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a b s t r a c t

The origin of dolostone in the Middle Jurassic Buqu Formation of the Plateau Basin has been a subject of
prolonged debate. This study combines detailed petrological observations with analyses of Mg-C-O
isotopes and elements to constrain the origin of dolostones in the Buqu Formation. Petrography and
cathodoluminescence (CL) examination identified three types of matrix dolostones: very finely to finely
crystalline dolostone (D1), finely to medium crystalline dolostone (D2), and medium to coarsely crys-
talline dolostone (D3). The analysis of the diagenesis sequence reveals that D1 originated from the
dolomitization of grainstone in the early diagenetic phase, whereas D2 and D3 resulted from the
recrystallization of D1 during the later burial phase. The presence of high Na (>100 ppm), low Fe
(<1000 ppm), low Mn (<250 ppm), positive Ce anomaly, LREE enrichment, stable d26Mg (�2.28‰
to�2.04‰), and d13C (1.02‰e2.95‰) indicates that the early dolomitization fluid was oxidized seawater.
As the crystal size increases (D1/D2/D3), the progressively rising Mn content and significantly
negative d18O (�10.72‰ to �7.81‰) suggest that the dolostone has experienced modification and
alteration by buried pore water in the later stages. The fluctuations in relative sea level during the
sedimentary deposition of the Buqu Formation were reconstructed through the utilization of Na, Sr/Cu,
Sr/Ba, Rb/Sr,

P
REE, and d13C. It was observed that the d26Mg of dolostone closely mirrored the variations

in sea level. The consistent trend of change confirms that sea level fluctuations control the formation and
distribution of early dolostone. Frequent sea level rise and fall prompted the limestone deposited on the
carbonate platform to be continuously transformed into dolostone, which accumulates over a long
period to form large-scale thick dolostone. After the formation entered the burial stage, under the
combined action of high Mg/Ca ratio pore water, high temperature, and high pressure, the early dolo-
stone experienced the adjustment of burial dolomitization. This research offers a typical case study on
the application of Mg-C-O isotope and elements to determine the origin of dolostone. This will aid in a
more comprehensive understanding of the formation process of dolostone in ancient rock records.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Dolostone is widely distributed in ancient carbonate rock strata
globally and frequently exhibits excellent pore structure, rendering
it among the foremost reservoir rocks for oil and gas exploration
(Ma et al., 2008; Wang et al., 2023). Despite the Mg/Ca ratio of
modern seawater favors substantial dolomite precipitation, dolo-
mite is conspicuously scarce in modern marine environments
(Warren, 2000). Moreover, synthesizing dolomite under inorganic
J. Shen).
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low-temperature conditions, even in supersaturated solutions, is
challenging (Land, 1998; Gregg et al., 2015). The conflicting ancient
and modern geological records, coupled with unsuccessful at-
tempts to synthesize dolomite at low temperatures, have engen-
dered numerous mysteries surrounding the genesis of dolostone
(Ryb and Eiler, 2018; Cai et al., 2021).

The Plateau Basin is recognized as mainland China's largest
Mesozoic marine oil and gas enrichment basin (Wang et al., 2024).
The Middle Jurassic Buqu Formation contains extensive dolostone
strata spanning thousands of square kilometers, with sediment
thickness exceeding hundreds of meters. These dolostones are
considered highly promising oil and gas reservoirs in the region (Fu
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et al., 2016; Wang et al., 2022). To form such widely distributed and
massive dolostones, a substantial and sustained supply of dolomi-
tization fluids is required. However, the potential sources of fluids
capable of instigating dolomitization are diverse, encompassing
seawater (Ryan et al., 2020), buried pore water (Jiang et al., 2016),
and magmatic-hydrothermal fluid (Koeshidayatullah et al., 2020).
Moreover, these fluids not only act independently to induce dolo-
mitization but may also amalgamate sequentially to carry out
multi-phase dolomitization processes (Zhao et al., 2018). Following
the deposition of the Middle Jurassic Buqu Formation, the Plateau
Basin experienced successive Late Yanshanian and Himalayan tec-
tonic movements (Ma et al., 2017). Structural uplifts facilitated the
ascent of meteoric water or thermally driven fluids along tectonic
fissures, exacerbating the challenge of precisely discerning the fluid
sources responsible for dolomitization. Consequently, the origin of
Buqu Formation dolostone has been a subject of protracted debate
(Liu et al., 2008; Yi et al., 2014; Wan et al., 2020).

The dolostones that result from different fluid conditions exhibit
distinct geochemical signatures of elements and isotopes. The
analysis of element content and isotope composition in dolostone is
essential for identifying the origins of dolomitization fluids
(Clayton and Jones, 1968; Fritz and Smith, 1970; Kretz, 1982).
Traditional analyses of element content and C-O isotope composi-
tion have been widely utilized as effective indicators for recog-
nizing the sources of dolomitization fluids (Bi et al., 2018; Adams
et al., 2019). Recent advancements in the accuracy of Mg isotope
measurements have enabled more precise constraints on the Mg
isotope composition of potential dolomitization fluids such as
seawater, buried pore water, and magmatic-hydrothermal fluids
(Foster et al., 2010; Jacobson et al., 2010; Beinlich et al., 2014;
Higgins and Schrag, 2015). The systematic study of elements and C-
O-Mg isotopes in dolostone can help in determining the sources of
dolomitization fluids in a specific area (Bialik et al., 2018; Kimmig
et al., 2021). It is important to note that whole-rock geochemical
analysis often fails to ensure the accuracy of dolostone geochemical
information due to various contaminants such as terrigenous clasts,
calcite cements, and hydrothermal minerals. These contaminants
can alter the element content and C-O-Mg isotope composition
data of dolostone, leading to spatial variations in geochemical
characteristics within the same sample (Frimmel, 2009; Baldwin
et al., 2011).

To ensure the reliability of geochemical data, this study initially
analyzed the petrological characteristics of dolostone samples us-
ing optical microscopy and cathodoluminescence (CL). Subse-
quently, pure dolostone powder was obtained with a handheld
dental drill to analyze element content and C-O-Mg isotopic
composition. After effectively assessing the reliability of
geochemical signals, the study successfully traced the source of the
fluid responsible for the dolomitization of the Buqu Formation and
established a rational dolomitization model, thereby revealing the
origin of the Buqu Formation dolostone. The findings of this
research are particularly significant for the exploration of dolostone
oil and gas reservoirs in the Plateau Basin. Furthermore, this study
serves as a representative case demonstrating the application of
Mg-C-O isotopes and elemental analysis in determining the origin
of dolostones.

