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Carbonate clumped isotope thermometry is a relatively new type of analysis that has been used to obtain a better
understanding of the temperature and salinity of the water that mediated the development of dolostones in the
Cenozoic successions of isolated oceanic islands. There is, however, still some uncertainty about the factors that
could modify the clumped isotopes even in shallow burial conditions and thereby affect the temperatures and
salinities derived from them. Here, focus is placed on a 210.5 m thick succession of Miocene dolostones that is
found on the Xisha islands in the South China Sea that have experienced rapid subsidence since the Early
Miocene. These dolostones are typically formed of crystals that have a “dirty” core that is encased by a clear
outer rim. The formation of the “dirty cores”, the primary replacement dolomite, was probably mediated by
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Keywords: normal seawater in near-surface conditions, whereas the later cements formed at higher temperatures from
Carbonate clumped isotopes slightly evaporated seawater. Given that it is impossible to separate the “dirty cores” from the clear rimes for an-
Temperature alytical purposes, it must be recognized that the clumped isotopes and other geochemical data (e.g., 5'%0,
Dolostones 875r/%6Sr) are averages of these two types of dolomite. This also means that the development of dolomite in
)C(iesr;f;zg;nds these dolostones involved two successive stages of dolomite development that was probably related to sea-

level cycles. Despite these issues, clumped isotope thermometry can still provide valuable temperature and salin-
ity information for understanding the dolomitization processes that led to the development of island dolostones.
© 2022 Elsevier B.V. All rights reserved.

1. Introduction

The “dolomite problem”, which refers to the enigmatic origin of dolo-
mite in natural environments, has existed for more than two centuries de-
spite the extensive research that has focused on this issue (Land, 1985;
Warren, 2000; Machel, 2004). Virtually every proposed dolomitization
model invoked to explain the formation of dolostones involves debate
about the temperature and salinity of the fluids responsible for dolomiti-
zation (Budd, 1997; Warren, 2000; Machel, 2004). Most of the
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approaches used to determine these parameters remain problematic
with the results open to debate. In recent years, carbonate clumped iso-
tope thermometry (or ‘A47 thermometry’) (Ghosh et al., 2006; Schauble
et al., 2006, Eiler, 2007, 2011), which is based on the temperature-
dependent formation of '>C'®0'®02~ ion groups in solid carbonate
minerals, has been used to determine the formation temperature
(Chang et al., 2020), the 6'80yater, and the salinity of the fluids that
mediated the formation of ancient dolostones (Lukoczki et al., 2020).
Cenozoic “island dolostones”, found on many isolated oceanic
islands throughout the world, have been considered natural laborato-
ries for resolution of the “dolomite problem” because the dolostones
are <12 Ma old, have not been deeply buried (<1 km), and appear to
have formed under conditions akin to those of their modern-day set-
tings (e.g., Budd, 1997; Ren and Jones, 2018; Wang et al., 2019). In re-
cent years, clumped isotopes have been applied to some of these
island dolostones in an effort to constrain the temperature and salinity
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(8'80yater) Of the formative fluids. Notable examples include the studies
of the Bahamian Platform in the North Atlantic (Winkelstern and
Lohmann, 2016; Murray and Swart, 2017), Meiji Reef in the South
China Sea (Guo et al., 2021), and the Marion Plateau in northeast
Australia (Veillard et al., 2019). In some cases, however, the clumped
isotopes of these island dolostones may have been partly reset by re-
crystallization and therefore no longer reflect the original formation
temperatures. For example, available evidence indicates that the
clumped isotopes derived from the Miocene dolostones of the Marion
Plateau may have been influenced by recrystallization (Veillard et al.,
2019) even though the sequence had not been deeply buried (<1 km)
and was not affected by high temperature (>50 °C) conditions. Based
on the analysis of a 4500 m thick succession from Andros Island,
Bahama Platform, Winkelstern and Lohmann (2016) argued that the
clumped isotopes of the limestones and dolostones at depths of <1.3
km were not affected by recrystallization. Similarly, dolostones from
the Bahamian Platform (Murray and Swart, 2017; Murray et al., 2021)
and from well NK-1 on Meiji reef in the South China Sea (Guo et al.,
2021) were also considered unaffected by diagenetic alteration. Never-
theless, it is clear that diagenetic alteration of dolostones may also lead
to modification of the clumped isotopes and, hence, affect any temper-
atures and salinity values derived from them.

Herein, clumped isotopes are used to evaluate the island dolostones
of the Huangliu Formation in well CK-2 (928.75 m deep) that was
drilled on Chenhang Island, which is part of the Xisha Islands, South
China Sea (Fig. 1A, B). Attention is focused on these mostly pure
dolostones (average dolomite content >98%) that are now found
308.5 to 519 m below modern sea-level (bsl) (Fig. 1C). These dolostones
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are texturally and compositionally similar (e.g., composed mainly of
Ca-rich dolomite) to many Cenozoic island dolostones found on islands
throughout the Caribbean Sea and the Pacific Ocean (Ren and Jones,
2018; Wang et al., 2018, 2019). In this study, the clumped isotopes of
the dolostones from the Huangliu Formation are considered along
with detailed petrological, mineralogical and geochemical data to:
(1) constrain the temperature and salinity of the fluid that mediated do-
lomitization, (2) evaluate the possible effects of diagenetic alteration on
the clumped isotopes, and (3) evaluate the dolomitization models that
are viable given the information derived from the clumped isotopes.
Critically, the results show that even under conditions of early
shallow-buried dolomitization, the clumped isotope thermometry of
dolostones may be affected by the later formed dolomite cements that
are present in most of the dolostones. Nevertheless, careful interpreta-
tion of the clumped isotopes can still provide valuable data for
constraining the conditions under which dolomitization took place.

2. Geological setting

The Xisha Islands (also known as the Paracel Islands), occupying an
area of ~500,000 km?, are located on an isolated platform in the north-
ern part of the South China Sea and surrounded by water that is more
than 1000 m deep (Fig. 1A, B). Data from three deep wells (XY-1, XK-
1, and CK-2) show that the Xisha Platform was initiated during the
early Miocene, ~20 Ma ago (Yi et al., 2018; Fan et al., 2020). Since
then, the Jurassic and/or Cretaceous metamorphic/volcanic basement
rocks of the Xisha platform have subsided rapidly and it is now covered
by a ~1200 m thick succession of carbonate sediments (Wu et al., 2014;

DEPTH FORMATION  LITHOLOGY

PLEISTOCENE

Coral debris

Unconformity
Coral framestones
with coralline
algae bindstones

Ledong
Formation
Lagoonal sand
with biological debris
Weakly-moderately
. . | dolomitized
Yinggehai | . :
Formation t?'OClaSt'c
limestones

w
z
w
3]
=
-l
o
o
Meiji R.eef
w
: z
ODP1143 3]
o
=
=
<
-
w
z
w
3]
o
=
w
-
o
=]
=
..... 3
<
w

308.5m| Unconformity

Dolostones
(fabric-retentive)

Huangliu
Formation

Dolostones
(fabric-destructive)

519m | Unconformity
Lagoonal sand with

. coralline algae
Meishan | bindstones and coral
Formation | rubble

611m |Unconformity Limestone

Lagoonal sand with Dolostone

foraminifera and
biological debris

1

Unconsolidated
deposits

Sanya
Formation

Volcaniclastic

Unconformity | \/o|canic basement

112°E 113°E

Fig. 1. (A) Location of Xisha Islands and wells in the South China Sea. (B) Location of well CK-2. (C) Stratigraphic succession on Xisha Platform.

