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Abstract
The Pleistocene was characterized by an unstable meteoric–marine diagenetic environment, influenced by high-amplitude 
global and regional eustatic variations. This paper focuses on the diagenetic characteristics of the Pleistocene–Holocene 
reef-carbonate rocks in the well Xike#1, drilled on the Stone Island (part of the Xisha Islands) in the South China Sea. A 
petrographic, cathodoluminescence and stable isotope study allowed the evaluation of the diagenetic evolution of the reef-
carbonate rocks. The rock types present include framestones, packstones, wackestones and grainstones. Rock fabric analysis 
reveals the existence of skeletal grains, biodetritus, intraclasts, matrix and calcite cements. The upper part of the cored interval 
(0–180 m) has been heavily altered by meteoric fluids. Unequivocal evidence of meteoric diagenesis includes consistently 
negative δ18O values, well-developed subaerial exposure horizons and typical vadose cements. The deepest exposure surface 
is ~ 80 m above the base of meteoric diagenesis, which means that the paleowater table could be extended to as deep as 80 m. 
The grainstone present at 7.74 m represents the boundary between the vadose and phreatic zones, which is marked by the first 
appearance of isopachous dogtooth cements and well-developed moldic pores. The reef-carbonate rocks between depths of 
21.66 m and 180 m have undergone diagenesis in both meteoric and marine environments, in which the early-stage fibrous 
marine cements are surrounded by later meteoric drusy calcite cements. The end products of phreatic meteoric diagenesis 
are the limestones composed of low-Mg calcite with micrite envelopes, moldic pores, blocky spar calcite cementation, and 
aragonite neomorphism. The interval from 180 to 216 m has undergone a marine diagenesis, which is marked by cements 
with non-luminescent CL characteristic and a limited, relatively enriched C and O isotope composition. The study reveals 
that the diagenetic evolution of reef carbonate is mainly controlled by high-frequency eustatic sea-level changes, while the 
sedimentation rate variations, which were induced by regional subsidence and nutrient variations could also have had an 
impact on the diagenetic evolution.
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Introduction

Carbonate diagenesis in shallow marine environments 
has been well studied in recent decades, as the diagenetic 
products have had a major impact on the macroscopic, 
microscopic and petrophysical properties of sedimentary 

successions (e.g., Allan and Matthews 1982; Budd and Land 
1990; Quinn 1991; Liu et al. 1997). Reef carbonates are the 
key recorder of both sea level and associated environmental 
changes. They can provide reliable geological estimates of 
past relative sea level and paleoenvironment (Quade and Roe 
1999; Benito and Mas 2006; Fox et al. 2012; Singh et al. 
2012; Solihuddin et al. 2015; Shao et al. 2017), i.e., most 
of the history of Pleistocene–Holocene sea-level changes, 
are stored on modern fore-reef slopes in relatively stable 
tectonic settings. The last ca 800 kyr have been typified by 
rapid sea-level changes (e.g., Waelbroeck et al. 2002; Lam-
beck et al. 2002). The atolls (ring-shaped coral reef islands) 
thus commonly experience repeated emergence and flooding 
due to regular eustasy. Therefore, atolls are seen as favorable 
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localities for investigating the diagenesis of carbonates in 
both freshwater and marine environments (e.g., Lincoln and 
Schlanger 1987; Quinn 1991; Kindler and Mazzolini 2001; 
Kumar et al. 2012; Yasukochi et al. 2014).

Studies on the diagenesis of reef carbonates have gener-
ally involved descriptions of their fabric, mineralogy and 
geochemical characteristics with respect to changes in sea 
level (e.g., Allan and Matthews 1977; Buchbinder and Fried-
man 1980; Saller and Moore 1989; Follows 1992; Vollbrecht 
and Meischner 1996; Li and Jones 2013a, b; Woodroffe and 
Webster 2014). The whole-rock mineralogy and geochem-
istry investigation have been proven to be effective in dis-
tinguishing between meteoric and marine diagenesis in car-
bonate successions (e.g., Major and Matthews 1983; Melim 
et al. 2004; Gischler et al. 2013).

The Xisha Islands, located in the South China Sea (SCS), 
include many atolls and therefore offer an excellent opportu-
nity to study the diagenetic evolution of carbonates. A series 
of scientific and commercial drilling programs have been 
conducted on the Xisha Islands in the 1970s and 1980s and 
provided data on the biostratigraphy, lithology, sedimen-
tology, paleomagnetism (e.g., He and Zhang 1990; Zhang 
1990; Ye et al. 1991; Liu et al. 1997). However, these previ-
ous studies of the Xisha carbonate platforms were limited to 
shallow drill holes and field surveys of surface geology. A 
brand-new scientific borehole, Xike#1, with the core recov-
ery rate as high as 80%, was drilled on the Stone Island of 
Xisha Islands during 2013–2014. This cored interval is the 
researching target in this paper.

Several authors have contributed to the regional geol-
ogy, tectonic development, fossil components, elemental 
geochemistry and the carbonate platform evolution of the 
Xisha Islands (e.g., Wu et al. 2014; Qiao et al. 2015; Zhai 
et al. 2015; Zhu et al. 2016; Shao et al. 2017; Wang et al. 
2018; Ma et al. 2018). Recently, Wu et al. (2019) studied the 
evolution of the reef-bank system since the Pliocene based 
on the sedimentological, paleontological and geochemi-
cal data. However, the above-mentioned studies did not tie 
diagenesis analysis and the diagenetic evolution. During the 
Pleistocene glacioeustatic sea-level fluctuations, the alterna-
tion of meteoric diagenesis and marine diagenesis has been 
considered the greatest factor in the diagenesis of the Pleis-
tocene–Holocene shallow-water carbonates. The geometry, 
composition and evolution of the diagenetic products are the 
direct key recorders of these changes. It is therefore impor-
tant to have a good understanding of the diagenetic history 
of the reef material.