2. Geological background

The Plateau Basin, a high-altitude basin abundant in oil and gas
resources, is situated in northern Tibet, China, covering a substan-
tial area of approximately 22 � 104 km2 (Fu et al., 2013). Geotec-
tonically, the Plateau Basin is located in the eastern segment of the
Tethys-Himalayan tectonic region, lying between the Kokoxili-
Jinsha River and the Bangong Lake-Nujiang River suture zones
575
(Zhu et al., 2013) (Fig. 1(a)).
During the Mesozoic era, the geological evolution of the Plateau

Basin was significantly influenced by the subduction of the Paleo-
Tethys Ocean and the expansion of the Meso-Tethys Ocean
(Pullen et al., 2008). The terrane detached from the northeastern
margin of the Gondwana supercontinent from the Late Carbonif-
erous to the Early Permian period. This detachment was a result of
intercontinental rifts, leading to the formation of the Paleo-Tethys
Ocean, which existed until the Late Permian (Golonka, 2007).
Subsequently, the northward subduction of the terrane caused the
closure of the Paleo-Tethys Ocean and the subsequent expansion of
the Meso-Tethys Ocean, culminating in the closure of the limited
ocean between the northern and southern terranes (Cheng et al.,
2012). In the Late Triassic period, the collision between the
southern and northern Plateau terranes resulted in the closure of
the ocean basin and the emergence of the Central Uplift zone (Ma
et al., 2017; Lai et al., 2019).

Upon entering the Jurassic period, the Plateau Basin underwent
a transition from a compressional to an extensional environment as
a result of the reopening of the ocean basin. This transition marked
the initiation of large-scale marine sedimentation in the Plateau
Basin during the Mesozoic (Pan et al., 2012). The sedimentation of
the Middle Jurassic Buqu Formation in the Plateau Basin was
characterized by a continuous and stable subsidence phase.
Simultaneously, the expansion of the oceanic basin led to the
intrusion of seawater from the south to the north, causing wide-
spread basin inundation and subsequent sedimentation of exten-
sive carbonate rock sequences (Ma et al., 2023). In the Southern
Plateau Basin, the sedimentation of the Middle Jurassic Buqu For-
mation occurred within an intra-platform shoal sedimentary
environment, marked by the development of east-west trending
layered dolostones (Fig. 1(b)). The lithology reveals multiple cycles
of limestone-dolostone stacking (Wan et al., 2017) (Fig. 1(c)).
Following deposition, the Buqu Formation underwent rapid burial,
reaching a maximum burial depth of approximately 4000 m (Xu
and Qin, 2004). The Buqu Formation experienced sequential tec-
tonic movements during the burial phase, including the Late Yan-
shanian, Himalayan, and Qinghai-Tibetan Plateau uplift events (Xia
et al., 2016).
3. Sample collection and methods

3.1. Sample collection

A total of 40 dolostone samples were acquired from the depth
range of 20.1 me37.95 m of Well ZK-1 in the Plateau Basin, situated
along the Geluguanna profile. The collected samples were divided
into two portions. One portion was processed into thin sections for
petrological and cathodoluminescence analyses, while the other
portion was cut into thick slabs (approximately 2 cm) for powder
collection. Powder samples were obtained using a handheld dental
drill to analyze the element content and C-O-Mg isotope
composition.
3.2. Petrological analysis

All experiments in this study were conducted at the National
Key Laboratory of Energy Carbonate Oil and Gas, CNPC. Thin sec-
tions were examined and photographed using a Leica DM 2500P
optical microscope. Cathodoluminescence observation and imaging
were conducted using a CL8200MK cathodoluminescence instru-
ment, with an operating beamvoltage ranging from 10 to 15 kV and
a beam current of 400e500 mA.



Fig. 1. (a) Geographical location of the Plateau Basin; (b) Lithofacies paleogeography of the Middle Jurassic Buqu Formation (Ma et al., 2023); (c) Lithology of the Middle Jurassic
Buqu Formation.
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3.3. Geochemical analysis

3.3.1. Element content analysis
The analysis of elemental content necessitates approximately

50 mg of powder. A procedure involving the gradual addition of
1 mL of pure nitric acid (HNO3) and 1 mL of high-purity hydroflu-
oric acid (HF) is followed by subjecting themixture to a 190 �C oven
for a minimum of 24 h. Subsequently, 1 mL of pure HNO3 is added,
and the solution is evaporated once more. This is succeeded by the
addition of 1 mL of high-purity HNO3 and 1 mL of deionized water.
The mixture is then placed in an oven at 190 �C for at least 12 h. The
solution is eventually transferred to a polyethylene bottle and
diluted to 100 mL with 2% HNO3. The elemental content of the
prepared samples was determined using the iCAP TQ ICP-MS
instrument.
3.3.2. C-O isotope analysis
C-O isotope analysis necessitates approximately 10 mg of

powder. The sample undergoes a reaction with anhydrous phos-
phoric acid at 50 �C for 4 h to ensure the complete release of CO2
from the dolostone. Subsequently, the analysis is conducted using a
Delta V Advantage isotope ratio mass spectrometer. The measured
isotope ratios are reported relative to the V-PDB standard. The
obtained results are compared with the GBW4405 and GBW4406
standard samples. The long-term measurement precision for d13C
and d18O is ±0.06‰ and ±0.08‰, respectively.
3.3.3. Mg isotope analysis
The analysis of Mg isotopes necessitates approximately 20mg of

powder. The powder is dissolved in 5 mL of 0.5 N acetic acid and
subsequently treated with ultrasound for 2 h, followed by a 24-h
leave period. Following centrifugation at 4000 rpm for 15 min,
the resulting supernatant is transferred to a clean test tube and
evaporated to dryness on an electric heating plate at 140 �C. The
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sample is reconstituted in 200 mL of 1N HNO3 and then desiccated
once more. After standing for 24 h, the Bio-Rad AG50W-X8 resin
(200e400 mesh) is used to separate magnesium from other ele-
ments. Following purification, the ratios of Ca/Mg, Al/Mg, Na/Mg, K/
Mg, and Fe/Mg are all below 5%, with the recovery rate for each
sample exceeding 95%.

The Mg isotope was analyzed using the Neptune Plus multi-
collector inductively coupled plasma mass spectrometer. To
rectify instrumental fractionation, a standard-sample-standard
cross-calibration technique was applied. Each sample was
analyzed at least four times. All data were standardized to the in-
ternational Mg isotope standard (DSM-3) values and expressed
using the d notation to represent the Mg isotope composition of
dolostone (Galy et al., 2003) (Eqs. (1) and (2)). The measured
d26MgJDO-1 value was �2.34‰ ± 0.05‰, which is consistent with
the laboratory's long-term stable value of �2.37‰ ± 0.04‰ (Bao
et al., 2020).

d26Mg (‰) ¼ (26Mg/24Mgsample � 26Mg/24MgDSM-3)/
(26Mg/24MgDSM-3) � 1000 (1)

d25Mg (‰) ¼ (25Mg/24Mgsample � 25Mg/24MgDSM-3)/
(25Mg/24MgDSM-3) � 1000 (2)

4. Results

4.1. Petrology

The Buqu Formation, as observed in the Geluguanna profile, is
characterized by alternating layers of limestone and dolostone.
Lithological analysis has revealedmultiple sedimentary cycles, with
dolostone predominantly present in the upper parts of these cycles
(Fig. 2(a)). Both limestone and dolostone contain abundant bio-
clasts of gastropods and/or bivalves (Fig. 2(b)). The classification of
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matrix dolostone samples from the Buqu Formation in Well ZK-1
into three typesdvery finely to finely crystalline dolostone (D1),
finely to medium crystalline dolostone (D2), and medium to
coarsely crystalline dolostone (D3) was based on the size of dolo-
mite crystals and the characteristics of the boundaries observed
through thin section and cathodoluminescence analyses (Gregg
and Sibley, 1984; Sibley and Gregg, 1987).

