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Characteristics and primary
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1Guangxi Key Laboratory of Hidden Metallic Ore Deposits Exploration, College of Earth Sciences,
Guilin University of Technology, Guilin, China, 2Guangxi Laboratory on the Study of Coral Reefs in the
South China Sea, Coral Reef Research Center of China, School of Marine Sciences, Guangxi
University, Nanning, China, 3Southern Marine Science and Engineering Guangdong Laboratory
(Guangzhou), Guangzhou, China, 4Yantai Institude of Coastal Zone Research, Chinese Academy of
Sciences, Yantai, China
Coral reef karsti�cation plays a vital role in sea-air CO2 exchange, yet its
mechanisms remain unclear. This study employs an 878.22-m coral reef
sequence (dating to19.6 Ma) from Well CK2 in the Xisha Islands, South China
Sea (SCS), to investigate karsti�cation processes, including their signatures,
primary controls, and implications for marine carbonate dissolution in global
carbon cycling. Petrological and geochemical analyses of CK2 revel distinct
karsti�cation characteristics, including: (1) higher surface porosity 25– 30%), with
randomly distributed pores and fractures of variable sizes and shapes; (2)
yellowish-brown to black impregnations; (3) micritic cements accompanied by
well-crystallized mineral crystals, and (4) moderately well-sorted and rounded
grains. Geochemical signatures show elevated 8787Sr/86Sr, Mn content, and Mn/
Sr ratios, coupled with depleted d��C, d18O and Sr content. These features
collectively indicate that karsti�cation in CK2 was dominated by non-selective
dissolution and recrystallization processes, principally occurring at the mixing
zone in meteoric water systems during prolonged subaerial exposure.
Karsti�cation signatures varied across geological epochs, implying different
controlling mechanisms. Late Miocene (12.6– 10.2 Ma), driven by sustained
sea-level fall, exhibited an extreme 87Sr/86Sr shift and severe erosion.
Pleistocene (2.2– 1.8, 1.1– 0.89, 0.29 and 0.2 Ma), in�uenced by frequent sea-
level �uctuations and warm, humid environments linked to glacial-interglacial
cycle and Asian monsoon, displayed the highest surface porosity (15–40%, mean
25%), ochre to tawny impregnations, and micritized cements, along with negative
d��C-d18O and elevated 87Sr/86Sr and Mn/Sr ratios. In contrast, the Middle
Miocene Climatic Optimum (16.6– 16 Ma) lacked typical karst characteristics
but comprised of well-rounded and sorted coral gravels, suggesting reef-
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building organisms mediate karsti�cation via substrate architecture. These
�ndings demonstrate that sea-level changes and climate conditions control
coral reef karsti�cation intensity. Concurrently, dissolution during karsti�cation
may signi�cantly modify ocean alkalinity and dissolved inorganic carbon, with
potential feedback on carbon cycling in future climate scenarios.
KEYWORDS

coral reef carbonate, karsti� cation, meteoric diagenesis, shallowmarine carbonate
dissolution, global carbon cycling, South China Sea
1 Introduction

Coral reefs represent one of Earth’s most biodiverse ecosystems,
accounting for 32–43% of shallow marine calcium carbonate
production and playing a crucial role in global carbon cycling
(Frankignoulle and Gattuso, 1993; Suzuki et al., 2001; Yan et al.,
2009; 2016; Jiao et al., 2018). These ecosystems modulate
atmospheric CO2 through both calci�cation (CO2 release) and
dissolution (CO2 uptake) (Berger, 1982; Berger and Keir, 1984;
Opdyke and Walker, 1992; Archer et al., 2000; Fagan and
Mackenzie, 2007; Purkis et al., 2010; Andersson, 2015; Lonborg
et al., 2019; Yan et al., 2019). However, their dissolution
contributions remain underestimated in modern carbon budgets
due to the stable seawater pCO2 conditions (Purkis et al., 2010;
Andersson, 2015). The karsti�cation of coral reef carbonate,
particularly during subaerial exposure, represents a key but poorly
constrained component of this carbon cycle.

Carbonate karsti�cation requires two fundamental conditions:
�uid undersaturation and continuous solute transport (Lohmann,
1988). When coral reefs are exposed during lowstands, meteoric
water (equilibrated with atmospheric CO2 but undersaturated
relative to coral reef carbonate) creates distinct vertical zones of
alteration under the in�uence of gravity and advection (Quinn
and Matthews, 1990; Braithwaite and Montaggioni, 2009;
Braithwaite and Camoin, 2011). The vadose zone (upper)
develops typical dissolution features with sediment-�lled voids
(Jones, 2016; Luo et al., 2022), while the phreatic zone (middle)
forms extensive cavities containing meteoric cements identi�able
by their d��C and d18O signatures (Bourdon et al., 2009; Yang
et al., 2022). The mixing zone (lower) exhibits especially intense
water-rock interactions (Lohmann, 1988; Melim et al., 2001).
These processes vary signi�cantly with environmental
conditions, showing particular sensitivity to rainfall regimes, sea
level �uctuations, and monsoon activity (Melim et al., 2002; Swart,
2015; Wu et al., 2024).