In this paper, we document the diagenetic evolution his-
tory of the reef-carbonate rocks in the Pleistocene–Holo-
cene of Xike#1 on the Xisha Islands. The interpretations 
of meteoric and marine diagenesis are discussed, respec-
tively, through a petrographic, cathodoluminescence and 
geochemical study. An attempt was carried out to describe 

the diagenetic evolution history since the Pleistocene and 
to judge the impact of sea-level changes on the diagenetic 
evolution. Our results show that besides the high-frequency 
eustatic sea-level changes, the sedimentation rate variations 
induced by regional subsidence and nutrient variations also 
have an impact on diagenetic evolution.

Geological setting

The Xisha Islands (15°15′–17°0′N, 111°–113°E), that 
developed on the Xisha Uplift in the northwest of the South 
China Sea, consist of more than 40 islands, sandbanks and 
reefs. These islands are divided into two groups: the eastern 
Xuande archipelago and the western Yongle archipelago 
(Shao et al. 2017). Xuande archipelago consists of approxi-
mately 11 small islands surrounding a lagoon 40 km long by 
20 km wide with a maximum depth of 67 m, whereas Yon-
gle archipelago consists of approximately 7 small islands 
surrounding a lagoon 20 km long by 15 km wide with a 
maximum depth of 45 m. The Xisha Uplift had experienced 
rifting since the late Cretaceous, and gradually drifted 
southwards from the South China continent during the late 
Eocene and early Oligocene, and then subsided during the 
late Oligocene to early Miocene period of seafloor spreading 
(Wu et al. 2014, 2019).

Since the early Miocene, multiple reefs have been well 
developed in the Xisha archipelago (Ma et al. 2018), which 
were mainly shaped by geotectonics, global eustasy and 
climatic variation (Wu et al. 2014). During the last glacial 
period, Xisha Islands experienced a subtropical climate with 
surface water temperatures that were 18.1–23.8 °C (Huang 
et al. 1997; Pelejero et al. 1999; Chen et al. 2005). Today, the 
mean annual temperature in Xisha islands ranges from 22.9 
to 34.4 °C, with a yearly average rainfall of 130 ~ 200 cm/
year and annual evaporation averages 150 ~ 250 cm/year (Ye 
et al. 1987; Zhang et al. 1989).

Stone Island (16°46′N, 112°21′E), which belongs to 
Xuande archipelago and has an area of only 0.08 km2, is 
connected to Yongxing Island by land reclamation. This 
island has the highest elevation of the Xisha Islands and is 
the only island that contains lithified carbonate aeolianites. 
Most of the other islands in this group are covered by piles 
of reef sediment, mainly coral and shell fragments.

The well Xike#1 was drilled on Stone Island (Fig. 1b) 
during 2013–2014, with a continuously cored interval to a 
depth of 1268.2 m (the whole thick carbonate succession is 
0–1257.52 m) and a core recovery rate as high as 80%.

Before the well Xike#1, four continuously cored wells 
have been drilled on the Xisha Islands: Xiyong#1 (drilled 
on Yongxing Island in 1974, core recovery rate is less than 
10%), Xiyong#2 (drilled on Yongxing Island in 1983), 
Xichen#1 (drilled on Chenhang Island in 1983) and Xishi#1 
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(drilled on Stone Island in 1983). However, these early bore-
holes were limited in their utility due to an incomplete core 
recovery and a lack of basement drilling. The identification 
of fossil components, analyzation on facies and diagenesis 
has been carried out on the reef successions in these four 
wells (e.g., Zhang et al. 1989; Zhang 1990; Ye et al. 1991; 
Liu et al. 1997).

Based on the combination of paleomagnetism, calcareous 
nanofossils, and planktonic foraminifera, the thick carbon-
ate succession in the well XiKe#1 is divided into five units, 
including early Miocene interval (Sanya Formation), mid-
dle Miocene interval (Meishan Formation), late Miocene 

interval (Huangliu Formation), Pliocene interval (Yingge-
hai Formation), and Pleistocene–Holocene interval (Ledong 
Formation) (Wu et al. 2014; Zhai et al. 2015) (Fig. 1c). Lith-
ological observations show that the reef carbonate dominates 
in the Pleistocene–Holocene interval (0–216 m).

Materials and methods

All samples used in this study come from the well Xike#1. 
Fauna identification was attempted in hand specimens, 
although most of the useful information came from thin 

Fig. 1   a, b Locations of the Xike#1 and previous boreholes drilled 
in the Xisha Islands. a Xisha Islands are divided into two groups: 
the Xuande archipelago and the Yongle archipelago; b locations of 
Xuande archipelago with positions of wells. c Integrated stratigraphic 

succession of Neogene rocks on the Xisha Islands showing distribu-
tion of limestones and dolostones (adapted from Wu et al. 2014; Zhai 
et al. 2015)
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section analysis. A total of 650 thin sections (27 × 46 mm or 
51 × 76 mm) were prepared from the core samples, repre-
senting approximately 3 thin sections per meter of the core. 
All of the sections had been impregnated with blue epoxy. 
Arizarin Red S stain was used on 80 sections to discriminate 
among various carbonate minerals. The categories of the 
allochems (including skeletal grains, biodetritus, micrite and 
cements) were quantified by point counting in thin sections 
(300 points per section) for identification of the sedimen-
tary fabrics under the Olympus petrographic microscope. 
Samples were classified using the Dunham carbonate clas-
sification scheme (Dunham 1962) and Embry and Klovan’s 
expansion (Embry and Klovan 1971) to include the autoch-
thonous boundstone category (as used by Martindale et al. 
2012). Diagenetic mineral textures and morphologies for 12 
samples were examined at the RCPS Jilin University using 
a JSM6700F electron microscope made by the JEOL Com-
pany of Japan. 35 samples were studied under the CL, using 
the CL8200&MK4 instrument made by Cambridge Image 
Technology Ltd., England.

