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A B S T R A C T   

We have previously shown that the coralline algal assemblages (CAAs) of the South China Sea may indicate post- 
Pliocene paleo-water depth changes; however, the pre-Pliocene coralline algal compositions and related sea-level 
significance remain to be elucidated. In the present study, we explore the Miocene coralline algal compositions 
and their role in recording the sea level, and show the distribution, classification, type, abundance, and diversity 
of Miocene coralline algae from 213 petrologic thin sections using a coral-reef carbonate sequence from the 
northern South China Sea. The diversity and abundance of coralline algae in the early and late Miocene are 
higher than those in the middle Miocene. Eleven genera were identified and grouped into seven CAAs, showing a 
water depth range from <5 m to >25 m. At 18.67–17.98 Ma, the coral reef was in a stagnation/drowning stage, 
with rising sea levels exceeding the development of the coral reef. At 17.98–16.78 Ma, the coral reef was in a 
rapid development during a rapid rise in sea level. Additionally, at 16.78–14.79 Ma, low coralline algal abun
dance was observed, and the corals were sporadically distributed at a relatively stable sedimentation rate, 
suggesting a decline in coral reef development. At 14.79–10 Ma, the coral reef development was remarkably slow 
or stagnant. Furthermore, at 10–5.3 Ma, the coral reefs developed slowly, indicating a gradual rise in the sea 
level. The sea-level changes indicated by coral reef development are consistent with the long-term global sea- 
level changes, indicating that the composition and assemblage of Miocene coralline algae can be used to accu
rately relay the sea-level history.   

1. Introduction 

Shallow-water carbonate deposits comprising fossil reefs can record 
various geological events such as sea-level fluctuations, paleoclimatic 
conditions, and paleoceanographic changes (Abbey et al., 2011; Braga 
and Martín, 1996; Coletti and Basso, 2020; Coletti et al., 2018; Coletti 
et al., 2019; Hallmann et al., 2013; Iryu et al., 2010; Kershaw et al., 
2005). These deposits play a crucial role in recording sea-level fluctu
ations or environmental changes such as light attenuation or variation in 
hydrodynamic energy (Abbey et al., 2011; Adey and Macintyre, 1973; 
Aguirre et al., 2000; Bassi et al., 2009; Braga and Bassi, 2012; Li et al., 
2021; Wanamaker et al., 2011). Coralline algae preserved in in situ reefs 

can help to reconstruct the paleoecology and the paleoenvironment 
(Braithwaite, 2016). The South China Sea (SCS) provides an excellent 
archive for the study of sea-level history by analyzing shallow-water 
deposits as it is one of the most important regions for global carbonate 
production and coral reef development since the Miocene period (Wang, 
2009). Moreover, previous studies reported that the paleo-water depths 
recorded by coralline algae in the SCS are indicative of a long-term 
deepening trend starting from the Pliocene (Li et al., 2021). However, 
geographical distribution peculiarities, along with insufficient infor
mation on the global bathymetric distribution of coralline algae, as well 
as their complex taxonomic history hamper the possibility of using 
coralline algae paleoenvironmental reconstructions (Coletti and Basso, 
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2020). Furthermore, studies on the environmental records of coralline 
algal assemblages (CAAs) in Miocene reefs are limited due to incomplete 
preservation and the coarse chronological frameworks of shallow water 
carbonates. Thus, it is of utmost importance to understand the evolution 
and paleoecology of CAAs in coral reefs for deeper insights into regional 
paleobiogeography, paleoclimate, and paleoenvironment. 

Water depth/eustasy is one of the most important variables in the 
reconstruction of the shallow-water paleoenvironments (Bard et al., 
1996; Coletti et al., 2018; Iryu et al., 2010; Li et al., 2021; Perrin et al., 
1995; Wu et al., 2019). Paleobathymetric studies are based on the dis
tribution of biological assemblages and sedimentary indicators (e.g., few 
well-preserved reef flat complexes) (Bard et al., 1996; Coletti et al., 
2018; Iryu et al., 2010; Li et al., 2021; Perrin et al., 1995; Wu et al., 
2019). Moreover, the distribution of calcified red algae is primarily 
controlled by light availability and hydrodynamic energy (Steneck, 
1986; Adey and Macintyre, 1973; Adey, 1986; Bosence, 1991; Bosence, 
1983; Sane et al., 2016), wherein light availability decreases with 
increasing water depth. Furthermore, the sorting and size of sediments 

formed by coralline algae are also controlled by hydrodynamic energy, 
which decreases with an increase in water depth (Sane et al., 2016). 
However, the reliability of reconstructed bathymetric curves can vary 
based on this model, making it necessary to accurately identify the in
dicator species in the coralline algal community and relate them to the 
characteristics of the environmental habitat (Cabioch et al., 1999b). 

Considering the present coralline algal distribution, Quaternary sea- 
level changes have been reconstructed based on the drilling of several 
scientific cores (Cabioch et al., 1999b; Iryu et al., 2010; Li et al., 2021). 
Thus, it is important to understand the response of the coralline algal 
community to environmental changes. In particular, time-series changes 
in deep- (reef drowning) and shallow-water assemblages (reef regener
ation) should be identified to better understand the sea-level changes. 
Increased glacial activity in the northern hemisphere since the Pliocene 
expanded the polar ice volume and reduced sea levels over a long period 
(Miller et al., 2005). Furthermore, long-term periodic eustasy since the 
Pliocene and vast changes in paleoceanographic conditions affected the 
evolution of tropical shallow-water carbonate systems (Wu et al., 2019). 

Fig. 1. Location and stratigraphic profile of Well CK2 on Chenhang Island in the northern South China Sea (SCS) including A the distribution range of coral reefs, at 
present and during the Miocene (modified from Perrin (2002)). The geography of the world as reported by Hay (2011). B, C, and D refer to the location of the well. E 
Lithology and stratigraphic chronology as reported by Fan et al. (2020). 
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In the SCS, Mesophyllum assemblage, indicative of deep water, was 
replaced by Lithoporella-Lithophyllum assemblage, thereby signifying 
relatively shallow-water settings and supporting a decrease sea level (Li 
et al., 2021). 

Coral reef ecosystems can provide strong evidence for long-term 
periodic fluctuations in sea level, thereby revealing consistent periodic 
records with global changes (Braithwaite, 2016). The Miocene is 
considered as a key period in the Cenozoic cooling history (Stein
thorsdottir et al., 2020; Herbert et al., 2016), wherein the climatic shift 
caused significant changes in plant diversity (Bradshaw, 2021). The 
transition of global dominated carbonate assemblage from coral into 
rhodolith during the Burdigalian to early Tortonian may be associated 
with the Miocene global change (Halfar and Mutti, 2005). Furthermore, 
changes of calcification rates and bathymetric zonation are attributed to 
the coevolution of corals and Symbiodinium zooxanthellae; parallelly 
with global cooling, at least on a regional scale, geochemical changes 
support the extensive aragonite precipitation during the late Miocene 
(Pomar and Hallock, 2007). Nevertheless, the number and the belt with 
latitudinal extension of coral reefs during the Miocene had increased 
(excluding the Mediterranean area) (Fig. 1A; Perrin, 2002; Perrin and 
Bosellini, 2012). These results were also verified during the develop
ment of coral reefs in the SCS (Fan et al., 2020; Shao et al., 2017a, 
2017b). The results of δ18O and Mg/Ca records of the Pacific benthic 
foraminifera showed that the ice storage was limited during the early 
Miocene, suggesting a small sea-level oscillation. The sea-level changes 
were small (< 20 m) during the Miocene climate optimum (MCO), 
relatively greatly (~50 m fall) at the end of the expansion of the Ant
arctic ice sheet (13.8 Ma), while kept stable from late middle Miocene to 
late Miocene (Miller et al., 2020). This continuous rise or fall in the sea 
level can predict events such as coral reef drowning or exposure. 
Moreover, algal ridges (Steneck et al., 1997), trottoirs (Adey, 1986), 
algal frameworks (Rasser and Piller, 2004), and algal cup reefs (Gins
burg and Schroeder, 2010) were specifically formed by coralline algae in 
response to the sea-level changes during coral reef development. 