The crystal size of dolomite in D1 ranges from 30 to 250 mm,
with predominantly euhedral or subhedral crystal morphology. D1
contains numerous leached pores and intercrystalline pores, some
of which are filled with sparry calcite cement (Fig. 2(c), (d)). The CL
image of D1 reveals that the center of dolomite crystals is darker
than the edges (Fig. 2(e)). In D2, dolomite sizes range from 100 to
500 mm,with crystal morphology typically being planar euhedral to
subhedral (Fig. 2(f)). Following the restoration of the primary rock
texture in D2, various residual granular structures are visible, along
with the development of intercrystalline pores, leached pores, and
moldic pores (Fig. 2(g)). D2 exhibits a moderate intensity of CL,
appearing as a dark red color (Fig. 2(h)). Dolomite crystals in D3 are
Fig. 2. Macroscopic characteristics of the Geluguanna profile and microscopic photos of dol
profile; (b) Bioclasts of gastropods and/or bivalves, Geluguanna profile; (c) Very finely to
polarized light; (d) D1, numerous intercrystalline and leached pores, ZK-1-23, viewed under
cathodoluminescence; (f) Finely to medium crystalline dolostone (D2), dolomite crystals are
residual granular structures, ZK-1-25, viewed under plane polarized light; (h) D2, exhibits da
(i) Medium to coarsely crystalline dolostone (D3), the size of dolomite crystals ranges from
pores, ZK-1-13, viewed under plane polarized light; (k) D3, strong dark red light, with the ed
cathodoluminescence.
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larger, ranging from 250 to 1000 mm. The crystal morphology often
presents as curved subhedral or anhedral, maintaining a residual
grainstone texture (Fig. 2(i)). Dolomite in D3 primarily contacts
each other through concave and convex curved surfaces, with well-
developed melodic pores (Fig. 2(j)). D3 displays strong CL,
appearing as a dark red color, and shows banded CL features with
alternating light and dark bands along the edges of the dolomite
(Fig. 2(k)).

4.2. Geochemistry

Please refer to Tables 1 and 2 for the geochemical data detailing
element content and C-O-Mg isotope composition. The Na content
ranges from 114 to 266 ppm, while the Mn/Sr ratio varies from 1.51
to 7.99 (Fig. 3(a)). TheMn content varies from 71 to 257 ppm. The Fe
content ranges from 368 to 1748 ppm (Fig. 3(b)). The Ba content in
D1, D2, and D3 is relatively low, with average values of 8.07, 6.66,
and 11.07 ppm, respectively, as presented in Fig. 3(c). Following
PASS normalization, the dCe values range from 1.09 to 3.45, and the
ostone samples from Well ZK-1. (a) Interbedded limestone and dolostone, Geluguanna
finely crystalline dolostone (D1), freshwater cements, ZK-1-28, viewed under plane
plane polarized light; (e) D1, exhibits weak dark red light, ZK-1-15, observed through
euhedral or subhedral, ZK-1-25, viewed under plane polarized light; (g) D2, numerous
rk red light with moderate intensity, ZK-1-25, observed through cathodoluminescence;
250 to 1000 mm, ZK-1-26, viewed under plane polarized light; (j) D3, numerous moldic
ges of dolomite crystals displaying ring-like luminescence, ZK-1-26, observed through



Table 1
Analysis data of Mg-C-O isotopes and trace elements in the dolostone of the Buqu Formation of the Middle Jurassic.

Number Depth, m Lithology d26Mg,‰ 2SD d13C,‰ d18O,‰ Na, ppm Sr, ppm Mn, ppm Mn/
Sr