Carbon (C) and oxygen (O) stable isotope ratios were 
measured in 45 representative reef-carbonate samples (with 
powdered bulk samples) using MAT 251 and MAT 253 mass 
spectrometers at the Institute of Geology Chinese Academy 
of Geological Sciences and the CNNC Beijing Research 
Institute of Uranium Geology in China, respectively. The 
powdered samples were reacted with 100% orthophosphoric 
acid at 25 °C for 6 h to extract CO2 for C and O analyses 
(McCrea 1950). 13C/12C and 18O/16O ratios are expressed in 
delta notation (δ13C and δ18O, respectively) in per mil (‰) 
relative to the VPDB (Vienna Pee Dee Belemnite) standard. 
Average internal analytical precision was 0.05‰ and 0.03‰ 
for δ13C and δ18O, respectively.

The ages of important surfaces in this paper were estab-
lished by the linear interpolation between the well-tested age 
data (Wang et al. 2017; Wu et al. 2019).

Results

Rock fabrics and rock types

The analysis of reef-carbonate rock fabrics revealed skeletal 
grains, intraclasts, matrix and calcite cements.

Types of grains

Carbonate allochems present include skeletal grains and 
rare intraclasts. The distribution of different grain types is 
given in Fig. 2. Coral (deominated by Turbinaria, Favia and 
Cyphastrea) and red algae, as the main reef-building organ-
isms, are well represented, especially between 21.66 and 
94.26 m. Within the biodetritus, foraminifera are abundant, 

accompanied by some green algae, echinoderms, molluscs 
and bryozoans. The intraclasts are rare, and present in 
wacke- and packstone.

Types of carbonate deposits

The types of carbonate deposits are shown in Fig. 3.

Unconsolidated carbonate sands

Carbonate sands are present at 0–2.92 m and 10.88–21.66 m. 
The deposits consist mostly of medium to coarse grained 
(particle size: 0.2–1.0 mm), moderately to well-sorted car-
bonate fragments (Fig. 3a, b) which locally contain benthic 
foraminifera, calcareous algae, echinoderms and mollusc 
shells. The deposits that occurred in the uppermost 21 m 
interval of Xike#1 have been identified as aeolianite facies 
(Ye et al. 1990; Li et al. 2018; Wu et al. 2019).

Grainstones

Grainstone occurs between carbonate sand layers, and con-
sists mainly of sub-rounded to elongate fragments of red 
algae and foraminifera (Fig. 3c), with rare molluscs and 
echinoderms. Calcite cements, which make up ≤ 8% of the 
rock, consist of small (5–10 μm) meniscus, equigranular, 
rhombic crystals that are usually found at grain contacts 
(Fig. 4a, c, g and h), or as isolated isopachous fringes, par-
tially or entirely covering grains (Fig. 4b). Pendant calcite 
cement is also detected in some samples (Fig. 4d).

Framestones

The framework of the reef is supported by corals and crusts 
of red algae, which contribute up to 80% of all sedimentary 
components (Fig. 3d). The corals are dominated by Turbina-
ria, Favia and Cyphastera, while the red algal are character-
ized by Porites. Other bioclasts include some foraminifera, 
rare echinoderms, molluscs and bryozoans. The intra-skel-
etal porosity is either preserved, or filled with fine-grained 
bioclastic fragments. Pore-filling fibrous and drusy calcite 
spar cements are also observed (Fig. 5c and d). The frame-
stones mainly developed in coral reef facies and coral–algal 
reef facies (Wu et al. 2019).

Packstones

The packstone contains grains made up of angular to sub-
rounded fragments of calcareous algae, coralline crusts, 
foraminifera, molluscs and bryozoans, with most particle 
sizes in the range of 0.2–1.2 mm. Some grains that have 
retained their morphological integrity reach greater sizes 
of 1.5–2.0 mm. The grains make up 60–85% of the whole 
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rock. The matrix (~ 10%–35% of the rock) consists of fine 
micrite and microspar (Fig. 3e). Some of the bivalve shells 
were dissolved, leaving either moldic pores or pores filled 
with clear drusy calcite spar (Fig. 5a). Fibrous cements are 
found around the allochems or in intraparticle pores (Fig. 6a 
and b). Packstones occur in both the inner bank facies and 
the outer bank facies (Wu et al. 2019).

Wackestones

Wackestone is composed of foraminifera, calcareous algae, 
coralline crusts, bryozoans and small mollusc fragments, 

which are similar to the components of the packstone. The 
grains make up 15–60% of the whole rock with moderate 
to poor sorting and sub-rounded to sub-angular (Fig. 3f). 
Wackestones also occur in both the inner bank facies and 
the outer bank facies (Wu et al. 2019).

Diagenetic features

The reef-carbonate rocks show evidence of diagenetic effects 
such as dissolution, cementation, micritization and neo-
morphism (Fig. 8). Well-developed dissolution features are 
noticed in these reefal carbonates, especially at 0–180 m. A 

Fig. 2   Lithostratigraphy of Xike#1 in the Pleistocene–Holocene, 
showing the distribution of the grain types with depth. (1) The ages 
were established by the linear interpolation between the well-tested 
age data (Wang et al. 2017; Wu et al. 2019); (2) depth; (3) unit num-
ber; (4) lithological profile; (5) thickness; (6) expose horizons; (7) 

grains types including corals, red algae, green algae, foraminifera, 
echinoderms, molluscs, bryozoans, intraclast; (8) mineralogy data, 
which is from Zhai et al. (2015) by XRD analysis, the percentage of 
aragonite is shown from left to right and percent of high-Mg calcite is 
from right to left
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large number of original bioclasts, such as mollusc shells, 
coral fragments and red algaes have been partly dissolved 
(Figs. 4a–c and 6c). Some bivalve shells have been com-
pletely dissolved, leaving molds defined by calcite cements 
(Fig. 4a and f). Dissolution also occurred on some early 

generated isopachous fibrous cements (Fig. 5e). Micritiza-
tion of grains is relatively weak, but where present, a micrite 
envelope coats grains and lines cavities 2–10 μm in diameter. 
This envelope defines shell outlines after the shells have 
been dissolved away (Fig. 4a).

Fig. 3   Main reef-carbonate rock types in the Ledong formation, 
Pleistocene–Holocene. All images are in plane polarized light; 
blue = porosity. a Unconsolidated carbonate sands, with rare cement 
or matrix, 0.03 m. b Unconsolidated carbonate sands, part of grains 
connected with meniscus calcite cements (white arrow), 12.46 m. c 
Grainstone with partly or entire dissolved biodetritus (red arrows). 