Coral reefs in SCS were initially observed at approximately 20 Ma 
(Fan et al., 2020) widely developed in the middle Miocene (Ma et al., 
2011), and less developed during the late Miocene (Shao et al., 2017a, 
2017b); additionally, they occupied an area equivalent in size to that of 
the Great Barrier Reef (Yu and Zhao, 2009). Herein, we studied the sea- 
level history of the Miocene by analyzing the succession of CAAs during 
different geological intervals based on the composition and assemblages 
of Miocene coralline algae from Well CK2 (Fig. 1D) drilled in the north of 
SCS. Furthermore, we identified and discussed the indicators of Miocene 
coral reef development and sea-level changes in SCS to evaluate the 
accuracy of sea-level curves reconstructed regionally using coralline 
algae. These algal assemblages provide regional information that can be 
used to reconstruct long-term global sea-level changes. 

2. Materials and methods 

2.1. Study area 

The SCS, the largest marginal sea of the western Pacific Ocean and is 
located in a semi-enclosed environment (Fig. 1B), is developed due to 
rapid seafloor expansion during the Cenozoic, and has been recognized 
as an important area for carbonate platform development since the 
Miocene (Yu and Zhao, 2009). The well-known Xisha Islands (Paracel 
Islands) (Fig. 1C), consisting of over 40 sandbanks, islets, and reefs, are 
located in the northern SCS, and can be divided into the Xuande and 
Yongle atolls (Xu et al., 2010). These islands, with elevations of 2–8 m, 
primarily consist of sand, coral gravel, mollusks, benthic foraminifera, 
and calcareous algal debris (Jian et al., 1997). Data collected by mete
orological stations in the region indicate an annual mean temperature of 
26–27 ◦C, which is highly suitable temperature for coral reef develop
ment (Xu et al., 2010). At 15.5–10.5 Ma, the average tectonic subsidence 
rate was relatively lower in the Xisha Islands; however, between 10.5 

and 5.5 Ma, the subsidence rate increased resulting in the gradual 
drowning of the carbonate platform over this period (Wu et al., 2018). 

Several coral reef scientific drilling projects (Wells Xiyong 1, Xichen 
1, Xichen2, Xishi 1, Xike1, and CK2) have been conducted in the Xisha 
Islands region over the past 50 years. These projects have provided 
essential data on the biostratigraphy, petrology, and palaeontology of 
carbonate platforms in this region; however, the development of reefs 
and their relationship with sea-level changes as indicated by CAAs are 
rarely investigated and discussed owing to the coarse stratigraphic 
frameworks and the poor core recovery rates. 

2.2. Core collection and logging 

Well CK2 (16◦26′56“ N, 111◦00’54” E) is related to a major, 
kilometer-scale, scientific drilling project. It was drilled on Chenhang 
Island in 2013 (Fig. 1D), reaching a depth of 928.75 m (Fig. 1E) and an 
average core recovery of approximately 70%. The well consists of reef 
carbonates (0–873.55 m) as well as volcanic basement (873.55–928.75 
m). The age model was constructed using strontium isotope ratio dating 
and magnetostratigraphy as reported by Fan et al. (2020) (Fig. 2). Thus, 
the investigated section from 873.55 m (19.6 Ma) to 344 m (5.3 Ma) 
could be identified as of the Miocene epoch; wherein 611 m and 524 m 
representing the boundaries of the early/middle Miocene and middle/ 
late Miocene, respectively. These findings revealed a relatively high 
sedimentation rate during the early Miocene (Fig. 3), and a relatively 
low rate during the middle and late Miocene (Fan et al., 2020). 
Furthermore, the highest sedimentation rate is 428.57 m/Myr at 17.51 
Ma (761 m), whereas the lowest is 2.12 m/Myr at 12.55 Ma (526 m). 
Miocene reef carbonates mainly consist of dolomite (late Miocene) and 
calcite (early and middle Miocene) (Fig. 2; Fan et al., 2020). Nine 
petrographic units have been identified based on the petrological 
characteristics of the drilling core; among which four units of Miocene 
were investigated in the present study (Fig. 1E). Based on the charac
teristics of Miocene lithological features (Wang et al., 2018), the three 
unconformities were identified at 364 m (6.04 Ma), 434.5 m (8.49 Ma), 
and 519 m (10.16 Ma). Among these, 364 m is representative of isa
belline ferrous staining; 434.5 m characterize a change from tan/isa
belline dolostones to white/offwhite; 519 m is characteristic of a change 
in lithology from white/offwhite limetones to the tan/isabelline 
dolostones. 

Data on thin sections, core slab, and detailed visual descriptions of 
archived core halves were collected and analyzed to evaluate the 
changes in Miocene sea level based on the characteristics and variations 
of CAAs. The thick Miocene carbonate succession of approximately 530 
m of Well CK2 was sampled every 3 m; moreover, additional samples 
were collected in coralline algae rich intervals, resulting in 168 and 45 
samples, respectively. In total, 203 standard petrologic thin sections (ca. 
2 × 3 cm) were prepared using conventional methods from the 213 
collected samples. All thin sections are housed at the Coral Reef 
Research Center of China at Guangxi University. 

Algae were identified under a polarizing microscope at the Coral 
Reef Research Center of China, Guangxi University. Furthermore, we 
investigated coralline algal abundance and diversity using the calcula
tions proposed by Li et al. (2021), depicting the quantitative percentage 
and number of coralline algal genera in each thin section, respectively. 
Coralline algae were considered dominant if they accounted for more 
than 50% of a thin section. The morphological characteristics of coral
line algae were consistent to those reported by Woelkerling et al. (1993). 
As coral abundance is semi-quantitative, we used the divisions of “rare/ 
absent,” “present,” and “abundant” (Li et al., 2021). In addition, we used 
the following criteria from Camoin et al. (1997), Camoin et al. (2004), 
Webb et al. (2016), and Webster (2003) to distinguish the in situ coral or 
allochthonous rubble: 1) ensuring that fossilized communities are 
appropriately oriented, 2) understanding the orientation of geopetal 
surfaces, 3) considering coralline algal encrustation of coral colonies, 
and 4) the existence of a contact relationship between macroscopic 
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attached area and the underlying matrix. Moreover, carbonate rocks 
were classified according to Embry and Klovan (1971) classification. 
Considering the major boundary of 16.31 Ma, we divided the investi
gated sections into two important sedimentary units with 11 subunits 
based on the distribution of CAAs (Fig. 4). The quantitative primary data 
of coralline algal percentage are presented in the supplementary 
materials. 