Fe, ppm Ba, ppm Sr/Cu Sr/Ba 1000*Rb/
Sr

SREE LREE/
HREE

dCe dEu

ZK-1-1 20.10 D2 �2.23 0.02 2.35 �9.08 219 35 124 3.49 497 12.10 81.48 2.92 3.92 1.12 7.54 1.59 0.35
ZK-1-2 20.50 D2 �2.17 0.04 2.42 �9.23 266 39 257 6.56 1279 10.30 63.61 3.80 17.92 1.27 8.10 1.82 0.23
ZK-1-3 20.85 D1 �2.14 0.03 1.39 �10.34 204 28 152 5.35 894 19.59 31.05 1.45 10.76 0.80 4.66 1.49 1.00
ZK-1-4 21.50 D2 �2.22 0.03 2.15 �9.47 197 37 253 6.93 487 3.47 41.72 10.53 2.70 1.21 8.09 1.42 0.39
ZK-1-5 22.00 D2 �2.17 0.02 1.63 �9.90 190 33 202 6.07 646 8.72 43.77 3.83 3.08 0.85 5.40 1.21 0.44
ZK-1-6 22.40 D1 �2.13 0.01 2.88 �8.98 234 30 152 5.11 525 16.21 73.16 1.83 5.14 0.71 5.01 2.20 1.14
ZK-1-7 23.00 D3 �2.18 0.02 1.82 �10.12 207 41 221 5.43 753 9.19 49.72 4.42 1.72 0.93 6.46 2.27 0.69
ZK-1-8 23.85 D2 �2.20 0.04 2.59 �9.05 243 33 230 7.07 443 10.01 31.31 3.25 2.39 0.88 4.75 1.66 0.74
ZK-1-9 24.25 D2 �2.23 0.02 2.35 �9.38 252 36 208 5.73 391 9.71 35.39 3.75 1.77 1.01 5.35 3.12 0.78
ZK-1-10 24.45 D2 �2.23 0.01 2.48 �8.97 260 31 177 5.65 425 13.83 98.06 2.26 2.69 0.88 5.60 2.32 0.77
ZK-1-11 24.80 D1 �2.27 0.04 1.99 �9.61 225 43 121 2.80 531 21.98 75.90 1.97 2.68 0.74 4.86 1.68 0.85
ZK-1-12 25.10 D3 �2.21 0.01 2.41 �8.44 205 40 108 2.69 463 14.07 108.67 2.86 2.17 0.94 6.13 2.00 0.69
ZK-1-13 25.30 D3 �2.19 0.04 2.63 �9.25 247 36 231 6.33 502 11.67 78.34 3.12 2.13 0.73 4.38 2.21 0.78
ZK-1-14 25.80 D1 �2.16 0.03 2.34 �9.03 185 36 132 3.69 622 5.56 54.97 6.45 3.21 0.87 5.69 1.73 0.64
ZK-1-15 26.30 D1 �2.04 0.04 2.87 �9.06 214 32 134 4.20 536 6.16 82.33 5.18 4.76 0.75 4.97 2.13 0.70
ZK-1-16 26.95 D1 �2.10 0.01 2.95 �8.91 202 31 135 4.36 509 3.19 73.01 9.71 4.93 0.57 3.57 1.09 0.53
ZK-1-17 27.35 D1 �2.15 0.02 2.65 �8.80 210 33 103 3.17 497 9.71 82.54 3.36 2.12 1.36 9.13 1.36 0.69
ZK-1-18 27.90 D1 �2.23 0.04 2.25 �9.15 206 33 126 3.87 651 3.11 35.49 10.51 3.45 0.63 4.39 1.71 0.66
ZK-1-19 28.20 D3 �2.20 0.02 2.83 �9.21 219 42 220 5.27 401 5.20 95.66 8.02 1.38 0.73 4.46 2.15 0.81
ZK-1-20 28.90 D3 �2.17 0.04 2.89 �9.22 209 47 226 4.82 590 9.57 53.95 4.90 2.40 0.83 5.77 1.96 0.59
ZK-1-21 29.90 D3 �2.15 0.04 2.80 �9.67 231 62 227 3.69 675 6.40 45.80 9.62 2.36 1.04 6.08 2.01 0.67
ZK-1-22 30.20 D1 �2.28 0.01 1.02 �10.72 141 31 145 4.69 494 5.14 23.91 6.00 1.72 0.84 4.82 2.06 0.64
ZK-1-23 30.70 D1 �2.18 0.02 2.87 �8.05 237 36 124 3.44 587 7.46 111.60 4.82 2.09 0.73 5.11 2.24 0.63
ZK-1-24 31.20 D3 �2.21 0.04 2.45 �9.92 188 59 216 3.64 487 15.59 75.26 3.81 1.14 0.84 3.83 2.09 0.73
ZK-1-25 31.40 D2 �2.20 0.03 2.65 �7.82 222 41 95 2.29 595 6.90 82.24 6.01 1.63 0.63 4.52 1.66 0.71
ZK-1-26 31.60 D3 �2.16 0.03 2.72 �10.14 236 118 178 1.51 470 16.03 87.01 7.35 2.81 0.90 2.91 1.34 0.78
ZK-1-27 32.00 D1 �2.17 0.02 2.87 �9.20 223 30 173 5.76 416 6.82 75.76 4.41 2.04 0.71 4.69 2.44 0.52
ZK-1-28 32.20 D1 �2.23 0.04 2.70 �8.09 247 39 112 2.83 522 9.25 79.74 4.25 2.27 1.30 7.64 3.45 0.76
ZK-1-29 32.70 D1 �2.25 0.03 2.26 �10.32 199 41 141 3.41 560 4.81 35.73 8.61 2.38 0.52 3.65 1.48 0.66
ZK-1-30 33.10 D1 �2.27 0.04 1.90 �9.77 234 33 141 4.32 1748 2.46 31.27 13.25 1.04 0.67 3.86 1.63 0.76
ZK-1-31 33.65 D2 �2.26 0.02 1.95 �9.68 216 32 145 4.49 505 3.07 36.04 10.47 0.93 0.98 5.96 2.86 0.71
ZK-1-32 34.15 D2 �2.28 0.04 1.64 �10.61 196 30 196 6.53 642 3.22 31.09 9.33 0.96 0.56 3.83 1.81 0.58
ZK-1-33 34.40 D2 �2.25 0.03 1.81 �10.24 250 28 225 7.99 540 4.84 27.46 5.82 1.16 0.74 4.54 2.36 0.46
ZK-1-34 34.80 D3 �2.22 0.05 1.98 �9.92 264 30 204 6.77 547 11.89 45.47 2.54 1.57 0.58 3.90 1.69 0.83
ZK-1-35 35.50 D2 �2.27 0.02 1.29 �10.23 201 36 117 3.24 473 2.64 7.90 13.76 1.34 0.64 4.91 1.96 0.64
ZK-1-36 36.05 D2 �2.19 0.04 2.69 �9.22 227 32 180 5.58 368 5.93 86.71 5.43 1.12 0.60 4.01 1.84 0.69
ZK-1-37 36.65 D2 �2.23 0.03 2.08 �9.59 210 37 135 3.68 449 3.11 45.67 11.82 0.95 0.51 3.90 1.36 0.78
ZK-1-38 37.00 D2 �2.16 0.03 2.75 �7.95 216 33 87 2.64 606 2.00 47.72 16.41 1.59 0.62 3.65 1.39 0.57
ZK-1-39 37.40 D1 �2.15 0.02 2.84 �7.81 217 31 71 2.32 425 3.08 104.08 10.03 1.98 0.86 4.53 1.82 0.55
ZK-1-40 37.95 D1 �2.21 0.04 1.66 �9.85 188 27 87 3.18 735 4.57 37.47 5.98 1.57 0.61 4.66 2.55 0.75
JDO-1 e e �2.34 0.05 e e e e e e e e e e e e e e e
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dEu values range from 0.23 to 1.14 (Fig. 3(d)). The summation of rare
earth elements (SREE) range from 0.51 to 1.43 ppm, and the ratio of
light rare earth elements to heavy rare earth elements (LREE/HREE)
spans from 2.91 to 9.31 (Fig. 3(e)). Remarkably, the Na content, Mn/
Sr ratio, Fe content, Ba content, dCe, and dEu exhibit similarities
among the three matrix dolostones. Furthermore, the dolostones
exhibit similar patterns of rare earth element distribution to the
contemporaneous limestone, as shown in Fig. 3(f).

The d26Mg values range from �2.28‰ to �2.04‰, the d13C
values range from 1.02‰ to 2.95‰, and the d18O values range
from�10.72‰ to�7.81‰. No significant differences in the Mg-C-O
isotope compositions were observed among D1, D2, and D3 (Fig. 4).
There is no discernible correlation between the d26Mg values and
d18O values in all dolostone samples (Fig. 4(a)). However, a corre-
lation is evident between the d26Mg values and d13C values
(Fig. 4(b)). The d26Mg values do not exhibit a systematic increasing
or decreasing trend with increasing Mn/Sr and dEu values (Fig. 4(c),
(d)).

5. Discussion

5.1. Formation time and diagenetic sequence of dolostone

The petrological characteristics of dolostone, such as lithological
composition, sedimentary structures, pore types, crystal
578
morphology, and crystal size, provide direct evidence for deter-
mining its formation time and diagenetic sequence (Jiang et al.,
2022). In the Geluguanna profile, there is an alternating develop-
ment of dolostone and limestone, both containing similar bioclastic
components (Fig. 2(a), (b)). Microscopic examinations indicate the
presence of residual granular structures originating from grain-
stone precursors in nearly all dolostone samples (Fig. 2(c)e(k)).
These petrological features, closely associated with limestone,
imply that the dolostone in the Buqu Formation is of secondary
diagenetic origin rather than primary precipitation (Haas et al.,
2014).

Under conditions where temperatures are below 50 �C, dolo-
mite primarily grows with planar crystal faces, while the propor-
tion of non-planar crystal faces increases when the temperature
exceeds 50 �C (Gregg and Sibley, 1984). D1 mainly exhibits planar
crystal faces, appearing as euhedral or subhedral forms (Fig. 2(c),
(d)), suggesting that the formation temperature of D1 likely
remained below 50 �C. D1 develops leached pores and sparry
calcite cements (Fig. 2(c), (d)). The leached pores are formed by
calcite cements in the early stage of atmospheric freshwater
dissolution, while the sparry calcite cements are usually formed by
reprecipitation of minerals in atmospheric precipitation or
groundwater in the supergene environment. Considering the
robust resistance to compaction of dolostone, early-formed dolo-
stone can provide a stable framework for preserving epidiagenetic



Table 2
Analysis data of rare earth elements in the dolostone of the Buqu Formation of the Middle Jurassic.