Existing researches have largely focused on either contemporary
reef systems or isolated ancient analogues, creating gaps in our
understanding of long-term evolutionary patterns. Deep drilling of
reefs carbonate sequences offers unique advantages in this regard,
providing continuous records with minimal diagenetic overprinting
02
(Schlanger and Silva, 1986; Melim et al., 2001; Yang et al., 2022; Luo
et al., 2022). The SCS presents particularly valuable study sites,
containing Oligocene-to-present coral reef carbonate strata
exceeding 1,000 meters in thickness (Ma et al., 2011; Wu et al.,
2014; Shao et al., 2017). Among them, the 928.75-m deep drilling
CK2 from Yongle Atoll stands out for its exceptional recovery (>
70%) and continuity (Fan et al., 2020; Yang et al., 2022), making it
ideally suited for investigating Miocene-to-present coral reef
carbonate karsti�cation processes.

This study employs an integrated petrological, geochemical, and
paleontological approach to analyze multiple karsti�ed intervals
within the CK2 core. Our objectives are threefold: (1) to
systematically characterize the petrological and geochemical
signatures of coral reef karsti�cation, (2) to identify the primary
environmental and geological controls on these processes, and (3)
to develop a comprehensive framework linking marine carbonate
karsti�cation to global carbon cycling dynamics. These �ndings will
provide new constraints on carbonate platform evolution and its
role in Earth’s long-term climate regulation.
2 Materials and methods

2.1 Regional setting

South China Sea, located in the Western Paci�c Warm Pool,
provides optimal environmental conditions for coral reef
development with its tropical climate, which are charactized by
suitable sea surface temperatures (22–30 °C), high annual rainfall
(1,300–2,000 mm), and suitable salinity (33.14–34.24‰). Modern
coral reefs in the South China Sea cover an area of 37,935 km�
(Figure 1A), accounting for 5% of global reef coverage (Wang et al.,
2014). The Xisha Islands are located on the northwestern
continental slope of the South China Sea (Figure 1A), and the
development of coral reefs has been primarily controlled by tectonic
subsidence and global sea-level �uctuations since the Early Miocene
(Yang et al., 2022). Prolonged basement thermal subsidence has
created substantial accommodation for continuous carbonate
accumulation since the Early Miocene (Shao et al., 2017; Fan
et al., 2020). The coral reefs in the Xisha Islands originated in the
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Early Miocene; �ourished horizontally, expanded to their
maximum area during the Middle Miocene; contracted in the
Late Miocene; and eventually evolved into isolated carbonate
platforms (e.g., Yongle Atoll and Xuande Atoll) during the
Pliocene and Pleistocene (Ma et al., 2011; Wu et al., 2014). The
Yongle Atoll records paleoclimatic and paleoenvironmental
changes since the Miocene with thick and continuous coral reef
carbonate sequences (Jiang et al., 2019; Xu et al., 2019; Li et al.,
2021a, b), indicating that the coral reef carbonate sequence is an
ideal natural laboratory for studying the characteristics and primary
controls of coral reef carbonate karsti�cation.

CK2 was situated in a low-lying area adjacent to a sand-gravel
bar on Chenhang Island, Yongle Atoll (Figure 1A). The borehole
reached a total depth of 928.75 m, including 878.25 m of coral reef
carbonate strata underlain by a 50.5-m volcanic basement. The
carbonate sequence of CK2 consists of coral debris, reef
framestones, bioclastic limestones and other reef-derived
materials (Figure 1B, Fan et al., 2020). Core recovery averaged
70%, with most intervals exceeding 80%, and the cores were well-
preserved as shown in Figure 1C.

The chronological framework of CK2 was established based on
Strontium Isotope Stratigraphy and Magnetostratigraphy, indicates
that Xisha coral reefs initiated growth at ~19.6 Ma (Figure 2A; Fan
et al., 2020). Mineralogical analysis reveals distinct zonation:
aragonite dominates from 0-16.9 m, calcite from 16.9–185 m and
521.4-878.22 m, mixed calcite-dolomite from 185–310 m, and
Frontiers in Marine Science 03
dolomite from dolomite from 310-521.4 m (Figure 2A; Fan
et al., 2020).