2.3. Fossil identification 

Although coralline algae have been identified for 200 years since 
their inception as a phyto-group, they have a complex taxonomic his
tory. Since the 1980s, the higher-level taxonomy of coralline algae has 
changed, resulting in different taxonomic frameworks. Thus, it is 
impossible to compare the datasets of water depth distribution gener
ated under different classification frameworks (Coletti and Basso, 2020). 
To address these issues, we simplified the recent taxonomic schemes 
down to three coralline algal orders based on the molecular genetic data 
and morphological characteristics that can be identified in the geolog
ical record. The orders Corallinales and Hapalidiales are characterized 
by uniporate and multiporate conceptacles, respectively (Rösler et al., 
2016; Nelson et al., 2015), whereas the order Sporolithales typically 
includes sporangi grouped in sori (Le Gall et al., 2009). Overall, this 
higher-level classification of coralline algae is supported by morpho
logical evidences (Braga et al., 1993; Braga and Aguirre, 1995; Woel
kerling, 1988; Coletti et al., 2018; Coletti and Basso, 2020) and genetic 
evidences (Harvey et al., 2003; Le Gall et al., 2009; Nelson et al., 2015; 
Rösler et al., 2016). Based on the identification approach used by Coletti 
and Basso (2020), Coletti et al. (2018), and Li et al. (2021), we identified 
the coralline algal groups in thin sections at the generic level or higher. 
The taxonomic scheme of corals is based on the taxonomic criteria 
(Humblet et al., 2015; Veron, 2000; Wallace, 1999). We used the scheme 

only at the genus level due to diagenesis in present study. Furthermore, 
the terms of the developmental model of coral reef proposed by Mac
intyre and Neumann (2011) and Cabioch et al. (1999b), including 
“Keep-up”, “Catch-up”, and “Give-Up”, were followed herein. 

3. Results 

Numerous shallow marine organisms (primarily coralline algae, 
corals, and foraminifera) were found in the investigated section of Well 
CK2. This section is dominated by reefal limestone, which well pre
served the primary archives on the geological record. Coralline algae 
were abundantly present in the Miocene reef carbonates in the studied 
section of Well CK2 and were developed over corals or interdeveloped 
with corals and other encrusting organisms. In addition, to growing over 
the surfaces of corals, coralline algae also developed crusts over bio
clastic gravels. In the studied core, 11 genera of coralline red algae were 
identified; however, their distribution and percentage differed across 
intervals. The types of coralline algae across the sites dominated by 
hydrodynamic energy were nonidentical. Descriptions of the facies and 
of the assemblages of each unit/subunit are summarized (Table 1) in the 
following subsections. 

3.1. Unit A, 19.6-16.31 Ma, the first sedimentary cycle 

3.1.1. Subunit a 
Subunit a extends from 873.55 to 838.05 m (19.6–18.67 Ma) and is 

primarily composed of coralline algal packstones and coral framestones. 
Thin sections and lithological analyses indicated that the skeletal 
assemblage in this interval primarily consists of coralline algae and 
corals, constituting a coralline algal and coral facies. Larger benthic 
foraminifera (LBF) (Fig. 5I) and bryozoans (Fig. 5G) are distributed 
sporadically, whereas planktonic foraminifera are absent. 

Fig. 2. Lithology and summary of primary weathering color, 
chronostratigraphy, and petrology. The chronostratigraphy 
and contents of calcite and dolomite in the investigated sec
tion are consistent with those observed by Fan et al. (2020). 
Dolomite is the dominant type of carbonate in the late 
Miocene with an isabelline primary weathering color, 
whereas carbonate is characteristic of calcite during early 
and middle Miocene, with an off-white primary weathering 
color. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this 
article.)   
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The analyses of 20 thin sections from this subunit indicate a coralline 
algal abundance ranging from 0 to 44.4%, averaging 8.3%, with the 
number of coralline algal genera ranging from 0 to 4, averaging 2 
(Fig. 3). Articulated coralline algae (Fig. 5H) are richly distributed in 
packstones of the basal part of this subunit. In the upper part of the 
subunit, the algae exist within the framestone formed by corals. The 
coralline algal assemblage, CAA1, includes Corallina (Fig. 6E), Jania, 
Hydrolitnon, and Lithoporella (Fig. 6J). The encrusting genus Meso
phyllum of the order Hapalidiales, Neogoniolithon (Fig. 6A), and Lith
ophyllum (Fig. 6H) were also observed in the thin sections (Fig. 4). 

The coral abundance ranges from present to abundant except for 
interval 838.05–842.38 m, where they are absent (Fig. 3). Massive forms 
of Astreopora corals represent the main growth forms, followed by 

branching Acropora, and encrusting Montipora. 

3.1.2. Subunit b 
Subunit b (838.05–801.15 m, 18.67–17.98 Ma) primarily consists of 

LBF rudstone and bioclastic packstones. Thin sections and lithology 
revealed that the skeletal assemblage mainly consists of LBF and coral
line algae. 

The analyses of 14 thin sections from this area show that the coral
line algal abundance range from 0 to 16.9%, averaging ~2% (Fig. 3). 
The primary observed assemblage type of coralline algae is non- 
geniculate. The coralline algal diversity is relatively low, and the only 
genus of the assemblage (CAA2) is Mesophyllum (Fig. 4). Corals were not 
observed in this subunit (Fig. 3). 

Fig. 3. Curves of coralline algal abundance, coralline algal diversity, coral abundance, and sedimentation rate obtained from Well CK2. Coralline algal abundance 
represents the area percentage in each thin section, and diversity represents the number of genera in the thin section corresponding to the coralline algal abundance. 
Estimated methods and significance of coral abundance were followed according to Li et al. (2021), whereas sedimentation rates were estimated using the meth
odology by Fan et al. (2020). 
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3.1.3. Subunit c 
Subunit c (801.15–789.85 m; 17.98–17.73 Ma) is characterized by 

LBF packstones and coralline algal bindstones growing over the base
ment. Thin sections and lithology revealed that the main skeletal 
assemblage mainly consists of LBF and coralline algae. Moreover, 
planktonic foraminifera and corals occur sporadically in this interval. 

The analyses of four thin sections from this area show coralline algal 
abundance ranging from 4.8 to 31.7%, with an average of approximately 
17%, and genus diversity ranges from 1 to 5, with an average of 3 
(Fig. 3). The type of coralline algae is mainly non-geniculate, with 
limited geniculate coralline algae. The common coralline algal genera 
include Mesophyllum, Lithoporella, Lithophyllum, Hydrolithon, and Cor
allina. Among them, Hydrolithon is the most abundant, followed by 
Lithoporella and Lithophyllum. They constitute the Lithoporella-Lith
ophyllum-Hydrolithon assemblage (CAA3) (Fig. 4). Only two corals 
genera occur in this subunit, Turbinaria and Porites. 

3.1.4. Subunit d 
Subunit d is approximately 100 m thick and goes from 789.85 to 

689.07 m (17.73–16.78 Ma) and is overlaid with subunit c. From 789.85 
to 740.07 m the interval is dominated by LBF and coralline algal pack
stones; from 740.07 to 689.07 m by bioclastic wackstones (Fig. 7E). Thin 
sections and lithology indicated coralline algae and foraminifera 
(mainly Amphistegina and Heterostegina) as the main components of the 
skeletal assemblages, with corals occurring as minor components 
(Fig. 5F). 