Number Depth, m Lithology La, ppm Ce, ppm Pr, ppm Nd, ppm Sm, ppm Eu, ppm Gd, ppm Tb, ppm Dy, ppm Ho, ppm Er, ppm Tm, ppm Yb, ppm Lu, ppm

ZK-1-1 20.10 D2 0.137 0.583 0.059 0.177 0.025 0.003 0.032 0.005 0.030 0.007 0.024 0.003 0.026 0.004
ZK-1-2 20.50 D2 0.155 0.707 0.058 0.130 0.075 0.004 0.034 0.003 0.032 0.007 0.028 0.003 0.028 0.005
ZK-1-3 20.85 D1 0.084 0.345 0.038 0.149 0.028 0.010 0.033 0.005 0.030 0.008 0.026 0.004 0.029 0.005
ZK-1-4 21.50 D2 0.169 0.598 0.063 0.210 0.030 0.004 0.031 0.005 0.029 0.008 0.023 0.004 0.028 0.006
ZK-1-5 22.00 D2 0.117 0.362 0.046 0.156 0.028 0.004 0.028 0.004 0.030 0.008 0.025 0.004 0.028 0.005
ZK-1-6 22.40 D1 0.086 0.389 0.021 0.074 0.017 0.007 0.019 0.004 0.028 0.007 0.024 0.004 0.027 0.005
ZK-1-7 23.00 D3 0.123 0.538 0.025 0.093 0.020 0.005 0.027 0.004 0.028 0.008 0.023 0.004 0.025 0.004
ZK-1-8 23.85 D2 0.139 0.436 0.026 0.098 0.021 0.006 0.030 0.005 0.033 0.009 0.028 0.006 0.035 0.006
ZK-1-9 24.25 D2 0.101 0.615 0.021 0.091 0.018 0.005 0.026 0.005 0.039 0.009 0.033 0.006 0.036 0.007
ZK-1-10 24.45 D2 0.110 0.491 0.021 0.093 0.022 0.006 0.024 0.005 0.028 0.008 0.027 0.005 0.031 0.006
ZK-1-11 24.80 D1 0.117 0.361 0.020 0.090 0.018 0.006 0.023 0.003 0.027 0.008 0.023 0.004 0.031 0.005
ZK-1-12 25.10 D3 0.145 0.528 0.024 0.088 0.020 0.005 0.025 0.004 0.029 0.007 0.025 0.004 0.031 0.006
ZK-1-13 25.30 D3 0.088 0.375 0.017 0.095 0.018 0.005 0.025 0.004 0.030 0.008 0.028 0.004 0.032 0.005
ZK-1-14 25.80 D1 0.117 0.422 0.029 0.141 0.022 0.005 0.025 0.004 0.029 0.007 0.025 0.004 0.030 0.005
ZK-1-15 26.30 D1 0.090 0.404 0.023 0.081 0.023 0.006 0.027 0.004 0.030 0.007 0.023 0.004 0.026 0.005
ZK-1-16 26.95 D1 0.090 0.208 0.023 0.097 0.021 0.004 0.025 0.004 0.029 0.007 0.024 0.004 0.025 0.005
ZK-1-17 27.35 D1 0.211 0.678 0.071 0.231 0.033 0.008 0.034 0.004 0.033 0.008 0.024 0.003 0.024 0.005
ZK-1-18 27.90 D1 0.087 0.301 0.020 0.079 0.020 0.004 0.020 0.004 0.027 0.007 0.025 0.004 0.025 0.005
ZK-1-19 28.20 D3 0.095 0.395 0.019 0.071 0.014 0.005 0.023 0.004 0.032 0.007 0.025 0.005 0.033 0.006
ZK-1-20 28.90 D3 0.115 0.446 0.025 0.096 0.020 0.004 0.025 0.004 0.029 0.007 0.023 0.004 0.025 0.005
ZK-1-21 29.90 D3 0.144 0.575 0.031 0.115 0.024 0.006 0.031 0.005 0.033 0.009 0.027 0.005 0.031 0.006
ZK-1-22 30.20 D1 0.081 0.338 0.018 0.237 0.016 0.004 0.023 0.004 0.027 0.007 0.046 0.004 0.028 0.005
ZK-1-23 30.70 D1 0.090 0.398 0.019 0.078 0.020 0.004 0.023 0.004 0.029 0.007 0.022 0.004 0.026 0.005
ZK-1-24 31.20 D3 0.101 0.424 0.023 0.088 0.021 0.006 0.034 0.006 0.045 0.011 0.032 0.005 0.035 0.006
ZK-1-25 31.40 D2 0.097 0.309 0.019 0.071 0.016 0.004 0.022 0.004 0.025 0.006 0.022 0.003 0.026 0.005
ZK-1-26 31.60 D3 0.128 0.351 0.030 0.130 0.022 0.008 0.040 0.008 0.051 0.014 0.046 0.008 0.052 0.010
ZK-1-27 32.00 D1 0.071 0.367 0.018 0.107 0.021 0.004 0.021 0.004 0.029 0.008 0.027 0.004 0.027 0.006
ZK-1-28 32.20 D1 0.126 0.795 0.021 0.180 0.018 0.006 0.029 0.005 0.031 0.008 0.037 0.004 0.031 0.005
ZK-1-29 32.70 D1 0.076 0.225 0.017 0.070 0.019 0.005 0.023 0.004 0.028 0.006 0.022 0.003 0.021 0.005
ZK-1-30 33.10 D1 0.096 0.308 0.020 0.085 0.018 0.005 0.023 0.005 0.033 0.008 0.027 0.004 0.032 0.006
ZK-1-31 33.65 D2 0.101 0.565 0.021 0.132 0.016 0.005 0.025 0.004 0.031 0.007 0.032 0.004 0.033 0.005
ZK-1-32 34.15 D2 0.074 0.271 0.017 0.058 0.018 0.003 0.018 0.004 0.027 0.007 0.022 0.004 0.028 0.005
ZK-1-33 34.40 D2 0.079 0.376 0.018 0.110 0.018 0.003 0.025 0.004 0.026 0.007 0.031 0.004 0.031 0.005
ZK-1-34 34.80 D3 0.080 0.271 0.018 0.072 0.016 0.005 0.020 0.004 0.026 0.007 0.023 0.004 0.030 0.005
ZK-1-35 35.50 D2 0.089 0.335 0.017 0.073 0.015 0.003 0.017 0.003 0.023 0.006 0.024 0.004 0.027 0.005
ZK-1-36 36.05 D2 0.084 0.294 0.016 0.064 0.015 0.004 0.020 0.003 0.026 0.007 0.025 0.005 0.027 0.005
ZK-1-37 36.65 D2 0.087 0.221 0.016 0.066 0.014 0.004 0.020 0.003 0.023 0.006 0.021 0.004 0.023 0.004
ZK-1-38 37.00 D2 0.093 0.264 0.021 0.083 0.019 0.004 0.024 0.004 0.029 0.008 0.028 0.004 0.030 0.006
ZK-1-39 37.40 D1 0.075 0.287 0.019 0.304 0.018 0.004 0.031 0.005 0.025 0.007 0.048 0.004 0.031 0.006
ZK-1-40 37.95 D1 0.067 0.353 0.016 0.054 0.012 0.004 0.019 0.004 0.023 0.007 0.023 0.003 0.025 0.005
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pores or freshwater cements (Zhao et al., 2018). These preserved
freshwater cements and leached pores indicate that D1 was formed
by epidiagenetic dolomitization in the early diagenesis stage (Shen
et al., 2019). The CL image of D1 shows that the center of most
dolomite crystals is darker and the edge is brighter, which exhibits
certain degree of buried dolomite characteristics (Fig. 2(e)). The
burial history curve of the Middle Jurassic Buqu Formation in the
South Plateau Depression indicates that the deepest burial depth of
the Buqu Formation is approximately 4000 m (Wu et al., 2020).
Assuming a surface temperature of 25 �C and a geothermal gradient
of 26.6 �C/km, the corresponding formation temperature of the
Buqu Formation at a burial depth of 4000 m is estimated to be
around 131.4 �C (Fig. 5). Consequently, D1 has undergone deep
burial compaction and high temperatures. These conditions likely
led to the superimposition of burial-adjusted dolomitization on D1,
causing it to dissolve-recrystallize and exhibit darker center and
brighter edge CL characteristics.