(Modified from Wang et al. (2021).)
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Zhu et al., 2017; Zhang et al., 2020). Today, the Xisha Islands comprise
numerous islands, reefs and shoals that have their surfaces near modern
sea-level. Annual rainfall is 1300 to 2000 mm and annual average sur-
face seawater temperature is 26.8 °C (22 to 30 °C range) with a near-
surface salinity of 33.1 to 34.2%. (Shao et al., 2017a, 2017b).

Unconformities in the carbonate succession on the Xisha Islands di-
vide the succession, in ascending order, into the Sanya Formation,
Meishan Formation, Huangliu Formation, Yinggehai Formation, and
Ledong Formation (Fig. 1C) (Zhao, 2010; Wu et al., 2014; Shao et al.,
2017a, 2017b). The Huangliu Formation, >200 m thick and composed
mostly of finely crystalline dolomites, contrasts with the other forma-
tions that are formed largely of limestone or partly dolomitized lime-
stone. Available evidence indicates that the Huangliu Formation is late
Miocene in age (Zhao, 2010; Shao et al., 20173, 2017b; Wang et al.,
2018). During deposition of the sediments that now form this forma-
tion, the platforms began to backstep in response to relative sea-level
rise and only a few isolated carbonate buildups persisted (Wu et al.,
2014). The sediments that now form the Huangliu Formation were de-
posited in shallow water reef flat and lagoonal settings during the late
Miocene (Wang et al., 2018, 2021).

3. Methods

Well CK-2 was drilled and cored to a depth of 928.75 m below sea
level (bsl) in 2013 by the Wuhan Institute of Geotechnical Mechanics
and the South China Sea Institute of Oceanology (Chinese Academy of
Sciences) with a recovery of >70%. For the dolostones of the Huangliu
Formation, found 308.5 to 519 m (bsl), the recovery rate was >80%
(Wang et al., 2018).

After detailed documentation and description of the core from the
Huangliu Formation, 126 samples (1 to 3 m intervals) were selected
for thin-section analyses in order to establish their petrological charac-
teristics. In addition, thick thin-sections (~50 um thick) were made for
analysis of (1) fluid inclusions (n = 12) and (2) backscatter electron im-
aging (n = 24). Fluid inclusions, found under the microscope, were an-
alyzed using a Linkam thms-600 a heating and cooling stage at Xi'an
Petroleum University, China. The starting heating/cooling temperature
was at room temperature (20 °C) and the heating/cooling rate was con-
trolled within 5-10 °C/min. Backscatter electron (BSE) images and spot
analyses were obtained using a JEOL 8230 electron microprobe (EMP),
located at Guangxi University (China), that was operated with a 10 kV
accelerating voltage with a 15 nA beam current.

Lithological samples (n = 103), obtained by micro drilling of the core
at ~2 m intervals, were washed in distilled water, dried in an oven at ~40
°C, and ground into a powder (<74 pm) using an agate mortar and pestle.
Dolomite stoichiometry, oxygen isotopes, and elemental (Sr, Mn) analy-
ses of these samples, first reported in Wang et al. (2018) were undertaken
at Guangxi University, China. Dolomite stoichiometry (mol% CaCOs;
hereafter referred as %Ca) was measured and reported following the
protocol of Jones et al. (2001). The oxygen isotopes are reported in
standard delta (6) notation in per mil (%.) relative to Vienna Peedee
belemnite (VPDB) with a standard deviation of 0.08% for 5'%0. 5'80
fractionation, caused by acid digestion of the dolomite, was corrected
using the fractionation factor of Rosenbaum and Sheppard (1986).
Elemental (Sr, Mn) analyses were obtained at Guangxi University using
inductively coupled plasma mass spectrometry (ICP-MS). The 87Sr/%6Sr
ratios of 27 samples were determined at the University of Queensland
using a VG Sector-54 thermal ionization mass spectrometer and corrected
to the NIST-987 value of 0.710248. The McArthur et al. (2001) LOWESS
lookup curve was used to determine the relative ages. These supplement
the 25 87Sr/3Sr values given in Wang et al. (2018).

Twenty-two powdered samples (~10 m interval) with Mn/Sr < 0.2
(average value of Mn/Sr for Huangliu dolostones is 0.2) were selected
for clumped isotope analysis at the China University of Geosciences at
Wauhan using the same conditions (e.g., 90 °C acid reaction temperature)
reported by Chang et al. (2020). Each sample was measured two to five
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times, and each run was tested by eight acquisition cycles. The results, re-
ported as A4; in per mil (%) (Ghosh et al., 2006), reflect the
overabundance of 3C'®0160 relative to the stochastic distribution (Eiler,
2007). The acquired raw A47 values were transferred into an absolute
reference frame (ARF), which was calculated using CO, reference gasses
equilibrated at 10, 25, 50, and 1000 °C (Dennis et al., 2011). Typical
sample precision of the A4; data based on replicate measurements of
our dolomite samples is 0.010%. (1 SE). Standard oxygen isotopes
(6'80) were also acquired in this process so that they could be
compared to those obtained using standard isotope techniques from
Wang et al. (2018).

Herein, the A47-T calibrations recommended by Bonifacie et al.
(2017) (90 °C acid reaction temperature) and by Miiller et al. (2019)
(70 °C acid reaction temperature) for dolomite and Petersen et al.
(2019) (25 °C acid reaction temperature) and Anderson et al. (2021)
for carbonate minerals are used to constrain the relationship between
dolomite formation temperature (T) and clumped isotope values (A47):

(1) As7cpeseo = 0.0428 (4-0.0033) = (10° / T?) + 0.1174 (4-0.0248)
(r?> = 0.997) (Bonifacie et al., 2017);

(2) As7cprs7o = 0.0428 (40.0020) = (10° / T?) + 0.1481 (4+0.0160)
(r> = 0.864) (Miiller et al., 2019);

(3) A7 coeszs = 0.0383 « (10° / T2) + 0.258 (12 = 0.864) (Petersen
etal, 2019);

(4) A7 (1-cpEseoy = 0.0390(40.0004) « (10°/ T%) + 0.153 (+0.004)
(r> = 0.97) (Anderson et al.,, 2021).