The analyses of 39 thin sections indicate a coralline algal abundance 
ranging from 0 to 14%, with an average of 2.4%, and the genus diversity 
ranging from 0 to 4, with an average of 1 (Fig. 3). The assemblage 
comprises both non-geniculate and geniculate coralline algae, with the 
most common genera represented by Lithophyllum, Hydrolithon, Jania, 
and Corallina. Furthermore, the minor genera included Mesophyllum, 
Lithothamnion (Fig. 6I), and Amphiroa. The genera Corallina, Jania, 

Fig. 4. Schematic logs of Well CK2 depicting variations in coralline algal assemblages (CAAs) and the vertical distribution of coralline algae. Each CAA is represented 
by a histogram of different colors. The age/Sr isotope stratigraphy is evaluated by the actual measurement calculated using values related to the strontium isotope 
and using the interpolation method suggested by Fan et al. (2020). 
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Hydrolithon, and Lithophyllum dominate the assemblage and characterize 
the CAA4. 

Corals are rare/absent in the basal part of this subunit. Notably, 
Platygyra coral was found in the core layers nearly 50 m thick 
(789.85–740.42 m) interval. Corals in the top interval include massive 
assemblages of Platygyra, Astreopora, Porites, and Dipsastraea (Fig. 3). 

3.1.5. Subunit e 
Subunit e is approximately 50 m thick (689.07–637.92 m, 

16.78–16.31 Ma) and primarily consists of packstones. From 689.07 m 
to 668.07 m the interval is dominated by bioclastic packstones, 
accompanied by a small amount of coralline algal bindstones and 
wackstones. Apart from few grainstones, the interval (668.07–637.92 
m) mainly consists of LBF packstones. Thin sections and lithology 
showed that the skeletal assemblage mainly comprises coralline algae, 
corals, and LBF (Fig. 5D). Planktonic foraminifera and large miliolids 
(Fig. 5E) are distributed sporadically in this subunit. 

The analyses of 22 thin sections from this area revealed that coralline 
algal abundance ranges from 0 to 20.2%, averaging 3.8%, and genus 
diversity ranges from 0 to 4, with an average of 1 (Fig. 3). The assem
blages comprise both non-geniculate and geniculate coralline algae. 
Furthermore, the for-algaliths formed by crustose coralline algae (CCA) 
and encrusting foraminifera occurs in this subunit (Fig. 7B), with Lith
ophyllum and Mesophyllum as the most common coralline algal genera 
(Fig. 6G and D, respectively), whereas Jania and Corallina are present as 
fragments. Sporolithon (Fig. 6F) only appears sporadically in this sub
unit. Therefore, CAA5 is dominated by Lithophyllum and Mesophyllum 
(Fig. 4). 

Furthermore, the corals were abundantly found at 689.07–674.04 m, 
present at 674.04–650.04 m, and absent at 650.04–637.92 m (Fig. 3). 

3.2. Unit B, 16.31-5.3 Ma, the second sedimentary cycle 

3.2.1. Subunit f 
Subunit f is approximately 100 m thick (637.92–560.07 m, 

16.31–14.79 Ma) and mainly consists of LBF packstones. This subunit 

also include includes coralline algal bindstones and LBF grainstones in 
the basal part. The skeletal assemblage primarily consists of coralline 
algae, LBF, and corals, with planktonic foraminifera occurring as a 
minor component. 

The analyses of 22 sections indicated that the coralline algal abun
dance ranges from 0 to 45%, averaging ~3.3% and genus diversity 
ranges from 0 to 3, with an average of 1 (Fig. 3). The coralline algae 
include both non-geniculated and geniculated forms. Hydrolithon, Jania, 
Corallina, and Lithoporella represent the most common coralline algal 
genera, while Mesophyllum and unidentified coralline algae are 
sporadically distributed in this subunit. Overall, CAA1 dominates the 
assemblage. 

In the basal part (637.92–576.7 m), coral abundance ranges from 
absent to present, and coral assemblage mainly consist of branching 
Acropora, massive Astreopora, and Platygyra, and Astrhelia. Between 
576.7 and 560.07 m, corals are abundant (Fig. 3). 

3.2.2. Subunit g 
Subunit g is 15 m thick (560.07–545 m; 14.79–13.72 Ma) and con

sists mostly of LBF packstones associated with sporadic massive coral 
framestones. Foraminifera and corals are the main components, and 
coralline algae occur as a minor component. 

The analyses of five thin sections from this area indicate a coralline 
algal abundance ranging from 0 to 16.8%, with an average of 3.4%. The 
coralline algal diversity is low and the only genus identified is Meso
phyllum (Fig. 3). Coralline algal genus in this subunit is single and 
comprise non-geniculated. Overall, Mesophyllum dominates the CAA2 
(Fig. 4). 

Coral abundance ranges from absent in the basal part of the subunit 
(560.07–555.74 m) to abundant in the upper section (555.74–545 m) 
(Fig. 3). 

3.2.3. Subunit h 
Subunit h is approximately 40 m thick (545–506.1 m; 13.72–10 Ma) 

and mainly consists of dolomitized coral framestones associated with a 
coralline algal bindstones. Coralline algae and corals dominate the 

Table 1 
Summary and description of all subunits obtained from Well CK2 including coralline algal assemblages (CAAs), facies, limestone classification, algal abundance, algal 
diversity, algal types, common algal genera, coral abundance, and water-depth range.  

Subunits CAAs/ 
thickness 

Facies Embry and Klovan 
(1971) 
classification 

Algal 
abundance 
(average) 

Algal 
diversity 

Algal types Common algal genera Coral 
abundance 

Water- 
depth 
range 

Subunit 
a 

CAA1/ 
35.5 m 

Coralline algal and 
coral 

Packstone to 
framestone 

0 to 44.4% 
(8.3%) 

Moderate Articulated, 
non-geniculate 

Corallina, Jania, 
Hydrolitnon, and 
Lithoporella 

Present to 
abundant 

<5 m 

Subunit 
b 

CAA2/ 
36.9 m 

Coralline algal and 
foraminifera 

Rudstone to 
packstone 

0 to 16.9% 
(~2%) 

Low Non-geniculate Mesophyllum Absent 15–25 
m 

Subunit 
c 

CAA3/ 
11.3 m 

Coralline algal and 
foraminifera 

Packstone to 
bindstone 

4.8 to 31.7% 
(~17%) 

High Non-geniculate, 
articulated 

Mesophyllum, Lithoporella, 
Lithophyllum, Hydrolithon, 
and Corallina 

Present ~10 m 

Subunit 
d 

CAA4/ 
~100 m 

Coralline algal and 
foraminifera 

Packstone to 
wackstone 

0 to 14% 
(2.4%) 

Low Non-geniculate, 
articulated 

Lithophyllum, Hydrolithon, 
Jania, and Corallina. 