Cements are meniscus (white arrow) or drusy calcite spar (yellow 
arrow), 7.61  m. d Framestone with pores within the corals partly 
filled with dogtooth (red arrow) and drusy calcite cements (white 
arrow), 137.57 m. e Packstone, the biodetritus made up 65% of the 
whole rock, 110.42 m. f Wackestone, 155.53 m. For foraminifer, Cor 
corals, Alg algae, Mol molluscs
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The term ‘neomorphism’ is used to include all transfor-
mations of minerals to polymorphs or crystalline structures 
that are structurally identical to the original material (Tucker 
2001). The original aragonitic and high-Mg calcite biofrag-
ments, including red algae, coral skeleton and mollusc shells, 
have been altered or recrystallized to low-Mg calcite fragments 
(Figs. 4h and 5g).

Cements are extensively developed in these reefal carbon-
ates. There is a wide variety of cement morphologies and 
the mineralogy is ether aragonite or calcite. The cement that 
occupies the majority of the original pore space is drusy 
calcite spar. These drusy calcite spar cements, which are 
mostly developed in 10.88–180 m, normally grow in the 
intragranular pores and are characterized by an increasing 
crystal size away from the substrate towards the cavity center 
(Figs. 4g, and 5c). The meniscus (Fig. 4c and e) and pen-
dant (Fig. 4d) cements are present at depths shallower than 
67 m, especially at 0–7.74 m. Isopachous dogtooth cements 
(Figs. 4b, 5a and b) first appear at depth of 7.74 m, and 
mainly developed at depth shallower than 180 m. Isopa-
chous fibrous cements (Fig. 6a and b), normally fringing 
intraparticle pores of packstones are widespread at depths 
from 180 to 216 m. Sometimes, two generations of cements 
can be observed at depths shallower than 180 m, showing 
the grains was cemented by early isopachous fibrous calcite 
cements, and followed by drusy calcite spar cements (Fig. 5d 
and f). Most of the cements show non-luminescent character 
(Fig. 7b and h), occasionally with a thin (< 100 μm) brightly 
luminescent rim, whereas bioclasts generally show dull to 
bright luminescence (Fig. 7d and f).

C and O isotopic data

The δ18O values (VPDB) for the carbonate rocks range 
between − 8.4 and 1.5‰, with corresponding δ13C values 
(VPDB) between − 5.3 and 1.5‰ (Fig. 8). The bulk-rock sta-
ble isotope data for the upper 216 m of the cored succession 
can be divided into three intervals with gradational contacts: 
(1) an upper interval (depth) with negative values; (2) a transi-
tional interval (depth) where the values gradually shift toward 
significantly negative values; and (3) a lower interval (depth) 
with relative high values. Significantly negative values are 
found from 22.96 to 169.62 m, where δ13C values are between 
− 5.3 and 0.2‰, with a mean of − 2.4‰. Corresponding δ18O 
values range from − 8.4 to − 4.6‰, with an average of − 7.2‰ 
(Fig. 9, Table 1).

It would have been desirable to analyze the cements 
individually, but their small sizes precluded any systematic 
study. Regardless of this methodological limitation, the C 
and O isotopic data for the corals (Shao et al. 2017), which 
are selected from the bulk rock, closely mimic our bulk-rock 
data.

Discussion

Meteoric diagenesis

Lower limit of meteoric diagenesis

The upper part of the cored interval has been heavily 
altered by meteoric fluids. Unequivocal evidence of mete-
oric diagenesis includes consistently negative δ18O values, 
well-developed subaerial exposure horizons and typical 
vadose cements. The transition from meteoric to marine 
diagenesis is best seen in the bulk-rock δ18O data. The 
δ18O values (VPDB) are − 0.2‰ to −8.4‰ down to a 
depth of 169.62 m, where they begin a transition to more 
positive values, reaching a purely marine value of approxi-
mately + 0.6‰ at 182  m. Thus, the base of meteoric 
diagenesis is defined as the deepest point with δ18O < 0, 
which is in the depth of ~ 180 m.

Five exposure horizons are distinguished (Fig.  2), 
which are likely the locations for the infiltration of mete-
oric water. Both the cement mineralogy and the nature 
of the cement fabrics provide evidence for meteoric dia-
genetic environment. The general patterns of the min-
eralogy are consistent with three intervals identified: a 
top interval of 0–21.66 m with low-Mg calcite and pre-
served aragonite and high-Mg calcite; a middle interval 
of 21.66–35.34  m with low-Mg calcite and preserved 
aragonite and a lower depth interval of low-Mg calcite 
(XRD data, Zhai et al. 2015). Under freshwater influence, 
high-Mg calcite cements can be converted to low-Mg 
calcite in a few thousand years, whereas calcitization of 
aragonite may take tens of thousand years (Gavish and 
Friedman 1969). Typical petrographic features related to 
the vadose zone are meniscus (Fig. 4c and e) and pendant 
calcite cements (Fig. 4d), dissolved pores (Fig. 4a, b and 
f) and the residual intergranular rounding pores (Fig. 4c), 
while the end products of phreatic meteoric diagenesis are 
the limestones composed of low-Mg calcite with micrite 
envelopes (Fig. 5a), moldic pores (Fig. 5a), blocky spar 
cements (Fig. 5c, d and g), and neomorphic bioclastics 
(Fig. 5g and h).

The grainstone (presenting at 3.22–10.88 m) records the 
boundary between the vadose and phreatic zones, which 
is marked by the first appearance of isopachous dogtooth 
cements (Fig. 4b). The meniscus textures seen from the 
depth shallower than 7.74 m indicate the presence of a 
meteoric vadose diagenetic zone (Longman 1980). It 
has been suggested that δ18O values become heavier in 
the vadose zone, reflecting the loss of 16O by evapora-
tion (James and Choquette 1984). Carbonate sands in the 
uppermost 3.22 m of the core represent an exposed vadose 
soil horizon. From 2.92 to 7.74 m, calcite cements are 
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present as meniscus and pendant, with non-luminescent 
CL character (Fig. 7b), which are typical of vadose mete-
oric environments. From 7.74 to 10.88 m, the presence 
of abundant clear pore-filling isopachous dogtooth calcite 
cements (Fig. 5b) and moldic pores (Fig. 5f) suggest a 
phreatic environment. Therefore, the boundary between 
the vadose and phreatic zones might be 7.74 m. Similar 
features have been reported in oolitic limestone in Holo-
cene strata from the Bahamas (Halley 1979; Budd 1988).