We also used the 10°Inoe — T equations from Matthews and Katz
(1977), Vasconcelos et al. (2005), Horita (2014), and Miiller et al.
(2019), respectively, to constrain the 8'80yacer (%0; VSMOW: Vienna
Standard Mean Ocean Water) using T(A47) (calculated temperature
derived from A47) and 8"®0ggiomite:

(5) 10% In Qtaolomite-water = 3.06 * (106 / T?) — 3.24 (Matthews and
Katz, 1977);

(6) 10° In Qgolomite-water = 2.73 = (108 / T?) + 0.26 (Vasconcelos
et al., 2005);

(7) 10% In Qgolomite-water = 3.14(4:0.022) = (10/T?) — 3.14 (£0.11)
(Horita, 2014);

(8) 10 In Qgolomite-water = 2.9923 (40.0557) = (10%/T?) — 2.3592
(+£0.4116) (r* = 0.9164) (Miiller et al., 2019).

In the above formulas, Qgoomite-water = (6 O0dolomite + 1000) /
(6"80water + 1000). The 6'¥0gsiomite is in VSMOW. The 6'®0gsiomite
(VPDB) is transferred into 6'®0goiomite (VSMOW) by using Kim et al.
(2015): 6'®0gotomite (VSMOW) = 1.03092 = 8'0qqiomite (VPDB) + 30.92.

4. Results
4.1. Petrology

The formation is divided into four unconformity-bounded units (units
1to4) (Fig. 2A) based on their petrologic and geochemical characteristics.
Units 2 to 4, which form the upper part of the formation (308.5 to 434.5 m
bsl), are composed of gray fabric-retentive rudstones, bindstones,
packstones, and wackstones (Fig. 2B) with dolomite crystals that are
mostly <60 pum long. Red algae, Halimeda, and foraminifer fragments
are most common in these rocks (Wang et al.,, 2018). In contrast, unit 1,
which constitutes the lower part of the formation (434.5 to 519 m bsl),
is formed of tan, fabric-destructive dolostones with crystals 10 to 140
um long (Fig. 2A). The euhedral to subhedral dolomite crystals of the
Huangliu Formation typically have inclusion-rich dark (dirty) cores
encased by clear rims (1-10 um thick) (Fig. 3A, B). Under
Cathodoluminescene (CL) images, the “dirty” cores generally pres-
ent bright red, while the clear rims are dull red (Wang et al., 2018;
their Fig. 7).
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Fig. 2. Lithology, facies, and geochemical characteristics of dolostones in the Huangliu Formation from well CK-2, Xisha Islands. MSF, Meishan Formation; YGHF, Yinggehai Formation.
(A) Lithological succession and succession of depositional facies. (B) Stratigraphic variations in distribution of low-Ca dolomite (LCD, <55%Ca) and high-Ca dolomite (HCD, >55%Ca),
from Wang et al. (2021, their Fig. 2). (D) 37Sr/3°Sr ratios. Note the two obvious “jumps” in 87Sr/36Sr values (black arrows). (E) Mn/Sr values. (F) 6"0go1ostone Values (%o, VPDB).
(G) Calculated formation temperature (T(A47), °C) derived from clumped isotopes (A47) using the Bonifacie et al. (2017) A4-T calibration. (H) Calculated 6'®0yacer values (%o;
VSWOM) using the 10°Ina — T equation of Miiller et al. (2019). Data uncertainties are given as standard error (SE) for the 87Sr/%6Sr ratios, TA47 and 6'80yacer respectively.

4.2. Fluid inclusions

Fluid inclusions in the dolomite crystals of the Huangliu Formation,
mainly evident in the clear rims, are mostly <20 um long and composed
of water and gas (Supplementary Fig. 1). Given that most of the fluid in-
clusions cracked during the freezing and homogenization process, only
one homogenization temperature of 37.2 °C from one fluid inclusion at
379.5 m bsl (Supplementary Fig. 1A) was obtained.

4.3. Stoichiometry

Dolostones in the Huangliu Formation are composed of low-Ca dolo-
mite (LCD, <55%Ca) and high-Ca dolomite (HCD, >55%Ca) (Fig. 2B).
Overall, the succession is formed mostly of HCD-dominated dolostones
with an average %Ca = 55.4% (n = 103) (Fig. 2B). The percentage of LCD
(%LCD) tends to be highest just below the unconformities (Fig. 2B). The
%LCD increases with depth in unit 2, whereas in unit 3 the %LCD de-
creases with depth before increasing at a depth of ~350 m bsl
(Fig. 2B). BSE images show that the inclusion-rich dark “dirty cores” of
the dolomite crystals are typically composed of HCD with numerous mi-
cropores and calcite inclusions, whereas the clear rims are typically
formed of LCD (Fig. 3C-H). The boundaries between the HCD core and
LCD rim are sharp (Fig. 3C-H).

4.4. Oxygen isotopes

The 6'80 data for the dolostones of the Huangliu Formation reported
in Wang et al. (2018) (determined in Guangxi University) were not
corrected for the phosphoric acid fractionation factor of dolomite.
After correcting the original 6'80 from Wang et al. (2018) using the frac-
tionation factor of Rosenbaum and Sheppard (1986), the dolostones
from the Huangliu Formation yielded 6'04,, values from 0.4 to 2.9%.

(average 1.8%.; n = 97) (Fig. 2E), which are ~1.5%. lower than the
original 6'80 values (2.0 to 4.7%., average 3.3%; n = 97) given in
Wang et al. (2018). For the same dolostone samples in the Huangliu
Formation, the corrected 5'%0g4,; values tested in Guangxi University
are consistent (positive correlation R?> = 0.86) with those obtained by
the China University of Geoscience (n = 22) (Supplementary Fig. 2A).
The corrected 6804, values are used herein. The §'80g4,; values of the
dolomites of unit 1 (0.4 to 2.8%.; average 1.4%.) are slightly more
negative than those from unit 2 (1.5 to 2.9%.; average 2.1%.), unit 3
(1.3 to 2.8%.; average 2.1%o), and unit 4 (1.3 to 2.3%.; average 1.8%.),
respectively (Supplementary data).