Absent to 
present 

<10 m 

Subunit 
e 

CAA5/ 
~51 m 

Coralline algal, 
coral and 
foraminifera 

Packstone 0 to 20.2% 
(3.8%) 

Low Non-geniculate, 
articulated 

Lithophyllum and 
Mesophyllum 

Absent- 
present- 
abundant 

15–20 
m 

Subunit 
f 

CAA1/ 
~78 m 

Coralline algal and 
foraminifera 

Packstone to 
bindstone and 
grainstone 

0 to 45% 
(~3.3%) 

Low Non-geniculate, 
articulated 

Hydrolithon, Jania, 
Corallina, and Lithoporella 

Absent- 
present- 
abundant 

<5 m 

Subunit 
g 

CAA2/ 
~15 m 

Foraminifera and 
coral 

Packstone and 
framestone 

0 to 16.8% 
(3.4%) 

Low Non-geniculate Mesophyllum Absent to 
abundant 

15–25 
m 

Subunit 
h 

CAA4/ 
38.9 m 

Corals and 
coralline algal 

Framestone to 
bindstone 

0 to 55.9% 
(5.8%) 

Low Non-geniculate, 
articulated 

Lithophyllum, Jania, and 
Hydrolithon 

Abundant <10 m 

Subunit i CAA6/ 
16.7 m 

Coralline algal and 
corals 

Bindstone 0 to 18% 
(3%) 

Moderate Non-geniculate Aethesolithon and 
Hydrolithon 

Abundant <5 m 

Subunit j CAA5/ 
79.4 m 

Coralline algal and 
corals 

Wackstone 0 to 45.4% 
(9.1%) 

Moderate Non-geniculate, 
articulated 

Mesophyllum and 
Lithophyllum 

Rare to 
abundant 

15–20 
m 

Subunit 
k 

CAA7/ 
66 m 

Coralline algal and 
corals 

Wackstone to 
bindstone and 
framestone 

0 to 54.4% 
(~9.3%) 

High Non-geniculate, 
articulated 

Mesophyllum, 
Lithothamnion, and 
Lithophyllum 

Absent to 
abundant 

>20 m  
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microfacies of this subunit, while LBF are a minor component. 
The analyses of 12 thin sections in this area show that the coralline 

algal abundance ranges from 0 to 55.9%, averaging at 5.8%, while the 
coralline algal diversity is relatively low (Fig. 3). The assemblage in
cludes non-geniculate and geniculate coralline algae. Lithophyllum, 
Jania, corallina, and Hydrolithon represent the most common coralline 
algal genera, which dominate the assemblage and characterize the CAA4 
(Fig. 4). 

Corals are abundant in this subunit (Fig. 3) and mainly include 
massive Porites, Platygyra, Turbinaria, Hydnophora, Dipsastraea, and 
branching Acropora. 

3.2.4. Subunit i 
Subunit i is approximately 8 m thick (506.1–489.44 m; 10–9.77 Ma) 

and primarily consists of coralline algal bindstones. Coralline algae and 
corals dominate the microfacies in this subunit. 

The analyses of 9 thin sections of this subunit indicate a coralline 
algal abundance from 0 to 18%, averaging at 3%. The coralline algal 
diversity is moderate (Fig. 3) and the assemblage is dominated by non- 
geniculate forms. Aethesolithon and Hydrolithon represent the most 
common coralline algal genera (Fig. 6C). The genera Aethesolithon and 
Hydrolithon dominate the assemblage and characterize the CAA6 
(Fig. 4). 

200 μm

355.58 mA

500 μm

350.3 m

H

410.5 m

500 μm

B CA

662.7 mA 663.83 m 723.83 mE FD

500 μm 200 μm 500 μm

856.9 mA 869.85 mIG

200 μm

856.9 mA

CA

H

200 μm 500 μm

sparry biologic debris

micrite
CA

CA
F

Fig. 5. Microfacies of the Miocene succession of Well CK2 including A crustose coralline algal branching floatstone (sample CK2-SY119), B well-preserved Halimeda 
(H) (sample CK2-SY118), C dolomitized sparry biologic debris (sample CK2-SY136), D well-preserved foraminifera (sample CK2-SY146), E chamber to dissolve large 
miliolids (sample CK2-SY147), F corals (sample CK2-SY152), G well-preserved bryozoan (sample CK2-SY163), H developed articulated coralline algae (CA) (sample 
CK2-SY163), and I the boundary between micrite and sparry calcite (white dotted line) (Sample CK2-SY166). 
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100 μm

851.43 mA

200 μm

361.9 m 489.44 m

500 μm

B CA

663.83 mA 851.43 m 663.83 mE FD

200 μm 200 μm 200 μm

674.07 mA 855.55 mG AH

1 mm 100 μm

739.04 mAI

500 μm

855.55 mAJ

1 mm

373.39 mK

200 μm

Tricocytes

Fig. 6. Common coralline algae of Well CK2 including A Neogoniolithon sp. (sample CK2-SY162), B Corallinales (sample CK2-CB4), C Aethesolithon nanhaiensis 
(sample CK2-CZ4), D Mesophyllum sp. (sample CK2-SY147), E Corallina sp. (sample CK2-SY162), F Sporolithon sp. (sample CK2-SY147), G Lithophyllum pseudoam
phiroa (sample CK2-S216), H Lithophyllum (sample CK2-S274), I Lithothamnion sp. (sample CK2-SY156), J Lithoporella melobesioides (sample CK2-S274), and K 
Lithophyllum sp. (sample CK2-CB5). 
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Corals are abundant (Fig. 3) and include massive Astreopora, Turbi
naria, and free-living Fungia. 

3.2.5. Subunit j 
Subunit j is 88 m thick (489.44–410 m; 9.77–7.35 Ma) and consists 

almost entirely of dolomitized wackstones, including sandy and micritic 
wackstones, as well as coralline algal wackstones. The skeletal assem
blage mainly consists of corals and coralline algae (Fig. 5C). 

The analyses of 31 thin sections in this area indicate a coralline algal 
abundance ranging from 0 to 45.4%, with an average of 9.1%, and a 
moderate diversity (Fig. 3). Coralline algae in this subunit are non- 
geniculate and geniculate, with Mesophyllum and Lithophyllum repre
senting the most common coralline algal genera. In addition, we also 
identified rare specimens of Lithothamnion, Corallina, as well as other 
Hapalidiales and Corallinales. Overall, CAA5 dominates the assemblage 
(Fig. 4). 

Coral abundance ranges from rare to abundant (Fig. 3). Specifically, 
at the base (489.44–474.61 m) and at the top (429.12–417.79 m) of this 
subunit, corals are rare and mainly represented by free-living Fungia. At 
474.61–429.12 m, coral abundance is high, with massive Turbinaria, 
Porites, Platygyra, Hydnophora, Favites, and branching Acropora. Corals 
are present at 417.79–411.05 m (mainly free-living Fungia) and are 
absent at 411.05–410 m. 

3.2.6. Subunit k 
Subunit k is 88 m thick (410–344 m, 7.35–5.3 Ma) and mainly 

consists of coralline algal wackstones (Fig. 5A, 7F) and coralline algal 
bindstones (Fig. 7D) associated with coral framestones and coralline 

algal framestones (Fig. 7A). The limestone is dolomitic and the skeletal 
assemblage includes corals and coralline algae; moreover, rare Halimeda 
was also observed (Fig. 5B). 

The analyses of 37 thin sections in this area indicate a coralline algal 
abundance from 0 to 54.4%, with an average of approximately 9.3%, 
and a relatively high coralline algal diversity (Fig. 3). Algal types include 
non-geniculate and geniculate. For-algaliths occur in the upper part of 
this subunit (Fig. 7C). The most common coralline algal genera are 
represented by Mesophyllum, Lithothamnion, and Lithophyllum (Fig. 6K), 
while Hydrolithon, Neogoniolithon, Jania, other Corallinales (Fig. 6B), 
and species of an unidentified genus occurred as minor components. In 
this subunit, the genera Mesophyllum, Lithothamnion, and Lithophyllum 
dominate the assemblage and characterize the CAA7 (Fig. 4). 