The framestones, packstones and wackestones between 
21.66 and 180  m depth appear to have favored mete-
oric–phreatic diagenesis. The diagenesis in this interval 
produced limestones composed of low-Mg calcite with 
moldic pores (Fig. 5a) and drusy (Fig. 5c, d and g) or dog-
tooth calcite cements (Fig. 5a and b). Most of the cements 
show non-luminescent CL character (Fig. 7d), however, 
some brightly luminescent patches are present due to neo-
morphism (Fig. 7f).

Comparable studies in Xichen#1, located in the Yon-
gle Atoll of the Xisha Islands (Fig. 1a), have produced 
strikingly similar petrographic and isotopic distribution 
patterns for Pleistocene–Holocene reef deposits (Fig. 9) 
(Liu et al. 1997, 1998). In Xichen#1, δ13C and δ18O values 
decrease rapidly from depths of 10–27 m, and become sig-
nificantly negative from 27 to 165 m. Thus, the sections of 
0–165 m have experienced meteoric diagenesis, which is 
similar to Xike#1. In addition, a mixing zone in the Early 
Pleistocene interval (165–179 m) was deduced with the 
systematic change from negative to positive δ13C and δ18O 
values with increasing depth. However, the co-variation 
between δ13C and δ18O values is not an unequivocal indi-
cator of the mixing zone diagenesis. Swart and Oehlert 
(2018) propose that the co-varying trend is a consequence 
of varying degrees of alteration, rather than the result of 
diagenesis occurring within the zone where marine and 

freshwater fluids mix. Hence, we propose that the lower 
limit of meteoric diagenesis is about 180 m.

Because the recovery rate of Xike#1 is as high as nearly 
80%, all the exposure surfaces present within the interval 
have been recorded. Thus, the deepest exposure surface 
(97.58–98.84  m) is ~ 80  m above the base of meteoric 
diagenesis. Melim (1996) suggest a maximum distance 
of ~ 60 m between the base of a diagenetically active mete-
oric lens and the land surface in the Pliocene–Pleistocene of 
Florida and Great Bahama Bank. While in Xike#1, the dia-
genetically active meteoric lenses can be restricted to 80 m, 
which is much deeper. The likely reasons for the deeper 
active meteoric lenses might be (1) a rapid transit through 
thin vadose zone leaves it water undersaturated when it 
enters the lens, and (2) abundant organic matter from soil 
zone is transported to the lens.

The record of meteoric diagenesis event

A completely meteoric realm in the upper portion 
(0–21.66 m) and a combination of meteoric and marine 
realm (21.66–180 m) in the lower portion can be distin-
guished in the core at depth of 0–180 m.

The upper 21.66 m of the core has been defined as aeo-
lianites and this formed during marine isotope stage 3 (ca 
70–30 ka) (Li et al. 2018). Li et al. (2018) considered that 
the depth interval of 3.22–10.88 m has been supplied with 
a higher amount of meteoric water, with the fact that both 
δ18O values and Sr concentrations in this unit display lower 
values. Thus, this interval experienced more diagenetic 
alteration than the aeolianites above and below.

The interval between 21.66 and 180  m should have 
experienced multi-diagenesis during the successive Pleis-
tocene sea-level variations. The framestones in this interval 
recorded a transferable diagenetic environment from marine 
to meteoric. The early-stage marine cements in reef struc-
tures are fibrous and acicular, most of which are surrounded 
by drusy morphologies, showing multiple generations of 
cementation (Fig. 5d and f). The development of drusy cal-
cite cements on top of the marine cements suggests a later 
meteoric diagenesis. Some of the marine fibrous cements 
have elongate, intracrystalline cavities and voids along the 
cement layer as a result of meteoric dissolution (Fig. 5d), 
while some early-stage fibrous cements have been directly 
dissolved (Fig. 5e). Similar observations of the two gen-
erations of cementation were made by Vollbrecht (1990); 
Vollbrecht and Meischner (1996) in Pleistocene rocks on 
Bermuda. As mentioned earlier, there is a maximum dis-
tance of ~ 80 m between the base of the diagenetically active 
meteoric lens and the oldest paleoexposure surface, and 
considering the location of these five exposure horizons, 
there should be repeated meteoric infiltration occurred in 
these reef-carbonate rocks. Some meniscus cements can be 

Fig. 4   Photomicrographs of products of meteoric diagenesis. a–d 
and g are taken under plane polarized light, e and f are from SEM, 
h is taken under cross-polarized light, blue = porosity. a Dissolved 
bioclasts, leaving molds with micrite envelopes (white arrows). Note 
some thin early calcite rims around some grains, 6.67  m, meteoric 
vadose zone. b Isopachous dogtooth calcite cements (white arrows), 
surrounding bioclasts. Some of the original bioclasts have been dis-
solved, 7.96 m, stained thin section, meteoric–phreatic zone. c Grains 
are connected by meniscus calcite cements (white arrows) causing 
rounded pores (yellow arrows), 6.2 m, meteoric vadose zone. d Pen-
dant calcite cements (white arrow), 3.52  m, meteoric vadose zone. 
e Grains are connected by meniscus calcite cements (green arrows), 
7.24 m, meteoric vadose zone. f Bioclasts have been dissolved, leav-
ing molds defined by calcite cements, 7.96  m, meteoric–phreatic 
zone. g Drusy calcite spar, characterized by an increasing crystal 
size away from the substrate towards the cavity center. Note the cal-
cite rims (white arrows) before the drusy calcite, 10.88 m, meteoric–
phreatic zone. h Neomorphism occurred on red algae (white arrows), 
10.88 m, meteoric–phreatic zone. ME meniscus cements

◂
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found with the depth of 27.54 m (Fig. 5e), which indicated 
an ancient vadose zone, related to the secondary exposure 

surface from the top of the interval. However, the diagenetic 
records of repeated sea-level changes are rare and most of 
them lack multiple cement generations. The meteoric–phre-
atic zone is much more active than the meteoric vadose zone 
(Steinen and Matthews 1973). During the sea-level changes, 
the water table moves through the sediments, thus the earlier 
diagenetic signatures have been finally destroyed and over-
printed by the pervasive meteoric diagenesis (Vollbrecht and 
Meischner 1996; Gischler et al. 2013).