4.5. Strontium isotopes

Integration of the 87Sr/%5Sr data from Wang et al. (2018) with 27 new
87S1/35Sr obtained in this study, shows that the 87Sr/%%Sr ratios (n = 52),
which range from 0.708898 to 0.709077, generally increase from the bot-
tom to the top of the Huangliu Formation (Fig. 2C). As argued by Wang
et al. (2018), this suggests that the dolomitization age becomes progres-
sively younger toward the top of the formation (Fig. 8A). Overall, the
87Sr/86Sr ratios indicate that dolomitization took place ~10 to 4 Ma (late
Miocene to early Pliocene) (>95% confidence interval): a narrower
range than the ~10 to 2.3 Ma suggested by Wang et al. (2018). There
are notable “jumps” in the 87Sr/%®Sr values from 0.708929 to
0.708972 at depth of ~425 m bsl and from 0.708984 to 0.709038 at the
depth of ~353 m bsl (Fig. 2C). According to the McArthur et al. (2001)
LOWESS lookup curve, these two “jumps” of 87Sr/8Sr correspond to
7.4-8.1 Ma (~425 m bsl) and 5.3-5.8 Ma (~353 m bsl) respectively.

4.6. Clumped isotopes

After calibration to the ARF, the A4; values for the 22 dolostone
samples with Mn/Sr <0.2 from the Huangliu Formation range from
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Fig. 3. Thin section photomicrographs (plane polarized light) (A-B) and backscatter images (C-H) of Huangliu dolostones from well CK-2, Xisha Islands. Depths specified in upper right
corner of each image are below present-day sea-level. (A, B) Dolomite crystals with “dirty” cores encased by clean rims. (C) Contrast between dark low-Ca dolomite (LCD, <55%Ca) on the
left side and bright high-Ca dolomite (HCD, >55%Ca) on the right side. (D-H) Different proportions of HCD and LCD in samples from different depths in well CK-2. Generally, the light gray
HCD develops in the core of single dolomite crystal with dark irregular dissolved pores and bright residual calcite (yellow arrow), while the LCD grow on the outside of HCD and present
dark gray color. Numbers in (D-H) represent the %Ca content of the spot analyzed by electron microprobe. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

0.67 to 0.73%. at 90 °C acid digestion (Fig. 4A; Supplementary data).
Using the Bonifacie et al. (2017) A47-T calibration, which was based
on the use of 90 °C acid digestion and similar analytical conditions to
those used in this study, the calculated temperature derived from the
clumped isotopes (T (A47)) ranges from 24 °C to 44 °C with an
average of 31 4 4 °C (Figs. 2F, 4B, 5C). Each T (A47) is similar to, or 1-
2 °C lower than, the temperature derived by A4; using the calibration

of Miiller et al. (2019), Petersen et al. (2019) or higher than Anderson
et al. (2021) (Fig. 4B). The 1-2 °C difference between these
calibrations is higher than the temperature errors (~2 °C) caused by
analytical uncertainty (£0.010%.; 1 SE) of our samples. Combined
with the oxygen isotope (6'804c;) and T (A4;) data (Bonifacie et al.
calibration) from the Huangliu dolostones, the calculated 5180y ater
values derived using the equation of Miiller et al. (2019) range from
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Fig. 4. (A) Clumped isotope (A47) data for Huangliu dolostones. (B) Comparison of calculated temperature using the A47-T calibrations from Bonifacie et al., 2017 for dolomite, Miiller et al.
(2019) for dolomite, and Petersen et al. (2019) for carbonate minerals, respectively. Red star represents the homogenization temperature of fluid inclusion at 379.5 m in the Huangliu
dolostones. Gray shading represents the average surface seawater temperature (SST) showing in (C) during ~3 to 11 Ma in the South China Sea using the materials from ODP1143
(Zhang et al., 2014). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

1.1 to 4.5%. (average 2.72%.; n = 22) (relative to the VSMOW scale)
(Fig. 2G). The average 2.72%. of 6'80aer Values derived from the
equation of Miiller et al. (2019) is generally lower than that of
5'80yater Values obtained using the Matthews and Katz (1977)
equation (average 2.87%.; n = 22) and Vasconcelos et al. (2005)
equation (average 2.94%.; n = 22) (Supplementary Fig. 3). The
average 1.93% of 6"8Oyaer (N = 22) values derived using
the equation of Horita (2014) is far lower than that from other
three equations (Supplementary Fig. 3). There is a positive correlation
(R? = 0.7) between the calculated T (A7) and §'®0yaer for the
dolostones of Huangliu Formation from well CK-2 (Fig. 6). Generally,
the calculated T (A47) and 6'®0yacer Values tend to be highest just
below the unconformities and decrease away from the unconformities
(Fig. 2F, G).

5. Discussion
5.1. Formation temperature of dolomites derived from clumped isotopes

Given that ordered dolomite has not been synthesized from normal
seawater under low temperature (~25 °C) conditions (Land, 1998), the

fractionation factor for the acid digestion reactions of dolomite between
25 and 90 °C (A*gp_3s) is still poorly constrained with A*gg_35 values
ranging from 0.082 to 0.153%. as determined from the same reference
dolomite NIST 88b (Defliese et al., 2015; Murray et al., 2016; Bonifacie
et al.,, 2017; Lu et al., 2022). Applying an acid fractionation correction
for A4 analyses to dolomite can result in large uncertainties and
produce erroneous temperature estimates (Miiller et al., 2019). In
order to avoid the A*qg_»5 uncertainties associated with dolomite, the
clumped isotope data at 90 °C acid digestion were standardized using
the ARF as suggested by Dennis et al. (2011). Although many A47-T cal-
ibrations had been proposed for carbonate minerals (e.g., Ghosh et al.,
2006; Dennis and Schrag, 2010; Zaarur et al., 2013; Tang et al., 2014;
Petersen et al., 2019; Anderson et al., 2021), only those proposed by
Winkelstern et al. (2016), Bonifacie et al. (2017) and Miiller et al.
(2019) are dolomite specific. The calibration of Bonifacie et al. (2017)
was used for discussion herein based on (1) it being derived using sim-
ilar analytical conditions (e.g., 90 °C acid digestion temperature) to
those used in this study, and (2) it has the minor calculated T(A47)
differences (~1-2 °C) with that obtained by using the calibrations of
Miiller et al. (2019), Petersen et al. (2019), and Anderson et al. (2021)
(Fig. 4B).
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Fig. 5. Recalculated T(A47) (°C) for dolostones from (A) well NK-1, Meiji Reef, (B) well
W(I, Little Bahama Bank, (C) well CK-2, Xisha Islands, and (D) San Salvador using the
Bonifacie et al. (2017) A47-T calibration. The clumped isotopes (A47;) data were
calibrated to an absolute reference frame (AFR) (Dennis et al., 2011) to avoid the
instrument error between different laboratories. Original A4, data of dolostones are
from Guo et al. (2021) (NK-1, Meiji Reef) and Murray and Swart (2017) (WCI, Little
Bahama Bank and San Salvador).