To investigate the karsti�cation processes in the coral reefs, this
study conducted a comprehensive analysis of Well CK2, including:
petrological characteristics, biological composition, porosity,
mineral constituents, 87Sr/86Sr, d18O, d��C, and elemental
contents. Detailed analytical informations are presented in Table 1.
2.2 Petrological and biological analysis

The petrological and biological analysis of CK2 employed a
multiscale approach combining macroscopic core examination and
microscopic thin-section observations.

Macroscopically, stratigraphic units were characterized through
systematic documentation of: (1) sedimentological attributes (color,
cementation intensity, grain-size distribution), (2) biological
components content (relative proportions of skeletal debris,
lithoclasts, and biotic fragments), and (3) biogenic structures
(taxonomic assemblages, growth forms, and taphonomic features
including mortality surfaces and dissolution pores). Diagnostic
biological features were �rst identi�ed in hand specimens through
distinctive macro-morphological characteristics (e.g., colonial
growth patterns in corals, laminar structures in microbialites).

For microscopic analysis, a systematic sampling strategy was
implemented with 300 thin sections prepared at 3-meter intervals,
FIGURE 1

Geological map of the South China Sea and the sample location of CK2. (A) Map of the South China Sea Coral reef distribution (red zones, modi�ed
from Wang et al., 2014). (B) Map of Xisha Islands. (C) Map of Yongle Atoll and the location of CK2.
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following Flügel’s (2010) classi�cation scheme. Thin sections were
examined using polarized light microscopy to verify taxonomic
identi�cation through diagnostic microstructural criteria (e.g.,
septal arrangements in scleractinian corals, cellular networks in
coralline algae) and to differentiate primary growth fabrics from
secondary diagenetic features. Particular attention was given to
distinguishing between: (i) in situ reef framework (framestones/
boundstones), (ii) reworked debris (rudstones/�oatstones), and (iii)
matrix-supported fabrics (wackestones/packstones).
2.3 Analysis of surface porosity

Porosity was quanti�ed through systematic areal (2D) analysis of
300 thin sections (sampled at 3-meter intervals) using polarized light
microscopy and digital image processing. Pore spaces were identi�ed
by thresholding high-resolution photomicrographs (PPL/XPL), with
�5 �elds of view per sample analyzed to account for heterogeneity.

We analyzed 300 thin sections systematically collected from the
878.22-meter coral reef carbonate of CK2 at consistent 3-meter
intervals to ensure statistical robustness. We followed the statistical
criteria shown in Figure 3 (Scholle and Ulmer-Scholle, 2003; Zhao
and Jones, 2012) for consistency with established methodologies.
Frontiers in Marine Science 04
2.4 Geochemical analysis

2.4.1 Sample selection and pretreatment
A total of 200 samples were selected for strontium isotope

analysis, including 100 from Fan et al. (2020) and 60 from Yang
et al. (2022).Samples were collected at 5–10 m, with increased
sampling density (0.4–3m) for strata displaying signi�cant
geological anomalies. 1,000 samples were collected at 1 m
intervals for carbon-oxygen isotope, of which 132 (15-147m) were
previously published by Xu et al. (2020) and 217 (308.5–525 m) by
Wang et al. (2018). Additionally, elemental content analyses for
these 1,000 samples (1 m intervals) were partially reported in Fan
et al. (2020) and Yang et al. (2022).

To ensure analytical precision and prevent contamination, all
samples were subjected to rigorous pretreatment at the Coral Reef
Research Center of Guangxi University, China. The samples were
placed in conical �asks �lled with deionized water and
ultrasonicated for over 20 min. After 24 h, the supernatants were
discarded. This washing process was repeated three times before the
sediment was dried in an oven at 40 °C and ground to a powder
�ner than 200 mesh using an agate mortar. This study was
conducted at the Coral Reef Research Centre of Guangxi
University, China.
FIGURE 2

Geological characteristics of CK2: (A) Stratigraphy; (B) Chronological framework; (C) Mineral composition; (D) Visual-inspected biota; (E) Microscope-
observed biota; (F) Surface porosity.
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2.4.2 Analysis of 87Sr/86Sr
The Sr isotopic composition was measured using Nu Plasma high-

resolution MC-ICP-MS at the Radiogenic Isotope Facility at the
University of Queensland, Australia. First, 0.1 g of the pre-treated
sample was dissolved in a sealed Te�on container using an HNO3

+HF solution at 100 °C. The sample was centrifuged at 4000 r/min for
15 minutes, and the supernatant was collected and puri�ed using a
speci�c ion-exchange resin to isolate Sr. The high-purity Sr solution was
dried on a hot plate and analyzed using MC-ICP-MS. Mass
discrimination effects during instrumental analysis were corrected
externally using an exponential function, with the 86Sr/88Sr ratio
normalized to 0.1194 to standardize the 87Sr/86Sr ratio. Every four
samples, mass bias corrections are applied using the standard material
solution SRM987 with a 87Sr/86Sr ratio of 0.710249 – 0.000009. In
addition, 10% of the samples were retested to control the data quality.