Marine diagenesis

From a depth of ~ 180 m to the base of Pleistocene strata, 
the most prevalent carbonate cements are fibrous, mostly 
appearing as isopachous fringes around grains (Fig. 6a and 
b). It is now generally accepted that most fibrous calcite 
cements are primarily marine precipitates (Tucker et al. 
2008). The δ13C values (PDB) range from − 1.4 to 0.4‰, 
with a mean of 0.7‰, and the δ18O values (PDB) range from 
+ 0.6 to + 1.5‰, which are expected in a marine diagenetic 
environment (Gonzalez and Lohnmann 1985). The cements’ 

Fig. 5   Photomicrographs of products of meteoric diagenesis. a–e 
and g to h are taken under plane polarized light, f is from SEM, 
blue = porosity. a Isopachous dogtooth fringe around grains, 162.19 m, 
meteoric–phreatic zone. b Dogtooth cements, forming isopachous 
fringes, 160.72  m, stained thin section, meteoric–phreatic zone. c 
Drusy calcite spar growing in the intragranular pores, 157.53  m, 
meteoric–phreatic zone. d Two generations of cements, the grains 
cemented by early isopachous fibrous calcite cements (white arrows), 
followed by drusy calcite spar cements (yellow arrow), 27.08 m, mete-
oric–phreatic zone. e Early isopachous fibrous marine cements dis-
solved (yellow arrows), the grains are connected by meniscus cements 
(yellow arrows), 27.54 m, meteoric–phreatic zone. f Two generations 
of cements. Grains cemented by early isopachous fibrous calcite 
cements (blue arrows), then followed by drusy calcite spar cements 
(yellow arrows), 27.94  m, meteoric–phreatic zone. g Neomorphosed 
coral skeleton with internal sediment and/or calcite cements in skel-
etal voids, it is unclear if drusy calcite and neomorphism occurred in 
the same time, 27.08  m, meteoric–phreatic zone. h Part of molluscs 
shows neomorphism with relics of ultrastructure of the bioclasts 
(white arrows), whereas the other partially is dissolved and filled with 
a clearer calcite cement, 165.65 m, meteoric–phreatic zone

◂

Fig. 6   Photomicrographs of products of marine diagenesis. a, c and 
d are taken under plane polarized light, b is from SEM, blue = poros-
ity. a Isopachous fibrous calcite fringe in intraparticle pores (yellow 
arrows), 211.93  m. b Good preservation of well-developed fibrous 

calcite cements (yellow arrows), 212.6 m. c Syntaxial overgrowth on 
echinoderm fragment, note the dissolution for part of the red algae 
(white arrows), 211.93 m. d Micritization developed around the bio-
clasts (yellow arrows), 215.39 m
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geometries, with a non-luminescent appearance (Fig. 7g and 
h), combined with limited, relatively enriched C and O iso-
tope compositions, are suggestive of a marine diagenetic 
environment without any influence of meteoric water.

In low-latitude, shallow marine environments, marine 
fibrous cements typically precipitate in active marine dia-
genetic environments, with a more active pore fluid, while 
the grain micritization is indicative of low-energy conditions 
(Tucker et al. 2008). In Xike#1, the marine diagenetic prod-
ucts are varied in response to the different rock types. The 
packstones are characterized by a more widespread cementa-
tion (Figs. 4b and 6a), while the wackestones have ubiquitous 
microbial micritization (Fig. 6d), but limited cementation. 
Thus, a variable marine sedimentation environment can be 
deduced.

Rare syntaxial overgrowth cementation (Fig. 6c) and 
dissolution (Fig. 6c) also occurred in packstones with evi-
dence of deposition in a high-current activity. The aragonite 
skeletons and aragonite/high-Mg calcite cements have been 
almost completely transformed to calcite (Fig. 9).

Responses to sea‑level fluctuation 
and the sedimentation rate

The sea-level fluctuations and the rate of sedimentation 
were two important factors controlling the diagenesis of the 
strata. The exposure horizons in Xike#1 are more frequent 

Fig. 7   Photomicrographs of diagenetic cements with cathodolumi-
nescence characteristic. a, c, e and g are taken under plane polarized 
light, while b, d, f and h are taken under cathodoluminescence. a, b 
Grains are connected by meniscus calcite cements (yellow arrows), 
which shows non-luminescent characteristic, 3.15  m, meteoric 
vadose zone. c, d Drusy calcite spar cements in intraparticle pores 
of foraminifera showing non-luminescent CL characteristic (yellow 
arrows), 27.94  m, meteoric–phreatic zone. e, f Drusy calcite spar 
showing non-luminescent CL with a thin (< 100 μm) brightly lumi-
nescent rim, whereas bioclasts generally show dull to bright lumi-
nescence, 169.62 m, meteoric–phreatic zone. g, h Isopachous fibrous 
fringe in intraparticle pores of foraminifera showing non-luminescent 
CL characteristic (yellow arrows), 211.93 m, marine diagenesis

◂

Fig. 8   Possible temporal sequence of diagenetic features observed in 
Xike#1

Fig. 9   a Distribution of diagenetic environments and the oxygen and 
carbon isotope values from 0 to 216 m of the Xike#1. a The mineral-
ogy data of Xike#1 is from Zhai et al. (2015) by bulk X-ray analysis, 
the percentage of aragonite is shown from left to right and percent of 
high-Mg calcite is from right to left; b stable C and O isotopic data for 

the selected corals of Xike#1 is according to Shao et al. (2017); b the 
mineralogy and isotopic data in Xichen#1 (Liu et al. 1997); c Eustatic 
sea-level changes in the Pleistocene–Holocene (Miller et al. 2005)
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after 1.25 Ma. The ages of these exposure horizons can be 
correlated with the timing of eustatic falls in global sea-
level change derived from oxygen isotopic data (Miller et al. 
2005) (Fig. 9c). The top of the meteoric lens closely follows 
sea level, and accompanied by the oscillation of sea level, 
the water table could move through the sediments. Thus, 
the upper part of the cored interval (0–180 m) was heavily 
altered by meteoric fluids.