Using the A47-T calibration of Bonifacie et al. (2017), the average for-
mation T(A47) of 31 4= 4 °Cfor the dolostones in the Huangliu Formation
is ~5 °C higher than the modern annual mean sea surface temperature
(SST) of 26.8 °C around the Xisha Islands (Fig. 4B). When the
dolostones of the Huangliu Formation formed during the late Miocene
to early Pliocene, at ~10 to 4 Ma, the global air temperature may have
been 3-7 °C higher than today (Collins et al., 2013; Fedorov et al.,
2013). Similarly, at the ODP 1143 site (Fig. 1A), located in the south
part of the South China Sea ~815 km from well CK-2, analysis of the
deep-sea sediments indicates that the mean SST was ~31 °C between
~11 and 3 Ma, which is ~4 °C higher than the average modern SST in
that area (Zhang et al., 2014) (Fig. 4B, C). Thus, the calculated average
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T(A47) of the Huangliu dolostones is consistent with the SST that existed
during the late Miocene to early Pliocene. In addition, the homogeniza-
tion temperature of 37.2 °C, derived from one fluid inclusion at 379.5 m
bsl (Supplementary Fig. 1A), is similar to the calculated T(A47) of 38.9 °C
at 382 m bsl obtained from the Huangliu Formation.

The reliability of the calculated T(A47) depends on the A4; value of
the Huangliu dolostones and assumes that there was minimal solid-
state reordering of '3C-'80 during diagenesis (Dennis and Schrag,
2010; Henkes et al., 2014; Stolper and Eiler, 2015; Hemingway and
Henkes, 2021). Potentially, the solid-state reordering of '>C-120,
which could influence the amount of '>C-80 in the carbonate mineral
crystal lattices, could occur if the ambient temperature around the car-
bonate rocks was >100 °C over a period of tens of millions of years
(Dennis and Schrag, 2010; Passey and Henkes, 2012; Henkes et al.,
2014). Geothermal gradients reported from isolated Cenozoic islands
range from ~—20 °C-km ™" for Enewetak Atoll in the equatorial Pacific
Ocean (Saller, 1984), ~10 °C-km™~" for the Nansha Islands in the South
China Sea (Wang et al., 2020), to ~15 °C-km ™! for the Bahamian plat-
form (Epstein and Clark, 2009). Based on these figures, especially the
geothermal gradients of Nansha Islands in the South China Sea (Wang
et al., 2020), the deepest part of the Huangliu Formation in CK-2
(~520 m) probably experienced a maximum burial temperature of no
more than 50 °C. There are no reports that the modern deep stratum
temperatures associated with carbonate rocks (wells Xike-1 and
Xichen-1) (<1 km) in Xisha Islands are higher than 50 °C (Zhao,
2010; Shao et al,, 2017a, 2017b; Bi et al,, 2018). The influence of solid-
state reordering on clumped isotopes has not been deemed important
for other Cenozoic island dolostones that have not been buried >1 km
(Winkelstern and Lohmann, 2016; Murray and Swart, 2017; Guo et al.,
2021).

Island dolostones, like those in the Huangliu Formation, formed
largely through replacement of precursor limestones (Budd, 1997; Ren
and Jones, 2018). There is also the possibility, however, that some of the
dolostones may have been subsequently modified by diagenesis (Budd,
1997). If diagenetic alteration (recrystallization and/or cementation) oc-
curred, the temperature signal derived from the A4 value of island
dolostones may reflect, at least in part, diagenetic recrystallization and/
or cementation (Huntington et al., 2011). Although most sedimentary
dolostones are susceptible to recrystallization, the dolostones in the
Huangliu Formation do not display obvious evidence of recrystallization
given that they are characterized by (1) fabric retentive textures in
units 2 to 4, (2) nonstoichiometric (Ca-rich) compositions (Fig. 2B),
(3) dolomite crystals that are commonly zoned with cores of HCD
encased by rims of LCD (1-10 um thick) with sharp boundaries between
successive zones (Fig. 3D-H), and (4) low Mn/Sr ratios (0.1 to 0.9)
(Fig. 2D) (Wang et al., 2018, 2021). Veillard et al. (2019) suggested that
the shallow burial recrystallization was responsible for the increase in
the T(A47) with depth in the Marion Plateau dolostones (NE Australia).
For the Huangliu dolostones, however, there is no increase in the T(A47)
with depth overall or in each unit (e.g., unit 2) (Fig. 2F).

It is possible that the diagenetic cementation that occurred in
dolostones of the Huangliu Formation may have influenced the temper-
ature signal derived from the A4 values. The LCD components, that pre-
sented as the inclusion-free outer rims around many of the dolomite
crystals (Fig. 3), are evidence for widespread modification of the
dolostones in the Huangliu Formation (Fig. 2B). Such rims have gener-
ally been treated as cements that precipitated from the pore fluids
(Budd, 1997; Jones, 2005, 2007), and probably formed after the primary
replacement of the limestone precursor. Choquette and Hiatt (2008) ar-
gued that the dolomitization of the original limestone followed by dolo-
mite cementation (‘overdolomitization’) may produce dolomite crystals
that have a cloudy core encased by a clear rim. In addition, the T(A47) of
the samples with LCD >80% (n = 6) in the Huangliu Formation yielded
an average T of ~34 °C, whereas those dolostones formed entirely of
HCD (HCD = 100%; n = 7) produced an average T of ~27 °C (Fig. 7).
Consequently, the HCD cores in the Huangliu Formation may be
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Supplementary data for details.

representative of the primary replacive dolomite whereas the LCD
cements formed later and possibly under different conditions. The low
correlation (R? = 0.27) between T(A4;) and the average %Ca of the
dolomites (Supplementary Fig. 2B), suggests that the T(A4;) difference
between the HCD cores and LCD cements is not related to %Ca content.
Collectively, this indicates that dolomitization of the original limestones
may have been achieved under lower temperatures than those associ-
ated with the later precipitation of the dolomite cements.

Using the A47-T calibration of Bonifacie et al. (2017), the recalculated
values derived from the clumped isotopes of the dolostones from NK-1
of Meiji Reef in the South China Sea (Guo et al., 2021), WCI-Little
Bahamas Bank, and San Salvador (Murray and Swart, 2017) (Fig. 5; Sup-
plementary data) show that the T(A4;) values derived from the
dolostones from the Xisha Islands (24 to 44 °C, average 31 °C) and San
Salvador (19 to 48 °C, average 36 °C) are higher than those from the
NK-1-Meiji Reef (17 to 30 °C, average 22 °C) and WCI-Little Bahamas
Bank (17 to 30 °C, average 23 °C) (Fig. 5). Although the factors that con-
trolled the different T(A4;) of dolostones from these islands are
complex and difficult to define, they probably include paleo-location,
local paleoclimate, burial depths, and local thermal convection history
that existed when dolomitization took place. Although these factors
are impossible to quantify with currently available data, it does appear
that temperature was not a critical factor in the island near-surface do-
lomitization process.