Coral abundance ranges from absent to abundant (Fig. 3), with corals 
developing alternately. Between 406.4 and 378.6 m and between 372 
and 364.1 m, coral abundance is high and consists of massive Turbinaria, 
Galaxea, Porites, free-living Fungia, and foliated Montipora. However, 
corals do not occur in the remaining part of this subunit. 

4. Discussion 

4.1. Paleobathymetric significance of CAAs 

As a biological indicator, coralline algae are widely used to recon
struct relative sea-level curves (Abbey et al., 2011; Coletti and Basso, 
2020; Iryu et al., 2010). The reliability of reconstruction depends on the 
accuracy of identification and on the information available on a certain 
taxa or a certain assemblage (Abbey et al., 2011; Braga and Aguirre, 

500 µm

361.9 mA

200 µm

663.83 mBA

723.83 m

500 µm

752.55 mE

1 mm

361.9 mC

500 µm

CA

FCA

C
C

C

CA

F

363.5 m

500 µm

D

500 µm

723.83 m

500 µm200 µm

355.58 mF

Fig. 7. Main lithological types of coralline algae in Well CK2 include A coralline algal framestones (sample CK2-CB4), B and C for-algaliths formed by coralline algae 
(CA) and encrusting foraminifera (F) (samples CK2-SY147 and CK2-CB4, respectively), D coralline algal bindstones (sample CK2-SY120), E coralline algal filling 
deposits (C: conceptacle) (sample CK2-S240), and F coralline algal floatstones (sample CK2-SY119). 
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2004). 

4.1.1. Corallina-Jania-Hydrolithon-Lithoporella assemblage (CAA1) 
As a significant biotic component of rocky shores and rock pools in 

the North Atlantic (Williamson et al., 2015), Corallina officinalis (Lin
naeus 1758) occurs in the intertidal rock pools at depths of ±0.3 m 
during low tide in St. Margaret’s Bay, United Kingdom (Rendina et al., 
2019). Jania rubens grow abundantly in shallow water (Bueno et al., 
2016) in the form of epiphytic or epilithic turfs (Porzio et al., 2018). 
Hydrolithon onkodes with branching Acropora also grow in shallow- 
waters (Abbey et al., 2011). In Well CK2, the interval during the 
occurrence of this assemblage is associated with the presence of 
branching Acropora corals. Therefore, a water depth of less than 5 m is 
proposed for CAA1. 

4.1.2. Mesophyllum assemblage (CAA2) 
Mesophyllum usually distributes into deep-water and intermediate 

depth communities, often in CAAs of Ryukyu Islands in reef slope at 
depths of 15 to 30 m (Iryu, 1992; Iryu et al., 1995). This assemblage 
indicates a relatively deep-water environment, as previously discussed 
by Li et al. (2021). During the development of this assemblage, corals 
were absent, and other coralline algae remained undeveloped. Accord
ing to the Quaternary water depth environment of Well CK2, Meso
phyllum assemblages developed in a lagoon sedimentary environment of 
15 to 25 m of water depth. 

4.1.3. Hydrolithon-Lithoporella-Lithophyllum assemblage (CAA3) 
Li et al. (2021) argued that the Lithoporella-Lithophyllum assemblage 

of Well CK2 is indicative of shallow-water within a 15 m depth, and thus 
developed in an outer reef flat setting. Hydrolithon onkodes may occur in 
this type of shallow-water environments, particularly in high-energy 
settings (around 5 m of water depth; Cabioch et al., 1999a). The asso
ciation of massive corals such as Porites and encrusting algae Meso
phyllum, requiring relatively deep waters or shaded rocky environments, 
with CAA3, suggest that this assemblage might have developed slightly 
deeper than CAA1, at approximately 10 m of water depth. 

4.1.4. Corallina-Jania-Hydrolithon-Lithophyllum assemblage (CAA4) 
In modern coral reefs, Corallina, Jania, and Hydrolithon mainly occur 

in shallow-water environments. Lithophyllum usually distributes in a 
water depth of approximately 20 m (Bosence, 1991). It also grows on the 
rocks within 10 to 12 m water depths, and make up algal nodules (Adey, 
1986; Braga and Aguirre, 2004), and can build large “trottoirs” in the 
intertidal zone in the Mediterranean (Adey, 1986; Braga and Aguirre, 
2001). Lithophyllum tessellatum Lemoine (as Dermatolithon tessellatum) 
mainly distributes into water depths within 10 m (Cabioch et al., 
1999b). In addition, Amphistegina and Heterostegina, indicative of 
shallow-water conditions, are also abundant in this assemblage. 
Compared with CAA1, Mesophyllum and Lithothamnion representing 
deep-water environments occur in the interval of distribution in CAA4, 
which may have grown under shaded rocks in the past. Overall, CAA4 is 
related to a reef flat sedimentary environment within a depth of 10 m. 

4.1.5. Mesophyllum-Lithophyllum assemblage (CAA5) 
In the Southwest Atlantic Ocean, Mesophyllum macroblastum occurs 

in the depths within 15 m (Bahia et al., 2014). In the northwestern 
Mediterranean, the coralligenous, community dominated by Meso
phyllum alternans and Lithophyllum frondosum, occurs in the depths 
ranging from 15 to 30 m (Garrabou and Ballesteros, 2000). Furthermore, 
Mesophyllum commonly occurs in the depths ranging from 15 to 30 m in 
the Ryukyu Group (Iryu, 1992; Iryu et al., 1995). In addition, the 
paleobathymetric changes recorded by coralline algae in Well CK2 since 
the Pliocene show that the Mesophyllum-Lithophyllum assemblage rep
resents the sedimentary environment of a 15–20 m lagoon slope (Li 
et al., 2021). In the present study, the biota diversity increased from 
16.78 Ma to 16.31 Ma. During this period, Acropora coral developed, 

unlike Hydrolithon. These findings suggest that the presence of the 
Mesophyllum-Lithophyllum assemblage indicates a relatively deep-water 
environment or lagoon patch reef/lagoon slope sedimentary 
environment. 

4.1.6. Hydrolithon-Aethesolithon assemblage (CAA6) 
Although the distribution of Aethesolithon is evident since early 

Miocene to the present, relatively few fossil reports are available on this 
genus. Aethesolithon is abundant in shallow-water reef settings in the 
Pacific Ocean (Peña et al., 2018), Pleistocene shallow-water reef de
posits in the northeast of Australia (Braga and Aguirre, 2004), and 
middle Miocene reefs of East Kalimantan (Rösler et al., 2015). In the 
Maldives, Aethesolithon dominates the shallow-water reefal assemblages 
in the middle Miocene (Reolid et al., 2020). Since Hydrolithon is a 
shallow water dweller that often develops algal ridges (Adey, 1986), the 
CAA6 assemblage could be related to a shallow (< 5 m of water depth) 
reef flat environment. 