2.4.3 Analysis of d18O and d13C
The carbon and oxygen isotope analyses were performed using

a Finnigan MAT-253 stable isotope ratio mass spectrometer that
attached to a Fairbanks Carbonate Preparation Device at the China
Frontiers in Marine Science 05
Coral Reef Research Center, School of Marine Sciences, Guangxi
University. Approximately 20 mg of powdered samples were
reacted with 100% H3PO4 at 75 °C to extract CO2. Isotopic
results are reported in ‰ relative to the V-PDB scale using the
GBW04405 standard (d18O = -8.49‰, d13C = +0.57‰), with
analytical precision of 0.08‰ for d18O and 0.03‰ for d13C
(n=15). About 20% of samples were analyzed in duplicate to
verify reproducibility within –0.1‰.

2.4.4 Analysis of elemental content
Elemental content analysis was conducted using inductively

coupled plasma mass spectrometry (ICP-MS) at the China Coral
Reef Research Center, School of Marine Sciences, Guangxi
University. The analytical procedures incorporated strict quality
assurance/quality control (QA/QC) protocols, including routine
blank measurements, duplicate sample analysis, and calibration with
certi�ed reference materials (GBW07129, GBW07133, GBW07135).
Instrument performance was monitored through oxide ratio checks
(CeO+/Ce+ <2%) and internal standardization (Rh/In/Re), ensuring
measurement accuracy within –5% uncertainty.
TABLE 1 Methods dataset of CK2.

Analysis
objects Number of samples Sampling

density Method Data sources

Petrological features
300 of thin section 878.22m core

samples
3 m intervals

hand specimen
microscope

This study

Biological components
300 of thin section 878.22m core

samples
3 m intervals

hand specimen
microscope

This study

Surface porosity 300 of thin section 3 m intervals microscope This study

Mineral content 100 10 m intervals XRD Fan et al., 2020

87Sr/86Sr 200 0.4–10 m intervals MC-ICP-MS Fan et al., 2020 and This study

d18O and d13C 1000 1 m intervals MAT-253
Xu et al., 2019; Wang et al., 2018; This

study

Element content 1000 1 m intervals ICP-MS
Fan et al., 2020; Yang et al., 2022; This

study
FIGURE 3

Statistical criteria for surface porosity quanti�cation (revised based on Scholle and Ulmer-Scholle, 2003).
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3 Results

3.1 Petrological features

The CK2 core is predominantly white biogenic limestone
(Figures 4L, M) that demonstrates vertical lithological variations
from top to base: unconsolidated coral debris, reef framestones,
coral framestones, calcarenite with biological debris, weakly
dolomitized bioclastic limestones, dolomitized coralline algae
bindstones, strongly dolomitized coralline algae bindstones,
lagoonal sand with coralline algae and coral rubbles, and lagoonal
sand with foraminifera and biological debris. These facies changes
Frontiers in Marine Science 06
re�ect gradual transitions in biological composition, mineral
content, sedimentary structure, and degree of cementation.

However, distinct abnormal intervals were identi�ed at speci�c
depth ranges (32–34, 60.5–93.5, 190–196.7, 309–313.29, 316–320,
364–370, 413–452, 521–596, 603.7–672.74, and 831.6–834.6 m) as
shown in Figure 4. These zones exhibit macroscopic features
including signi�cant color variations, (from white to yellowish,
brownish-yellow, or brown-red), abundant dissolution pores/vugs
lined with calcareous crusts or clayey deposits (brownish-yellow to
reddish-brown and black), and occasional speleothem-like
crystalline formations within well-rounded carbonate gravel.
Microscopic analysis reveals: (1) irregular pores formed by
FIGURE 4

Characteristics of coral reef carbonate karsti�cation and initial core samples in CK2: (A–D) Dissolution vugs and Fe-impregnated with reddish-brown
calcareous crust of core samples; (E) Well-rounded and well-sorted coral fragments; (F, G) Cementation textures; (H, I) Dissolution pores with
ferric impregnation; (J, K) Dissolution pores and recrystallized calcite; (L, M) Initial core samples. CH, corrosion cavern; CR, coral reef; M, micrite;
RC, recrystallization; II, Fe infection.
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