5.2. Salinity of dolomitization fluids based on T(A47)

The salinity of the water that mediated dolomitization can be in-
ferred from the 6'80,yacer given that this value becomes more positive
with increased evaporation (Belem et al., 2019). Many different
equations have been used to calculate the 5'80ater by using the
5'804, and temperature data (Northrop and Clayton, 1966; O'Neil and
Epstein, 1966; Fritz and Smith, 1970; Sheppard and Schwarcz, 1970;
Matthews and Katz, 1977; Zheng, 1999; Vasconcelos et al., 2005;
Horita, 2014; Miiller et al., 2019). Here, the equations proposed by
Miiller et al. (2019), Vasconcelos et al. (2005), Horita (2014), and
Matthews and Katz (1977) are used to calculate the §'80,yaer for the
dolostones from the Huangliu Formation in well CK-2 because (1) the
first two equations contain low temperature (25 and 45 °C) formation
regimes of natural dolomite as opposed to high temperature experi-
ments (>80 °C), and (2) the equation from Matthews and Katz (1977)

and Horita (2014) was used in the study of the Bahamian dolostones
(Winkelstern and Lohmann, 2016; Murray et al., 2016). Given that the
calculated 6'®0yater Values from the equation of Horita (2014) are
lower than the values derived from the other three equations that
yielded minimal differences (~0.1 to 0.3%.) (Supplementary Fig. 3),
the latest equation proposed by Miiller et al. (2019) was used to
calculate the 6'80yaeer (1.1 to 4.5%. with average 2.72%. VSMOW) for
the dolostones from the Huangliu Formation in well CK-2.

Compared to the §'80ater (0 & 2%0; VSMOW) of Cenozoic seawater
at near-Earth-surface temperatures (<30 °C) (Zachos et al., 2001) and/
or the Miocene seawater value of 8'80yater (—1.2%) (Kennett and
Shackleton, 1975), the 6'80yater Values (1.1 to 4.5%. — average 2.72%;
VSMOW) derived from the Huangliu dolostones imply that normal to
slightly evaporated seawater (6'®0waer > 2%) mediated
dolomitization. Many studies, including those by Budd (1997) and Ren
and Jones (2018), have relied at least in part, on interpretation of 5'0
values of island dolostones to suggest that normal to slightly
evaporated seawater mediated dolomitization. The distinction
between normal seawater and slightly evaporated seawater based on
580 alone, however, is difficult because of uncertainties associated
with interpretations of '80 values (Budd, 1997; Ren and Jones, 2018).
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Fig. 7. Cross-plots of 8'%0ater (%, VSWOM) and T(A47) (°C) for samples with LCD > 80%

(n = 6) and pure HCD (HCD = 100%; n = 7) from the Huangliu Formation in well CK-2,
Xisha Islands.



R Wang, Y. Xiao, K. Yu et al.

Given that the dolomite crystals in the Huangliu Formation are
commonly zoned, the calculated §'80y,., is an average value that
reflects the primary replacive HCD and the LCD cements that formed
later. Application of the Miiller et al. (2019) equation to the samples
with LCD >80% (n = 6) indicates formation from water that had an av-
erage 6'80yater Of 3.2%.. Fluid inclusions found in the clear rims of the
dolomite crystals in the same formation from well XK-1 on Xisha Islands
(~81 km NE of well CK-2) indicate that seawater with a higher salinity
seawater mediated dolomitization (Bi et al., 2018). In contrast, for sam-
ples formed entirely of HCD (n = 7) in well CK-2, the formative water
had a lower average 6'80yater Of 2.2%. (Fig. 7). This implies that the
primary replacement dolomites may have been formed in lower
salinity fluids than those related to dolomite cements that formed later.

Based on the recalculated T(Ay47) values for the dolostones from the
NK1-Meiji Reef, WCI-Little Bahamas Bank, and San Salvador and use of
the Miiller et al. (2019) equation, the newly recalculated 6'80aer
values are —0.2 to 3.0% (average 1.72%.; n = 19), 0.8 to 4.8%.
(average 3.2%.; n = 9), and 1.0 to 6.5%. (average 4.0%.; n = 36),
respectively (Fig. 6; Supplementary data). Given that the main source
of the Mg needed for dolomitization (e.g., Budd, 1997), the calculated &-
180 ater Values of these dolostones represent normal to slightly
evaporated seawater, suggesting that no obvious other fluid types
were involved in the fluids that mediated dolomitization on these
islands. It also seems that this applies irrespective of the temperatures
that were involved (Fig. 6).

5.3. Cement formation

Available evidence indicates that the clear LCD rims that encase the
“dirty” cores of the dolomite crystals probably formed at a later time and
possibly under different diagenetic conditions. As suggested by
Choquette and Hiatt (2008), cementation events in pre-Holocene dolo-
mites, can follow ‘replacement dolomitization’ events by time intervals
ranging from geologically ‘instantaneous’ to tens of million years. This
means that formation of the dolomite cements should be considered
separately from the formation of the dirty cores. For the Huangliu
dolostones, the HCD cores seem to be genetically linked to seawater
(average 2.2%o of 6'80yater) in Near-surface environments (average
~27 °C). In contrast, the LCD cements probably formed from slightly
evaporated seawater (average 3.2%o of 8'®0yater) under slightly higher
temperature (average ~34 °C) conditions. This tacitly implies that a
two-stage dolomitization process led to the formation of the Huangliu
dolostones and other similar island dolostones.

Based on comparisons with Cenozoic seawater (<30 °C, 5180ater =
0 4 2%. - Zachos et al., 2001), the LCD cements may have formed under
shallow burial conditions or in an area where there was active evapora-
tion of the diagenetic fluids.

* The fact that the T(A47) of the dolostones in the Huangliu Formation
does not increase with burial depth or systematically from unit to
unit (Fig. 2E), indicates that dolomitization was mediated by fluids
with relatively constant temperatures.

