanks with mixed signals), we
recommend EMM as the core method that resolves low
abundance components, with cross validation by STD and
PCA. This workflow, validated in core GT-06, balances
resolution and reliability.

5.2.2 End-member interaction and site-specific signifi-

cance

Building on the single-end-member environmental
links established in Section 5.2, we now focus on their
coupling relationships and site-specific significance in the
central SCS, and address the core theme of this paper:
monsoon volcanic interactions and turbidity current
events.

(1) Coupling between volcanic input and turbidity cur-
rents

A critical observation from GT-06 is the temporal re-
lationship between EM2 (volcanic silt) and EM4 (turbidi-
ty sand): EM2 high-abundance layers (450—-510 cm) strati-
graphically underlie EM4 peaks (380—400 cm). The inter-
vening ~50 c¢m interval represents background sedimenta-
tion, with its duration dependent on accumulation rates.
This stratigraphic sequence implies that submarine vol-

canic activity may have primed Zhongnan Seamount’s
slopes. Specifically, the destabilization of the seamount
slopes is likely linked to seismic activity associated with
submarine volcanism (Sun et al., 2021), where tectonic
tremors or eruptive vibrations weaken the shear strength
of sediments on the seamount's flanks (Masson et al.,
2002). These seismic events act as triggers for landslides
or slope failures, subsequently initiating turbidity currents
capable of transporting large volumes of coarse calcare-
ous sediment (EM4) (Zhu et al., 2019). This type of “vol-
canic—turbidity coupling” has rarely been reported in oth-
er SCS cores (e.g., PC338, Li et al., 2019, recovered from
a deep-water slope setting and lacking EM2, the volcanic
silt) and reflects the unique tectonic setting of Zhongnan
Seamount (proximal to the Luzon Arc).

(2) Monsoon-driven controls on terrigenous and bio-
genic end-members

EMI1 (terrigenous clay) and EM3 (coarse silt compo-
nent) show a significant negative correlation (» = —0.71,
p < 0.01), reflecting a competitive relationship between
terrigenous input and pelagic biogenic processes in the
deep central SCS. This inverse coupling is primarily driv-
en by monsoon forcing: during periods of intensified sum-
mer monsoon, enhanced river discharge and sediment
load increase the flux of fine-grained terrigenous clay
(higher EM1 abundance). The resulting rise in water tur-
bidity and sedimentation rate not only dilutes the relative
proportion of biogenic particles but also suppresses
siliceous primary productivity through light limitation,
leading to a decrease in EM3 abundance. In contrast, dur-
ing weaker summer monsoon phases, reduced terrigenous
input and enhanced vertical stratification of the water col-
umn favor the proliferation and preservation of siliceous
organisms such as diatoms, resulting in relatively higher
EM3 abundance. In addition, the seamount setting may
enhance water-column mixing and sediment resuspension
through internal tides and bottom currents, thereby influ-
encing the preservation efficiency of biogenic signals

(3) Comparison with other SCS seamounts

Zhongnan Seamount’s GSCS results stand out when
compared to other SCS seamounts:

Volcanic signal: Unlike Huangyan Seamount (Cai
et al., 2022), where EM2 is weak and transitional, Zhong-
nan Seamount’s EM2 confirms its function as a volcanic
archive for the central SCS. It lies close to the Luzon Arc
yet sufficiently distant to avoid direct tephra burial, and
thus represents a rare archive for recording monsoon, vol-
canic and turbidity interactions in the central SCS.

Turbidity signal: EM4’s high carbonate content
(28.34% LOI950) distinguishes it from most surface sedi-
ments along the Huangyan—Zhenbei seamount chain in the
northern and central SCS (LOI < 15%, Cai et al., 2022),
while it is consistent with locally elevated LOI values ob-
served at the southern margin of the Southeast Sub-basin
(14%—24%, Cai et al., 2022). This suggests that the high
carbonate content at Zhongnan Seamount reflects faster
burial under CCD conditions, potentially enhanced by



Yue Yuanfu et al. Acta Oceanol. Sin., 2026, Vol. 45, No. 2, P. 1-13 11

flank topographic highstand that slows bottom currents
and reduces dissolution (Liu et al., 2022b).

Collectively, these site-specific differences reinforce
that Zhongnan Seamount is an ideal natural laboratory for
resolving monsoon-volcanic-turbidity interactions, there-
by filling a critical gap in SCS deep-sea sedimentary re-
search.

6 Conclusions and perspectives

Herein, we systematically compared three GSCS met-
hods, namely STD, EMM and PCA, using sediment core
GT-06 recovered from the Zhongnan Seamount in the
central South China Sea. By integrating multi-proxy vali-
dation (MS, LOI), we clarify the methodological applica-
bility and environmental significance of grain-size com-
ponents, with key conclusions as follows:

(1) Methodological insights for complex deep-sea set-
tings

The three GSCS methods show high compatibility in
identifying major sedimentary signals but differ in resolu-
tion:

STD: Efficient for large-scale rapid screening of dom-
inant sensitive intervals (e.g., S1-S3);

PCA: Effective for dimensionality reduction and ex-
tracting major environmental signals (cumulative vari-
ance >98.2%), but may generate redundant correlated
components (e.g., F3’s dual grain-size ranges) that com-
plicate independent process interpretations;

EMM: Offers the highest accuracy in isolating geolog-
ically meaningful end-members (e.g., volcanic EM2, tur-
bidity EM4) via reconstruction variance (>99.6%) and an-
gular deviation (<5%), albeit with higher computational
cost.

We propose a multi-method GSCS workflow tailored
for tectonically active deep-sea basins: EMM serves as the
core separation method, PCA is used for cross-validation,
and STD provides preliminary large-dataset screening.

(2) End-member-based proxy system for monsoon-
volcanic-turbidity interactions

Four EMM-derived end-members (EM1-EM4) form a
site-specific environmental proxy system for the Zhong-
nan Seamount:

EMI (2.1-6.7 pum): Terrigenous clay transported by
the Red/Zhujiang Rivers, indicating East Asian summer
monsoon (EASM) intensity;

EM2 (27.4-45.6 pm): Volcanic detritus (positive cor-
relation with MS), reflecting Quaternary submarine vol-
canic activity in the central SCS;

EM3 (58.9-98.1 um): Siliceous biogenic debris (posi-
tive correlation with LOIS50), reflecting monsoon-modu-
lated siliceous productivity and preservation below the
CCD;

EM4 (309.5-453.9 pm): Calcareous bioclasts in tur-
bidites (strong correlation with LOI950), signaling sea-
mount collapse-induced high-energy events.

This study validates the use of GSCS methods in the
unique tectonic setting of the central SCS. However, sev-
eral limitations still exist. For instance, the temporal
framework of component variations remains unclear be-
cause of the absence of U/Th dating or AMS 14C analy-
sis, which restricts correlations with global climate events
such as Dansgaard-Oeschger cycles. Future work will fo-
cus on two key goals: first, incorporate U/Th dating of
carbonate-rich layers (e.g., Al) to establish a high-resolu-
tion chronology; second, employ SEM-EDS or EPMA
analyses to geochemically characterize the amorphous
volcanic glass fraction in EM2. These efforts will address
current limitations and enhance regional paleoenviron-
mental interpretations.
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