Sedimentation rate variations could also be another 
important potential factor controlling the diagenetic evolu-
tion. The sedimentation rate transition can be divided into 
four stages according to the age–depth model established 
by Wang et al. (2017), which are: (1) 1.78–2.0 Ma, 50 m/
Ma (2) 1.1–1.78 Ma, 290–160 m/Ma; (3) 0.15–1.1 Ma, 
24–72 m/Ma; (4) 0–0.15 Ma, 217 m/Ma (Fig. 10). Diagen-
esis tends to be active and complete in a lower sedimentation 
rate, as seawater had a long time to make a contact with the 
sediments. Thus, cements will be better developed in areas 
of slow sediment accumulation or slow reef growth. It is 
interesting that the base of meteoric diagenesis at ~ 180 m is 
roughly paralleled by an abrupt increase in the sedimentation 
rate at ~ 1.78 Ma. During 1.1–1.78 Ma, the growth of the 
cements might be influenced by the relative high-sedimen-
tation rate, resulting in the meteoric water being potentially 
saturated with regard to calcium carbonate before reaching a 
deep lens. Thus, the diagenetically active meteoric lenses in 
Xike#1 can be extended to 80 m below the exposure horizon, 
which is 20 m deeper than that in Bahamas (Melim 1996). 
This increase in the sedimentation rate start at ~ 1.78 Ma 
was controlled jointly by regional subsidence (Wang et al. 
2017) and nutrient variations (Wu et al. 2019). As the nutri-
ent excess can hinder coral growth (Hallock and Schlager 
1986), Wu et al. (2019) found that the abrupt increase in 
coral abundance and the occurrence of reef facies was most 
probably caused by the rapid nutrient decrease. The second 
turnover of the sedimentation rate occurred at 1.1 Ma. The 
sedimentary rate is relatively slow at 0.15–1.1 Ma, while the 
decline in general sedimentation rate could be derived from 
non-deposition and erosion events during the exposure peri-
ods. With these erosion events, repeated meteoric infiltration 
with multi-stage cementation and dissolution could occur. 
However, a relatively more active diagenesis in the slower 
sedimentary rate might finally destroy and overprint the ear-
lier diagenetic signatures, leading to diagenetic records of 
repeated sea-level changes not being preserved. The third 
turnover of the sedimentation rate occurred at 0.15 Ma, 
which was accompanied by the formation of the aeolianites. 
Most of the aeolianites are present as weak cementation and 
the inadequate diagenesis is probably due to the increase in 
sedimentation rate.

Table 1   Carbon and oxygen isotope composition from reef carbonate 
in Ledong Formation, Quaternary of Xike-1 well

Remark: a analyzed in the Institute of Geology Chinese Academy of 
Geological Sciences, b analyzed in the CNNC Beijing Research Insti-
tute of Uranium Geology, China

Depth δ13CV-PDB ‰ δ18OV-PDB ‰ Remark

0.08 1.2 − 0.2 a
0.2 0.9 − 1.8 b
2.75 1.1 − 0.5 a
3.15 0.1 − 1.9 a
7 0.5 − 3.5 a
9.6 0.1 − 2.8 a
10.4 − 0.4 − 2.4 a
17.26 1.1 − 0.5 a
21.06 1.5 − 1.4 b
21.96 − 3.1 − 3.9 a
22.96 − 2.0 − 4.6 a
24.06 − 2.0 − 5.0 a
27.94 − 0.7 − 7.9 a
36.32 − 1.1 − 7.8 a
37.5 − 0.5 − 7.6 a
38.25 − 0.9 − 8.4 b
44.11 − 0.5 − 7.6 a
51.28 − 0.1 − 7.4 a
54.47 0.2 − 7.6 a
66.69 − 1.9 − 7.2 a
68.67 − 2.5 − 8.3 b
71.47 − 0.7 − 7.3 a
74.12 − 3.5 − 7.4 a
74.3 − 3.3 − 7.6 a
78.48 − 2.8 − 7.4 a
82 − 2.5 − 7.4 a
97.97 − 4.9 − 8 b
98.53 − 3.5 − 7.3 a
100.08 − 5.3 − 7.2 a
102.7 − 4.0 − 7.3 a
109.77 − 3.8 − 6.9 a
113.44 − 3.2 − 7.0 a
117.59 − 3.3 − 7.4 b
122.62 − 2.9 − 7.0 a
124.04 − 2.8 − 6.8 a
130 − 4.1 − 7.1 a
134.7 − 2.9 − 7.2 a
144.88 − 3.1 − 7.2 a
163 − 1.2 − 6.2 a
169.62 − 0.6 − 5.9 a
182.83 0.4 0.6 a
186.7 0.6 − 0.3 a
196.4 0.7 0.4 a
212.6 0.4 0.6 a
216 1.4 1.5 a
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Diagenetic evolution

The Pleistocene–Holocene reef-carbonate rocks in Xike#1 
penetrate trough the zone of meteoric diagenesis into an 
underlying interval where only marine diagenesis is evident.

Only marine diagenesis occurred in the interval between 
180 and 216 m. The diagenetic products are related to the 
marine sedimentation environment: (1) within the high-
energy shallow marine environment, fibrous cements are 
produced which vertically grow on the biodetritus, syntaxial 
cements which are overgrown on echinoderms fragments, 
and partial dissolution of the red algae (Fig. 11b); (2) within 
the relatively stagnant shallow marine environment, the 
products are ubiquitous microbial micritization and partial 
dissolution of the red algae (Fig. 11c). However, it is usually 
difficult to determine whether micrite in these wackstones 
is indeed a marine cement or fine-grained marine sediment.