» On isolated carbonate platforms, like the Xisha Islands, evaporative
seawater is typically attributed to development in a lagoon under a
semi-arid to arid climate (Budd, 1997). During the late Miocene to
early Pliocene, the global air temperature was 3-7 °C higher than
today (Collins et al.,, 2013; Fedorov et al., 2013) and the progressively
drier climate (e.g., Zachos et al., 2001; Casanovas-Vilar, 2014; Roveri
et al., 2014; Herbert et al., 2016) may have led to evaporation of sea-
water. Although only a few isolated carbonate buildups existed on
the Xisha platform (Wu et al., 2014), there is evidence that lagoonal
environments developed on top of Xuande Atoll (Zhang et al., 1989).
The absence of evaporite minerals (e.g., gypsum, halite) in the
Huangliu Formation and the overlying Yinggehai Formation and
Ledong Formation, however, indicates that (1) the lagoon was not
completely closed off from the open ocean and hypersaline seawater
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was never generated, or (2) the evaporate minerals were removed
by erosion and/or meteoric dissolution during the following decline
of sea-level.

* The fact that the LCD cements are most common beneath the uncon-
formities/exposure surfaces (Fig. 2B) may indicate that they were re-
lated to the decline of relative sea-level.

Itis possible that slightly evaporated seawater, which formed in a la-
goon, may have been responsible for the formation of the LCD cements.
Simms (1984) and Kaufman (1994) argued that even slight increases in
salinity (38-42%.) are sufficient to generate large-scale reflux of waters
through carbonate platforms and below carbonate islands. Overall, the
notion that the abundance of LCD cements, and the values of 5'80yater
and T (A47) decrease with depth below the unconformities/exposure
surfaces (e.g., in units 1-3) (Fig. 2) seems to be consistent with dolomi-
tization being due to the reflux of slightly evaporative seawater. Many
studies have suggested that the large-scale dolomitization of ancient
limestones in shallow sea settings, which lack obvious evidence of evap-
orites, may be related to the reflux infiltration of seawater with elevated
salinity (Sun, 1994; Qing, 1998; Qing et al., 2001; Melim and Scholle,
2002; Eren et al., 2007; Rameil, 2008).

The positive correlation (R? = 0.7) between T(A47) and 6'80yater for
dolostones in the Huangliu Formation from well CK-2 (Fig. 6) is similar
to that reported from many Cenozoic island dolostones including those
from the Little Bahama Bank and San Salvador (Murray et al., 2016), the
Marion Plateau (Veillard et al., 2019) (Fig. 6), and some ancient carbon-
ate minerals/components (Cummins et al., 2014; Henkes et al., 2018).
Cummins et al. (2014) suggested that the positive relationship between
6'80yater and T(A47) may indicate that recrystallization of the carbonate
minerals/components occurred in rock-buffered diagenetic environ-
ments. Veillard et al. (2019) also argued that the positive correlation be-
tween 6'80yaer and T(A47) in the Marion Plateau dolostones was
evidence of shallow burial recrystallization via dissolution/re-
precipitation in a closed diagenetic system. Although there is evidence
for the widespread development of dolomite cements in the dolostones
of the Huangliu Formation, there is no clear petrography evidence that
any recrystallization took place. Thus, the positive relationship between
T(A47) and 8'80yacer in the dolostones in the Huangliu Formation in well
CK-2 may imply that both the LCD and HCD formed in a low water-rock
ratio diagenetic system. Theoretically, in such an environment, the 6-
180 arbonate  Values will remain stable even though the water
temperature and 580 ater may both vary (e.g., Cummins et al., 2014;
Veillard et al.,, 2019). For the LCD cements, based on the equation Ca®*
+ Mg?*™ 4 C03~ = CaMg(CO0s), for cement formation (Warren,
2000), it would seem that the CO3~ for the formation of LCD probably
came from the precursor limestones. If the CO3~ came mainly from
the evaporative seawater, there would not be a positive correlation
between T(A47) and 880y acer.

5.4. Dolomitization and sea-level change

Many Cenozoic island dolostones in the Pacific Ocean and the
Caribbean Sea that formed under near-Earth-surface conditions have
been commonly linked to global sea-level changes (e.g., Budd, 1997;
Ren and Jones, 2018). Sea-level fluctuations during the late Miocene
to early Pliocene, for example, may have been greater than 50 m
(Miller et al., 2005) or 100 m (Hagq et al., 1987). Given that the Huangliu
dolostones formed under near-sea-surface conditions (e.g., 24 to 44 °C
and normal to slightly evaporated seawater) and probably in close prox-
imity to unconformities/exposure surfaces (Fig. 2A), it seems that dolo-
mitization may have been influenced by sea-level changes. Based on
87Sr/86Sr ratios from the dolostones in the Huangliu Formation, Wang
et al. (2018) suggested that a (semi-) continuous “time-transgressive”
dolomitization process, related to the combined effects of tectonic sub-
sidence and/or eustatic sea-level changes, was responsible for the per-
vasive dolomitization of the succession. Integration of the 87Sr/36sr
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from Wang et al. (2018) with the 27 new 87Sr/35Sr obtained in this study
suggests that the dolomitization of the precursor limestones started ~10
Ma and continued until ~4 Ma, but with pauses between 7.4-8.1 Ma and
5.3-5.8 Ma (Fig. 8A). Since the Xisha Platform was initiated during the
early Miocene (~20 Ma), the surrounding basins experienced constant
tectonic subsidence from the late Miocene to early Pliocene (Wu et al.,
2014). During the periods 7.4-8.1 Ma and 5.3-5.8 Ma, the rate of tec-
tonic subsidence seems to have been relatively constant (Wu et al.,
2014; their Fig. 10), which implies that subsidence was not the main
factor that caused the pause in the dolomitization of limestones in the
Huangliu Formation.

Various global eustatic sea-level curves (Vail and Mitchum, 1979;
Haq et al., 1987; Miller et al., 2005) (Fig. 8D, E) and local relative sea-
level curves (Wei et al.,, 2001; Thompson and Abbott, 2003; Pang
et al., 2005) (Fig. 8B, C) for the South China Sea had been proposed for
the late Cenozoic. The timing and amplitude of these curves, which
vary in the scope and timing of sea-level fluctuations, are difficult to
link directly to dolomitization ages. Nevertheless, the discontinuation
of dolomitization between 5.3 Ma and 5.8 Ma is consistent with the
Messinian Salinity Crisis (MSC) (5.33 to 5.96 Ma). The notion of episodic
dolomitization during the MSC period has also been suggested for the
successions found on Kati-daito-jima and the Great Barrier Reef (Ohde
and Elderfield, 1992; McKenzie et al,, 1993; Wang et al.,, 2019). Although
no clear record of the impact of the MSC on Late Miocene climate has
been identified (Roveri et al., 2014), the sea-level on many Cenozoic
islands during the MSC was considerably lower than it is today
(e.g., 30 to 100 m lower) (Ohde and Elderfield, 1992; Pigram et al.,
1992; Aharon et al., 1993; Jones and Hunter, 1994; Wheeler and
Aharon, 1997). In most of those curves (e.g., Vail and Mitchum, 1979;
Haqetal.,, 1987; Wei et al., 2001; Pang et al., 2005), the onset of dolomi-
tization at ~10 Ma followed a lowstand period (~9.5 to 10 Ma) and the
pause in dolomitization at 7.4-8.1 Ma may correspond to a lowstand pe-
riod. Some care must be taken with these interpretations because
(1) the true sea-level position during the MSC is still not known with
certainty with ranges from —30 to 100 m being proposed, and (2) on
many oceanic islands, there is no direct evidence of the sea-level
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position during times when dolomitization was taking place and such
sea-level positions must then be inferred from evidence from elsewhere
in the world. The situation is further compounded in the case of the
Xisha Islands where rapid subsidence has been the norm since the
Early Miocene.