The residual oolites of D2 and the leachedmoldic pores (Fig. 2(f),
(g)) suggest a close association of D2 with early meteoric diagen-
esis. Previous research has indicated that when a mineral's crystal
radius reaches or surpasses its critical crystal radius, the crystal will
continue to grow, forming larger crystals (Gregg et al., 1992). In
comparison to D1, D2 displays larger dolomite crystals (Fig. 2(f),
(g)), a more frequent non-planar crystal surface, and stronger
cathodoluminescence (Fig. 2(h)), indicating a later and deeper
formation of D2 relative to D1. The dolomite crystals in D3 are
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characterized by the largest size (Fig. 2(i), (j)) and the strongest
cathodoluminescence (Fig. 2(k)), suggesting that the formation of
D3 required an extended period and likely involved additional
recrystallization processes based on D2.

The analysis of diagenesis sequence reveals that D1 originated
from the dolomitization of grainstone in the early diagenetic phase,
whereas D2 and D3 resulted from the recrystallization of D1 during
the later burial phase.
5.2. Tracing the source of dolomitization fluids

5.2.1. Assessing the reliability of geochemical data
The dolostone samples examined research exhibit a predomi-

nant dark red CL signature (Fig. 2(e), (h), (k)). The Mn/Sr ratios
generally do not exceed 8 (Fig. 3(a)), and there is a minimal cor-
relation between Fe and Mn content (Fig. 3(b)), suggesting a rela-
tively mild burial diagenesis and associated alteration processes
(Jacobsen and Kaufman, 1999; Li et al., 2019). Additionally, the
concentration of Ba in these samples remains below 25 ppm, and
the dEu values consistently register below 1 (Fig. 3(c)), indicating a
limited impact of high-temperature hydrothermal fluids on these
samples (Chakhmouradian et al., 2016; Hu et al., 2019). The SREE
concentration in the analyzed samples is notably lower compared
to that observed in terrigenous sediments, suggesting a minor
impact of terrigenous components has little effect (Benabdelkader
et al., 2019) (Fig. 3(e)).



Fig. 3. Element interaction diagram of dolostone. (a) Na content vs. Mn/Sr; (b) Fe content vs. Mn content; (c) Ba content vs. dEu values; (d) dEu values vs. dCe values; (e) HREE/LREE
vs. SREE; (f) REE distribution pattern diagram of dolostones and limestone.

Fig. 4. Mg-C-O-isotopes interaction diagram of dolostone. (a) d26Mg values vs. d18O values; (b) d26Mg values vs. d13C values; (c) d26Mg values vs. Mn/Sr; (d) d26Mg values vs. dEu
values.
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The susceptibility of oxygen isotopes to temperature variations
often leads to a decrease in d18O values of dolostones during burial
heating (Al-Aasm, 2000). The d18O values of the dolostone samples
consistently fall below �5‰, with their significant negative devi-
ation potentially reflecting alterations in the oxygen isotopic
580
composition due to elevated temperatures (Fig. 4(a)). The range in
d13C values among the samples is limited, indicating a minor in-
fluence of burial diagenesis on carbon isotopes (Fig. 4(b)). Mg iso-
topes of dolostones are typically resistant to diagenetic alterations
(Geske et al., 2012; Hu et al., 2017; Qing et al., 2023). Despite the



Fig. 5. Burial-thermal evolution history of the Middle Jurassic Buqu Formation (Wu
et al., 2020). Description: T3xeUpper Triassic Xiaochaka Formation, T3neUpper
Triassic Nadigangri Formation, J1qeLower Jurassic Quse Formation, J1seLower Jurassic
Sewa Formation, J2beMiddle Jurassic Buqu Formation, J2xeMiddle Jurassic Xiali For-
mation, J2se Middle Jurassic Suowa Formation.
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recrystallization of dolomite crystals, the d26Mg values remain
stable (Ning et al., 2019). The d26Mg values for the D1, D2, and D3
dolostones in the Buqu Formation display minimal difference and
do not show correlations with d18O, Mn/Sr, or dEu values, indicating
the preservation of the Mg isotopic composition through subse-
quent diagenetic processes (Fig. 4(a), (c), (d)).

The comprehensive evaluation of geochemical data suggests
that the d13O has undergone a negative bias due to the influence of
high burial temperature in the strata, but the element content, d13C
and d26Mg reflect the original geochemical signals.

5.2.2. Source of dolomitization fluid
Dolomitization primarily involves the replacement of Ca2þ ions

in limestone with Mg2þ ions in the fluid, leading to the trans-
formation of limestone into dolostone (Machel, 2004; Gomez-Rivas
et al., 2014; Centrella et al., 2023). The fluids responsible for this
alteration process encompass a variety of types, such as mixed
water (freshwater and seawater), hydrothermal fluids, burial for-
mation water, seawater, and pore water. Upon interaction with
these diverse fluid compositions, the resulting dolostones display
distinct elemental and isotopic geochemical properties (Kretz,
1982; Lin et al., 2022).

Mixed water refers to a fluid amalgamation of meteoric water
and seawater (Badiozamani, 1973). Dolostones that form through
interactions with mixed water typically exhibit low Na content,
high Mn content, and negative d13C values (Haeri-Ardakani et al.,
2013; Li et al., 2013). However, the dolostone samples from the
Buqu Formation show high Na content (Fig. 3(a)), low Mn content
(Fig. 3(b)), and positive d13C values (Fig. 4(b)). These characteristics
deviate from the usual elemental and isotopic traits associated with
dolomitization by mixed water. Additionally, typical hydrothermal
minerals produced by hydrothermal processes, such as sphalerite,
galena, and quartz, were not detected in any of the dolostone
samples (Davies and Smith, 2006) (Fig. 2). Furthermore, these
samples lack the high Ba content and positive dEu anomaly that are
indicative of hydrothermal dolostones (Chakhmouradian et al.,
2016) (Fig. 3(c)). The absence of a thick mud shale layer above the
dolostone in the Buqu Formation also diminishes the likelihood of
dolomitization fluids originating from the formation brine released
by the overlying mud shale (Fig. 1(c)).