The other two kinds of diagenetic models are presented 
in Figs. 12 and 13 for the interval that was influenced solely 
by meteoric water in the upper portion (0–21.66 m) of the 
core and a combination of meteoric and marine realm in the 
lower portion (21.66–180 m), respectively.

In the interval of 0–21.66 m, the sediments are identi-
fied as aeolian carbonate sands, which were derived from a 
subtropical subtidal environment (Li et al. 2018). The for-
mation of the aeolianite deposits was probably related to the 
intensified winter monsoon which provided a strong wind 
to blow skeletal grains onshore (Wu et al. 2019). Within 
the decline of sea level and the cooling event, for these 
original sediments, the initial effects of the diagenesis may 

be dissolution and cementation induced by meteoric water 
infiltration. Diagenetic features of vadose zone are charac-
terized by: (1) widespread meniscus and pendant cements, 
(2) high-Mg calcite/aragonite grains are either converted to 
low-Mg calcite or dissolved out, leaving moldic pores lined 
by micrite envelopes, (3) biodetritus show neomorphism 
with the relics of internal structure (Fig. 12b). In the phre-
atic zone, pore-filling isopachous dogtooth calcite cements 
are well developed. The original aragonite grains are more 
likely to be calcitized in places. The biodetritus are replaced 
by coarser calcite cements (Fig. 12c).

The sediments between 21.66 and 180 m which are influ-
enced by both freshwater and marine water are mainly com-
posed of the reef facies. Thus, the typical starting sediments 
were coral skeletons. Within the initial marine environment, 
cements appear as isopachous fibrous fringes in intraparti-
cle pores (Fig. 13b). As the sediments got exposed when 
the sea level fell and then experienced meteoric diagenesis, 
intense dissolution, neomorphism and the formation of 
drusy cements occurred (Fig. 13c). Part of the early fibrous 
cements was dissolved, while the other part was preserved 
and cemented by the later meteoric drusy cements. Skeletons 
seem to be much more susceptible to cementation than dis-
solution, which are preserved in many cases and are over-
grown by low-Mg calcite. It is unclear if the cementation of 
drusy calcite and neomorphism occurred at the same time.

Our results thus explain the diagenetic evolution his-
tory for the Pleistocene–Holocene reef-carbonate rocks in 
Xike#1, which was influenced by the sea-level fluctuation 
and the rate of the sedimentation. This finding provides 

Fig. 10   Age–depth chart and 
the sediment accumulation rate 
for Xike#1 (according to Wang 
et al. 2017)
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petrographic, C and O isotope records for the diagenetic 
history of the tropical carbonate system in Xisha Islands, 
and further evidences the impact of high-frequency eustatic 
sea-level change on the diagenetic evolution of Xisha car-
bonate platform.

Conclusion

Detailed assessments of the mineralogical, petrographic and 
stable isotopic data from Xike#1 in Xisha Islands led to the 
following conclusion about the Pleistocene–Holocene reef-
carbonate rocks.

The interval from 0 to 180 m has undergone meteoric 
diagenesis, with a completely meteoric realm in the upper 
portion (0–21.66 m) and a combination of meteoric and 
marine realm in the lower portion (21.66–180 m). The 

interval from 180 to 216 m has undergone a variation of 
marine diagenesis.

Meteoric diagenesis is marked by well-developed suba-
erial exposure horizons, vadose and phreatic cements with 
non-luminescent CL characteristics, and consistently nega-
tive C and O isotope values. The diagenetically active mete-
oric lenses can be extended to 80 m. Some of the samples 
recorded the two phases of both marine and meteoric dia-
genetic events, which show that the grains was cemented by 
early isopachous fibrous marine cements, then followed by 
drusy calcite spar cements. A diagenetic record of repeated 
sea-level changes is rare.

Meteoric diagenesis is characterized by limited, relatively 
enriched C and O isotope compositions, fibrous cements 
with non-luminescent CL characteristics and ubiquitous 
microbial micritization.

Fig. 11   Diagenetic evolution patterns in marine diagenesis. a Origi-
nal grains with foraminifer, mollusc and red algae. b High-energy 
environment, the diagenetic products are characterized by aragonite 
fibrous cements, with rare syntaxial overgrowth on echinoderms and 

the dissolution of red algae. c In a more stagnant pore fluid, the diage-
netic products are ubiquitous microbial micritization and partial dis-
solution of the red algae. WP intragranular pores, FC fibrous arago-
nite cements, ME micritization
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Fig. 12   Diagenetic products for grainstone in meteoric diagenesis 
(the depth of 0–21.66  m). a Original grains as unconsolidated car-
bonate sands. b End products, vadose zone. The calcite cements are 
present as meniscus and pendant textures, note the abundant moldic 
porosity and coeval with aragonite neomorphism. c End products, 
phreatic zone. Note the minor dogtooth spar cementation. WP intra-
granular pores, RP rounding pores, MO Moldic pores, ME micriti-
zation, MC meniscus cements, PC pendant cements, IC isopachous 
dogtooth fringe

Fig. 13   Diagenetic products for framestone (21.66–180  m), con-
trolled by the combination of marine and meteoric and marine 
diagenesis. a Original coral framework. b Fibrous aragonite cements 
with internal sediments infilling the framework and intergranular 
pores in early marine diagenetic environment. c Reef framework 
shows neomorphism with dogtooth or drusy calcite in the later mete-
oric diagenetic environment. Part of the early marine fibrous cements 
is preserved although dissolution is effective. It is unclear if the drusy 
calcite cements cementation and neomorphism occurred at the same 
time. WP intragranular pores, GF framework pores, ME micritization, 
IC isopachous dogtooth cements



1686	 Carbonates and Evaporites (2019) 34:1669–1687

1 3

The diagenetic evolution was shaped by both the eustatic 
sea-level fluctuation and sedimentation rate variations.
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