Apart from the discontinuities in the dolomitization ages, the semi-
continuous “time-transgressive” dolomitization process evident from
the Huangliu Formation (Wang et al., 2018) was probably linked to eu-
static transgressive conditions in the Xisha area. With the data that are
currently available, it is difficult to determine if tectonic subsidence
and/or eustatic sea-level were responsible for that transgressive
phase. Nevertheless, the presence of replacive HCD and LCD cements
that formed under different temperature and salinity regimes, suggests
that eustatic sea-level changes may have played a crucial role for their
formation.

5.5. Implication for dolomitization models

Critical elements of all dolomitization models are a supply of Mg, a
mechanism for circulating that Mg through the limestones, and sites
that are conducive to the formation of dolostone (Morrow, 19823,
1982b). In the case of island dolostones, many different models such
as tidal pumping, seepage influx, and brine reflux, have been proposed
(Budd, 1997). None of these models, however, can explain the differ-
ence of formation temperature, salinity, and the dual aspects of the
replacive HCD and the LCD cements in the dolostones of the Huangliu
Formation. Whitaker et al. (2004), however, emphasized that it may
be misleading to conceptualize individual flow mechanisms for dolomi-
tization in isolation, because fluid flow regimes in various geologic set-
tings may be a function of a number of different drivers that act
simultaneously or consecutively. Available evidence indicates that two
processes were involved in the formation of the Huangliu dolostones
- one that created the HCD cores of the crystals (Stage-I) and other
that produced the clear LCD rims (Stage-II) (Fig. 9). During the dolomi-
tization phase, that may have lasted for several million years (e.g., 4 to
10 Ma), the associated sea-level changes may have led to the different

A Relative Eustatic Relative Eustatic D Global Eustatic |, Global Eustatic
Depth (m) of CK-2 Curve, Pearl River Curve, Curve from Haq et Curve from Miller et
Mouth Basin Qiongdongnan Basin al. (1987) al. (2005)
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Fig. 8. Relationship between age of dolomitization in the Huangliu Formation and relative global and local sea-level curves. (A) Dolomitization ages of Huangliu Formation determined by
87S1/85Sr ratios using McArthur et al. (2001) LOWESS lookup data. (B) Relative eustatic curve for Pearl River Basin, north South China Sea, from Pang et al. (2005, their Fig. 5). (C) Relative
eustatic curve of Qiongdongnan Basin, north South China Sea from Wei et al. (2001, their Fig. 2). (D) and (E) Global eustatic curves from Haq et al. (1987, their Fig. 2) and Miller et al. (2005,

their Fig. 4), respectively.
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f f f Sea Level Fluctuation
Slightly Evaporated Seawater
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Fig. 9. Two dolomitization processes for the Miocene Huangliu dolostones in the Xisha
Islands, South China Sea. Concentric ambient seawater flow through the platform
(adopted from the concept of dolomitization models from Ren and Jones, 2018) for the
formation of HCD (Stage-I). Slightly evaporative seawater flow downward for the forma-
tion of LCD (Stage-II). The two-stage dolomitization processes could be reciprocating ac-
tion due to sea-level fluctuations.

salinity, temperature, and hydrology of the water that flowed through
the Xisha platform. The “normal” seawater (Stage-I) and “evaporative”
seawater (Stage-II) stages, with different flow mechanisms may
have acted successively on the precursor limestone to produce
replacive dolomites and dolomite cements respectively. Hence, the
repetitive vertical stacked styles of T(A47), 6'80uater and LCD%
(HCD%) in the dolostones of Huangliu Formation (Fig. 2) may
reflect the reciprocating action of the two-stage dolomitization pro-
cesses associated with sea-level fluctuations.

Given that Cenozoic island dolostones in the Pacific Ocean, Caribbean
Sea, and South China Sea have been considered globally synchronized
(e.g., Budd, 1997; Ren and Jones, 2018; Wang et al., 2019), this two-
stage dolomitization process may be a phenomenon that was common
to all Cenozoic island dolostones. For example, Murray and Swart
(2017) also argued that the dolostones on Bahamian platform probably
formed by different mechanisms driving normal marine seawater and
evaporative brine through the rocks. The primary replacive dolomites
and dolomite cements are also widespread in the dolostones from
Cayman Islands (e.g., Jones, 2005, 2007; Zhao and Jones, 2012), thus the
two-stage dolomitization process probably also existed on them.

The temperature and salinity of the fluids derived from clumped iso-
topes indicate that the Huangliu dolostones formed under near-sea-
surface conditions. Since this study only involves the data from one
core, it is difficult to determine the geographical variation of the temper-
ature and salinity of replacive dolomites and dolomite cements on a plat-
form scale, and hence determine the hydrological systems responsible.
The two-stage dolomitization processes proposed for the Huangliu
dolostones, however, clearly indicate that pervasive dolomitization on
these islands needs composite flow systems that drive large volumes of
seawater through the platform. For a comprehensive understanding of
these processes, further clumped isotope data of island dolostones are re-
quired - both from the same island and from different islands.

6. Conclusions

Clumped isotopes and oxygen isotopes indicate that the Huangliu
dolostones in the Xisha Islands, South China Sea formed from normal
to slightly evaporated seawater with water temperatures between 24
and 44 °C. This conclusion should be treated with some caution because
the clumped isotope thermometry of the dolostones may have been in-
fluenced by the precipitation of the outer LCD cortex that probably
formed some time after the replacive dolomite had formed. Available
data indicates that late dolomite cements may have formed from sea-
water that was warmer and may have experienced more evaporation
than the near-surface seawater that may have mediated the earlier
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formed primary replacive dolomites. Those two contrasting types of do-
lomites in the same crystal are difficult to interpret by any single dolo-
mitization model. Accordingly, a two-stage dolomitization model,
related to sea-level changes that promoted temperature and salinity
changes in the seawater that mediated the dolomitization is invoked.
A similar model may also have been responsible for the development
of other Cenozoic island dolostones.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.sedgeo.2021.106079.
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