Mass balance calculations indicate that a high water-to-rock
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ratio is a crucial prerequisite for the formation of large-scale
dolostones (Sena et al., 2014). The dolostones of the Buqu Forma-
tion, spanning thousands of square kilometers and attaining
thicknesses of hundreds of meters within the Southern Plateau
Basin (Fig. 1(b)). The formation of substantial dolomite layers in the
Buqu Formation is primarily attributed to seawater acting as the
principal fluid source. This is supported by the hydrogeological
characteristics of seawater, which can supply the necessary high
water to rock ratio conducive to large-scale dolomitization
(Warren, 2000). Seawater maintains a relatively stable Mg isotope
composition, leading to dolostones formed in seawater often dis-
playing consistent d26Mg values (Geske et al., 2012, 2015). This
study reveals a maximal difference of 0.24‰ in d26Mg values
among the dolostone samples (Fig. 4(b)). Additionally, these dolo-
stone samples exhibit a carbon isotope composition closely
resembling that of Middle Jurassic seawater (Veizer et al., 1999)
(Fig. 4(b)). The stable d26Mg and d13C values offer compelling evi-
dence that the fluids responsible for the early dolostone formation
in the Buqu Formation originated from seawater during the same
period.

The distribution patterns of REE in marine authigenic carbon-
ates and seawater typically exhibit negative Ce anomalies and
depleted LREE (Tostevin et al., 2016). However, the elemental
analysis of the Buqu Formation dolostones reveals positive dCe
values (Fig. 3(d)) and enriched LREE contents (Fig. 3(e), (f)), which
deviate significantly from the expected composition of marine
authigenic carbonates and seawater. In oxidizing environments, the
soluble Ce3þ present in sedimentary water is readily oxidized by
dissolved oxygen, leading to the formation of insoluble and
immobile Ce4þ that adsorb onto sediment particles' surfaces. This
process results in a notable positive Ce anomaly in the sediment,
while a negative Ce anomaly is observed in the fluid phase satu-
rating the sediment (Nothdurft et al., 2004). The dolostones from
the Buqu Formation exhibit a distinct positive Ce anomaly, con-
trasting with the negative Ce anomaly typically found in seawater,
indicating a dynamic equilibrium of Ce between seawater and
carbonate sediments. This suggests that the diagenetic fluid
responsible for the dolostone formation is oxidized seawater.
Likewise, the LREE in the oxidized seawater are readily scavenged,
leading to the observed LREE enrichment characteristics in the
dolostones.

Dolostones formed through reactions with burial pore water
commonly exhibit enrichment of Fe and Mn elements, with Fe and
Mn contents typically surpassing 1000 and 250 ppm, respectively
(Budd, 1997; Wei et al., 2023). However, the dolostone samples
collected in this study generally exhibit Fe contents below
1000 ppm and Mn contents lower than 250 ppm (Fig. 3(b)). This
suggests that the burial porewater may not be the primary factor in
dolomitization (Zenger, 1983). It is important to highlight that as
crystal size increases (D1/D2/D3), the Mn content of dolostone
gradually increases (Fig. 3(b)), indicating the influence of late
buried pore water on dolostone. At the same time, the late burial
adjustment dolomitization significantly impacted the d18O value of
dolostone, leading to a notable negative bias (Fig. 4(a)).

Based on the comprehensive elements and C-O-Mg isotopes, the
early dolomitization fluid of the Buqu Formation dolostone is
oxidized seawater, while the late dolomitization fluid is buried pore
water.

5.3. Coupling mechanism between sea level changes and Mg
isotope

Previous research has suggested that massive dolostone de-
posits is attributed to the continuous superposition of periodic
dolomitization processes related to sea-level fluctuations
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(Lumsden, 1988). Since the Late Triassic, with the gradual opening
of the Bangong Lake-Nujiang Ocean Basin, the evolutionary history
of the Mesozoic Jurassic marine basin began, and seawater gradu-
ally invaded from south to north. During the Early Jurassic to Late
Jurassic period, the relative sea level in the Plateau Basin demon-
strated a general upward trajectory (Hallam, 2001). This basin
experienced a significant transgression event during the sedi-
mentary period of the Buqu Formation in the Middle Jurassic,
which resulted in thewidespread coverage of the basin by seawater
(Xue et al., 2020) (Fig. 6). The continuously rising sea level pro-
moted the expansion of carbonate platforms, potentially creating
favorable conditions for limestone sedimentation and subsequent
widespread dolomitization (Hu et al., 2024). In the Geluguanna
section, alternating occurrences of limestone and dolostone can be
observed, with limestone developed in the deeper water phase, and
dolostone forming during shallower water phases (Fig. 2(a)). This
observation leads us to speculate that sea level fluctuations likely
played a pivotal role in governing the formation and distribution of
dolostones within the Buqu Formation.

The deduction of sea level fluctuations can be indirectly inferred
through the analysis of vertical variations in lithology, isotope
composition, and element content (Natalicchio et al., 2019). As sea-
level drops, the Na content of carbonate rocks tends to increase,
while the ratios of Sr/Cu, Sr/Ba, Rb/Sr, and SREE show a decline
(Langmuir and Melchior, 1985; Nicholls, 1967; Stoll and Schrag,
2001). The examination of dolostone samples from Well ZK-1 re-
veals higher Na content and lower Sr/Cu, Sr/Ba, Rb/Sr, and SREE
levels, indicating a shallow water environment during dolomiti-
zation. This finding aligns with the sedimentary conditions of an
inner platform shoal (Fig. 7). Previous studies have also confirmed
Fig. 6. Jurassic stratigraphic lithology, sedimentary env
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that this sedimentary environment within inner platform shoals is
conducive to dolomitization, as seen in examples such as the
dolostones in the Early Cambrian Xiaoerbulak Formation in the
Tarim Basin (Zhu et al., 2023) and the Early Cambrian Long-
wangmiao Formation in the Sichuan Basin (Wang et al., 2021).
Additionally, d13C values in marine carbonates are positively
correlated with sea level fluctuations (Jarvis et al., 2001, 2002; Hu
et al., 2024). The consistent vertical trends in d13C, Na, Sr/Cu, Sr/
Ba, Rb/Sr, and SREE of the dolostones from Well ZK-1 suggest
fluctuations in sea level rise (Fig. 7).

Statistical analyses of the Mg isotope compositions in published
studies of dolostones and limestones have revealed that the d26Mg
values of dolostones generally exceed those of limestones by
approximately 2‰ (Teng, 2017). This observation suggests that
d26Mgwill be gradually enriched during the fluidmigration process
of dolomitization (Huang et al., 2015; Bialik et al., 2018; Li et al.,
2022, 2023). Analysis of dolostone samples from Well ZK-1 has
identified four similar sequences where d26Mg values exhibit an
initial decrease followed by an increase, accompanied by a rise in
sea level followed by a decline (Fig. 7). Specifically, a rise in sea level
brings open seawater with lower d26Mg values into confined water
bodies. The influx of seawater into the carbonate platform initiates
dolomitization in the underlying limestone, leading to a decline in
the d26Mg values of dolostones (Fig. 8(a)). Conversely, a decrease in
sea level prompts evaporated seawater from restricted environ-
ments to migrate upwards through capillary action into overlying
limestone sediments. As dolomitization advances, the consumption
of 24Mg leads to an enrichment of the remaining seawater in 26Mg,
ultimately causing an increase in the d26Mg values of dolostones
(Fig. 8(b)). The significant correlation between sea level
ironment, and sea level changes (Xue et al., 2020).