4.1.7. Mesophyllum-Lithothamnion-Lithophyllum assemblage (CAA7) 
In modern coral reefs, the abundance of Mesophyllum and Lith

othamnion increases with increasing water depth (Adey, 1986; Iryu et al., 
2010). They generally appear below 20 m and can occur up to depths of 
110–120 m (Adey, 1986; Braga and Aguirre, 2004; Lund et al., 2000; 
Sarkar, 2017). In the Great Barrier Reef, CAAs dominated by Meso
phyllum and Lithothamnion represent the biozone below 10–15 m depths 
(Braga and Aguirre, 2004). Similarly, in the Sulawesi Archipelago, 
Indonesia, this assemblage is found at a depth below 15 m (Braga and 
Aguirre, 2004). In the Indo-Pacific, Lithothamnion prolifer occurs at 
depths of 20–40 m (Keats et al., 1996). In Fraser Island, Queensland, 
Mesophyllum, Lithothamnion, and Sporolithon are characteristic of outer 
platform settings (below 35–50 m) and are also distributed in dark or 
shaded locations (caves and fissures) (Abbey et al., 2011; Lund et al., 
2000). In Well CK2, the development of this assemblage is accompanied 
by the distribution of Turbinaria and Porites corals. Coral assemblages 
dominated by Turbinaria occurred in the middle to lower reef slopes 
(Humblet et al., 2009), whereas assemblages of Porites can occur in a 
maximum water depths of 30 m (Cabioch et al., 1999a). Consistently, 
this assemblage is attributed to water-depth of more than 20 m. 

4.2. Comparison of sea-level changes reconstructed using CAAs with 
global sea level changes 

Data on Cenozoic global sea-level curves have been evaluated and 
updated over the last four decades (Braithwaite, 2016; Haq et al., 1987; 
Miller et al., 2005; Miller et al., 2020). During the Miocene, global sea 
levels showed a long-term regressive trend, particularly at 15–10 Ma, 
followed by a gradual increase (Haq et al., 1987). A series of major 
climatic and environmental events occurred during this period, such as 
significant temperature and precipitation changes in the MCO 
(~17–14.5 Ma), increased biodiversity (Kohn and Fremd, 2008), and 
significant changes in biological habitats (Retallack, 2007). Further
more, the middle Miocene, the key period of the Earth’s climate, is 
characterized by the gradual change from warm to cooler environments 
due to major environmental changes (Baldassini et al., 2021). At a range 
of 17 to 14.55 Ma, the warm surface water, oligotrophic, high salinity 
and restricted environment is followed by an open marine environment 
remaining under warm surface water and oligotrophic conditions (Bal
dassini et al., 2021). Following the relatively MCO from ~17 to 15 Ma in 
the middle Miocene, atmospheric cooling may lead to and trigger the 
largest ice-sheet (Lewis et al., 2007). The middle Miocene climate 
transition (~14.1–13.8 Ma) is an important ice growth event (Zachos 
et al., 2001), related to the growth and the stabilization of the Antarctic 
ice sheet (Catherine, 2020). The amplitude of Antarctic ice growth and 
rapid climate transition show that the Earth’s climate system is sensitive 
to the ocean and cryospheric feedbacks as well as the atmosphere 
(Shevenell et al., 2004). 
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Based on the relationship between CAAs and their present water 
depth distribution, we reconstructed the Miocene sea-level changes in 
the SCS. Our results show that the seven observed CAAs suggest that the 
water-depth fluctuated between 5 and more than 25 m (Fig. 8). The base 
of the first sedimentary cycle (19.6–16.31 Ma) is characterized by CAA1, 
which is then replaced by CAA2, indicating a deep-water environment, 
and thus, a rise in the relative sea level. During this period, the global sea 
level rose from the lowest − 50 m to +30 m (Miller et al., 2020). The 
overlying CAA3 and CAA4 instead testify more shallow condition 
indicting a continuous decline in sea level. Furthermore, The global sea- 
level oscillation was relatively small during this period (Miller et al., 
2020). The CAA5 assemblage on the other hand testify to a new period of 
transgression (Fig. 8). The global sea level was in a stage of rapid rise 
during 16.93–16.31 Ma, with the maximum rise of approximately +50 
m (Miller et al., 2020). Thus, the sea-level changes in the first sedi
mentary cycle exhibit a rise-fall-rise pattern. In the second sedimentary 
cycle (16.31–5.3 Ma), six CAAs were recorded with the sea level change 
pattern similar to those of the first sedimentary cycle. CAA1 dominates 
the assemblage of the base of the second sedimentary cycle, and 
replaced by CAA2 and CAA4. CAA6 only developed between 10 and 
9.77 Ma, thereby indicating a relatively very shallow reef crest/flat 
sedimentary environment, thus representing a sea level minimum dur
ing this period. Subsequently, the CAAs were successively replaced by 
CAA5 and CAA7, indicating a continuous increase in the sea level. From 
16.31 to 9.77 Ma, the global sea level also showed a downward trend 
(Fig. 8; Miller et al., 2020). 

A comparison of the reconstructed relative sea levels in this study 
with global sea-level changes showed similar long-term shifts, thereby 
validating the accuracy of the proposed method. In addition, the results 
of the reconstructed sea-level changes are consistent with changes in 
oxygen isotopes of foraminifera in the SCS (Wang et al., 2003). 

4.3. Validating the reliability of reconstructed sea levels 

The “Keep-up”, “Catch-up”, and “Give-Up” stages of coral reefs are 
controlled by tectonics, sea level changes, as well as paleoceanic and 
climatic conditions (Schlager, 1981; Schlager, 1999; Jiang et al., 2019; 
Wu et al., 2019). Therefore, in the present study, based on the “Keep- 
up”, “Catch-up”, and “Give-Up” (drowning) stages of coral reefs, the sea- 
level changes in the Miocene were reconstructed to prove the reliability 
of the sea-level curves reconstructed by CAAs. 

4.3.1. Miocene reef “keep-up” stage 
During the early Miocene, the extension of the ice caps was still 

limited during this period, leading to small 30/40 m sea-level oscilla
tions (Miller et al., 2020). The Xisha uplift gradually subsided with the 
post-rift thermal reduction of the lithosphere in the northernregions of 
the SCS, leading to marine transgression over the subsiding volcanic 
basement of the Xisha Islands during this period (Wu et al., 2019). 
However, the weak East Asian monsoon in the early Miocene prevented 
the upwelling from reaching the Xisha Islands, leading to relatively 
warm and oligotrophic water over the area (Wu et al., 2019). In this 
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Fig. 8. Global sea level and paleowater depth curves related to Well CK2. Global sea-level curves (black, blue, and pink) were obtained from Haq et al. (1987), Miller 
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setting, a suitable basement and water depth are the primary limiting 
factors for reef development. Consistently, the first colonizer of the 
volcanic basement are represent by very shallow. In Well CK2, the 
bottom of approximately 50 m consists of volcanic rocks (Fan et al., 
2020). The coral reef initially developed over this volcanic bedrock at 
19.6 Ma (Fan et al., 2020). The assemblage (CAA1) directly overlying 
the basement consists of shallow-water corals (massive Asteropora) and 
coralline algae (e.g. Corallina and Jania), supporting a relatively shallow 
conditions during transgression initiation. At an early stage of coral reef 
development, coralline algae are primarily branching, and the sedi
mentation rate is relatively high (Fig. 2; Fan et al., 2020), suggesting that 
the reef forming rate is faster during the early stages of coral reef 
development. However, the sea level rising rate constrained the devel
opment of coral reefs at 19.6–18.67 Ma (subunit a), when coral reefs 
showed a “keep-up” model. 

4.3.2. Miocene reef “catch-up” stage 
The alternate development of shallow-water CAAs in subunit (c, d, 

and f) and relatively deep water CAAs in subunit e at the bottom of Well 
CK2 indicates continuous fluctuation in biological assemblages within 
their maximum tolerated microenvironment. Within this range, the 
coral morphology exhibits a similar pattern, alternating between the 
three forms of massive, branching, and encrusting. Reef-building or
ganisms migrate to shallow uplands to allow for growth within suitable 
water depths. The evidence suggests that, during their development, 
coral reefs follow relative sea-level fluctuations and were in a “catch-up” 
stage. Furthermore, at 16–15 Ma, planktonic foraminifera was in 
abundance, accompanied by coralline algal bindstones and coral gravel, 
such as Porites coral. The sediments in this facies zone were mainly 
composed of lagoon sand. Porites coral develops in the sheltered reef 
flats, patch reefs, or reef backs at depths of 0–25 m (Cabioch et al., 
1999b). Therefore, it can be inferred that the coral reefs of Well CK2 
developed as small patch reefs within a lagoon at 16–15 Ma, with a 
continuous expansion in the reef range. Thereafter, the vertical depo
sition of coral reefs occurred at an extremely slow pace, indicating a fall 
in the relative sea level, and the possible progradation of the coral reef. 
At 13–11 Ma, the biodiversity of the coral reef ecosystem markedly 
decreased, as indicated by the sporadic distribution of branching Cor
allinales, and reef development was reduced. At 11 Ma, coralline algae 
and corals were absent, and the sedimentation rate was relatively low 
(4.5 m/Myr; Fan et al., 2020). At 10–9.77 Ma, the reefs regained their 
self-development with CAA6, in the shallowest water settings. During 
these periods, CAAs (CAA4 and CAA6; subunit h and subunit i) in 
shallow water environment dominated the assemblage. Furthermore, 
the unconformity at 10.16 Ma (519 m; Wang et al., 2018) indicates that 
the development of coral reefs in this period was controlled by the 
continuous decline of sea level. These findings characterize a shallow 
upward environment, indicating coral reef in a “catch-up” stage. After 
9.47 Ma, global geological events occurred frequently along with severe 
climatic changes (Zachos et al., 2001); thus, the coral reefs in the SCS re- 
entered a fluctuation stage. In subunit j (9.77–7.35 Ma), the pioneer 
groups in shallow water were replaced by deep-water assemblages as the 
sea level rose, and the development of coral reefs has entered the “catch- 
up” stage. The global sea level corresponding to these periods showed a 
gradual downward trend (Miller et al., 2020). In addition, the tectonic 
subsidence rate of Xisha Islands was also low during these period (Wu 
et al., 2018), which is also agreement with the “catch-up” develop
mental model of coral reefs. 

4.3.3. Miocene reef “give-up” stage 
The reefs experienced a rapid development between 19.6 and 18.67 

Ma (subunit a: 873.55–838.05 m), along with a rapid increase in the 
relative sea levels during this period. At 18.67–17.98 Ma (subunit b: 
838.05–801.15 m), corals were absent/rare, whereas CAA2 developed 
in this interval but with reduction marked decrease in the sedimentation 
rate (Fig. 2; Fan et al., 2020). The relative sea level presumably 

increased, with the coral reefs in or near the drowning (give-up) stage. 
Similar to subunit b, subunit g (14.79–13.72 Ma) is also dominated by 
CAA2 indicating a deep-water environment, suggesting that coral reefs 
are also in a “give-up” stage during this period. At 7.35–5.3 Ma (subunit 
k), CAA7 in deep water environment dominate the assemblage. The 
sedimentation rate was relatively low (Fan et al., 2020). Furthermore, 
with the deepening trend of paleo-water depth, coral abundance be
comes rare/absent. These findings suggest that the continuous rise of sea 
level during these periods constraint the development of coral reefs, 
resulting in “give-up” stages. The global sea level also rose during these 
periods. In addition, the subsidence of Xisha Islands accelerated at 
10.5–5.5 Ma (Wu et al., 2018), which also proved that the coral reefs 
were in a “give-up” stage at 7.35–5.3 Ma. 

Taken together, the Miocene relative sea-level changes recorded by 
the development of coral reefs in the Xisha Islands are consistent with 
long-term global sea-level changes and validate the reliability of using 
sea-level history as recorded by CAAs. 

5. Conclusions 

In our study, 11 genera of coralline algae were identified in Well 
CK2, consisting of seven coralline algal assemblages. The occurrence of 
Corallina-Jania-Lithoporella-Hydrolithon assemblage between 19.6 and 
18.67 Ma and between 16.31 and 14.79 Ma is indicative of shallow- 
water environments with depths of 5 m during this period. Meso
phyllum assemblage at 18.67–17.98 Ma and 14.79–13.72 Ma, represents 
water depths of 15–25 m. The presence of Lithoporella-Hydrolithon- 
Lithophyllum assemblage from 17.98 Ma to 17.73 Ma indicates approx
imate water depths of ~10 m. At 17.73–16.31 Ma, the Corallina-Jania- 
Hydrolithon-Lithophyllum assemblage is replaced by the Mesophyllum- 
Lithophyllum assemblage, indicating a deepening of water depths. At 
13.72–10 Ma, branching CAA sporadically developed, indicating a 
water-depth of approximately 10 m. The Hydrolithon-Aethesolith 
assemblage dominates at 10–9.77 Ma and is representative of very 
shallow (5 m or less), high energy conditions. Mesophyllum-Lithophyllum 
assemblage represents relatively shallow settings (15–20 m). At 
7.35–5.3 Ma, the reef settings were relatively deep (> 20 m), as repre
sented by Mesophyllum-Lithothamnion-Lithophyllum assemblage and 
Turbinaria, Porites, and Fungia. Along with the rising sea levels, the coral 
reefs also developed rapidly in the early Miocene. Pioneer reef-building 
organisms are mainly branching coralline algae and massive corals, 
found during the initial stages of coral reef development. At 
16.78–16.31 Ma, the coralline algal diversity significantly increased. 
The massive Porites coral and coralline algal bindstones developed from 
16 Ma to 15 Ma, indicating a small lagoon depositional environment 
related to the patch reef. At 8.7–7.35 Ma, the coralline algal diversity 
suddenly increased with a gradual increase in sea levels, suggesting a 
short-term prosperous coral reef stage. At 7.35–5.3 Ma, the increased 
biodiversity and developed free-growing Fungia without Acropora are 
indicatives of the deep water, shade, and relatively low visibility reef 
environment. Furthermore, six developmental stages of the Miocene 
coral reef were recognized based on relationship between coral reef 
development and changes in water depth, including a “keep-up” stage 
(19.6–18.67 Ma), three “give-up” stages (18.67–17.98 Ma; 14.79–13.72 
Ma; and 7.35–5.3 Ma), and two “catch-up” stage (17.98–16.31 Ma; 
13.72–7.35 Ma). Our findings suggest that it is feasible to restore the sea- 
level history with coralline algae from coral reefs; however, the study of 
multiple drilling cores will increase the applicability of our findings, and 
allow us to better investigate the relationship between the evolution of 
coralline algal assemblages and the environment. 
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