Fig. 7. Dolostone sampling section of Well ZK-1, displaying the vertical variation of Mg-C isotope composition, element content, and relative sea level.
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fluctuations and Mg isotopes in dolostones from Well ZK-1 con-
firms the pivotal role of sea level changes in governing the for-
mation and distribution of dolostones in the Buqu Formation.
5.4. Genetic mechanism of Buqu formation dolostone

Based on the aforementioned research on the diagenetic
sequence, fluid sources of dolomitization, and sea level changes of
the Buqu Formation dolostone, combined with the tectonic lith-
ofacies paleogeographic background, this study has formulated a
model for the formation and evolution of the Buqu Formation
Fig. 8. Response pattern of Mg isotope to sea level changes and dolomitization fluid migratio
leads to dolomitization moving upward through capillary action, and the d26Mg value sho
intrudes into the platform, seeping downward and causing dolomitization. As a result, the
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dolostone. The dolostone formation in the Buqu Formation has
undergone the processes of limestone sedimentation, early
seawater dolomitization, and late burial adjustment dolomitization
(Fig. 9).

Limestone sedimentation stage. With the expansion of the
Bangong Lake-Nujiang Ocean expanded, seawater gradually infil-
trated from the south to the north. This occurred during the sedi-
mentary period of the Middle Jurassic Buqu Formation, leading to
the submergence of most carbonate platforms by water bodies. The
grainstone deposited in the higher regions of the platform is sus-
ceptible to developing leached pores, moldic pores, and freshwater
n. (a) When the sea level drops, the evaporation of seawater in a confined environment
ws an upward trend. (b) When the sea level rises, seawater with a low d26Mg value
d26Mg value exhibits a decreasing trend upwards.
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cements, influenced by atmospheric freshwater exposure above sea
level. Conversely, the micrite limestone deposited in the lower part
of the platform usually exhibits low porosity due to prolonged
exposure to sea level (Fig. 9(a)).

Early stage of seawater dolomitization stage. Previous research
has identified various combinations of evaporite-limestone-
dolostone in the Middle Jurassic Buqu Formation through on-site
outcrop observation and examination of thin sections (Yang et al.,
2017). Combined with the paleogeographic background, it is
evident that the Plateau Basin was situated in a low-latitude region
north of the equator during the sedimentation of the Buqu For-
mation, characterized by a hot, semi-arid, and semi-humid paleo-
climate (Ma et al., 2023). This paleoclimate, along with the
fluctuating sea levels, created favorable conditions for dolomitiza-
tion. As the sea level rose and reached a highstand, evaporated
seawater inundating the platform percolated downward through
the pores under gravitational influence, leading to the conversion
of previously deposited grainstone in the elevated areas of the
platform into granular dolostone. Subsequently, as the sea level fell,
transitioning into a lowstand, the sedimentary setting shifted from
an open platform to a restricted platform. The absence of prompt
seawater replenishment from the Bangong Lake-Nujiang Ocean,
coupled with evaporation, resulted in the salinization of the water
body, prompting the transformation of the previously deposited
micrite limestone in the lower part of the ancient topography into
micrite dolostone. The recurrent fluctuations in sea level facilitated
Fig. 9. Formation and evolution model of dolomite in Buqu Formation. (a) Limestone
sedimentation stage; (b) Early seawater dolomitization stage; (c) Late burial adjust-
ment dolomitization stage.
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the continuous conversion of limestone on carbonate platforms
into dolostone, gradually accumulating over an extended period to
form extensive thick dolostone deposits (Fig. 9(b)).

Late burial adjustment of dolomitization stage. As the sediment
above thickens and the formation progresses into the burial stage,
early dolostone undergoes further adjustment through burial
dolomitization under the combined action of pore water, high
temperature, and high pressure. The slow exchange rate between
pore water and minerals within the formation, along with the re-
striction of pore space on dolomite crystals in the burial setting,
leads to the gradual evolution of very finely to finely crystalline
dolostone (D1) into finely to medium crystalline dolostone (D2)
and medium to coarsely crystalline dolostone (D3) (Fig. 9(c)).

6. Conclusion

Three types of matrix dolostones were identified of the Buqu
Formation, namely very finely to finely crystalline dolostone (D1),
finely to medium crystalline dolostone (D2), and medium to
coarsely crystalline dolostone (D3). D1 originated from the dolo-
mitization of grainstone in the early diagenetic phase, whereas D2
and D3 resulted from the recrystallization of D1 during the later
burial phase.

The presence of Na>100 ppm, Fe< 1000 ppm,Mn< 250 ppm, Ce
positive anomaly, LREE enrichment, stable d26Mg value, and d13C
value indicate that the early dolomitization fluid was oxidized
seawater. As the crystal size increases (D1/D2/D3), the gradually
increasing Mn and significantly negative biased d18O value indicate
that the dolostone has undergone adjustment and transformation
of buried pore water in the late stage.

The widespread Middle Jurassic transgression event in the
Plateau Basin resulted in the continuous expansion of the carbonate
platform, creating conducive conditions for the deposition of pre-
cursor limestone and extensive dolomitization. The sea level fluc-
tuations during the sedimentary phase of the Buqu Formationwere
reconstructed by analyzing the consistent patterns of d13C, Na, Sr/
Cu, Sr/Ba, Rb/Sr, and

P
REE. The significant correlation between sea

level and the d26Mg of dolostone confirms the pivotal role of sea
level in governing the formation and distribution of early
dolostone.

The formation of dolostone in the Buqu Formation involved two
distinct stages: early seawater dolomitization and late burial
dolomitization. Early seawater dolomitization was controlled by
changes in sea level, and frequent sea level rise and fall led to the
continuous transformation of limestone deposited on carbonate
platforms into dolostone, which accumulated over a long period of
time to form large-scale thick dolostone. Late burial adjustment of
dolomitization is controlled by high Mg/Ca ratio pore water, high
temperature, and high pressure. Early dolostone undergoes burial
adjustment of dolomitization, causing mutual compression and
growth of dolomite, finely crystalline, planar matrix dolostone (D1)
is transformed into crystalline, non-planar dolostone (D2/D3).

The formation of dolostone in the Buqu Formation involved two
distinct stages: early seawater dolomitization and late burial
adjustment dolomitization. The early seawater dolomitization was
controlled by fluctuations in sea level. The frequent rise and fall of
sea levels resulted in the continuous transformation of limestone
deposited on carbonate platforms into dolostone. This trans-
formation occurred over an extended period, leading to the accu-
mulation of thick dolostone.

The late burial adjustment of dolomitization is controlled by
high Mg/Ca ratio pore water, high temperature, and high pressure.
Early dolostone underwent adjustments due to burial, resulting in
the compression and growth of dolomite crystals. The finely crys-
talline, planar dolostone (D1) is transformed into crystalline, non-
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planar dolostone (D2/D3).
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