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a b s t r a c t

Reactive transport modeling (RTM) is an emerging method used to address geological issues in
diagenesis research. However, the extrapolation of RTM results to practical reservoir prediction is not
sufficiently understood. This paper presents a case study of the Eocene Qaidam Basin that combines RTM
results with petrological and mineralogical evidence. The results show that the Eocene Xiaganchaigou
Formation is characterized by mixed siliciclastic-carbonate-evaporite sedimentation in a semiclosed
saline lacustrine environment. Periodic evaporation and salinization processes during the syngenetic-
penecontemporaneous stage gave rise to the replacive genesis of dolomites and the cyclic enrichment
of dolomite in the middle-upper parts of the meter-scale depositional sequences. The successive change
in mineral paragenesis from terrigenous clastics to carbonates to evaporites was reconstructed using
RTM simulations. Parametric uncertainty analyses further suggest that the evaporation intensity (brine
salinity) and particle size of sediments (reactive surface area) were important rate-determining factors in
the dolomitization, as shown by the relatively higher reaction rates under conditions of higher brine
salinity and fine-grained sediments. Combining the simulation results with measured mineralogical and
reservoir physical property data indicates that the preservation of original intergranular pores and the
generation of porosity via replacive dolomitization were the major formation mechanisms of the
distinctive lacustrine dolomite reservoirs (widespread submicron intercrystalline micropores) in the
Eocene Qaidam Basin. The results confirm that RTM can be effectively used in geological studies, can
provide a better general understanding of the dolomitizing fluid-rock interactions, and can shed light on
the spatiotemporal evolution of mineralogy and porosity during dolomitization and the formation of
lacustrine dolomite reservoirs.
© 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-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Reactive transport modeling (RTM) is an emerging method used
to address subsurface issues related to the coupling of multiphase
flow, solute transport, and chemical reaction processes in porous
Xiong), tanxiucheng70@163.

y Elsevier B.V. on behalf of KeAi Co
media (Budd and Park, 2018; Xiao et al., 2018; Yang et al., 2022a).
Due to a wide range of applicability in spatial-temporal scale and
flexible resolution, the RTM approach has been extensively used in
hydrology, geology, engineering and environmental sciences
(Whitaker and Smart, 2007; Kaufmann, 2016; Deng et al., 2022).
From the perspective of petroleum geology, the RTM approach has
the unique advantages of forward modeling and quantitatively
assessing the diagenetic fluid-rock interactions and the reaction-
induced porosity and permeability changes at both geological and
production timescales (Xu et al., 2006; Whitaker and Xiao, 2010;
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Xiong et al., 2023). In the last decade, RTM studies on the hydro-
geochemical mechanisms of multiple dolomitization processes
(including reflux, geothermal convection, and fracture-controlled
hydrothermal models) have been frequently reported (Gabellone
et al., 2016; Lu and Cantrell, 2016; Wei et al., 2017; Yang et al.,
2022b) and lay the foundation for the early use of this method in
dolomite problems. A series of simulation results for topics such as
fluid flow patterns, mineral changes, and favorable conditions for
dolomitization process have also been discussed based on both
genetic models and practical cases (Al-Helal et al., 2012; Yang et al.,
2022a). Nevertheless, to verify the effectiveness of this numerical
approach in various geological settings and to better understand
the mechanisms of dolomitizing fluid-rock interactions, further
investigations, especially on lacustrine dolomitization process, are
needed. The mutual verification between measured geological data
(e.g., petrographic observations, mineralogical tests, and laboratory
physical experiments) and simulation results is a critical issue in
the field.

As a unique environment for dolomite formation, lacustrine
basins are very sensitive to regional tectonic and climate changes,
and their geochemical and hydrological conditions vary frequently
(Last, 1990; Warren, 2000; Wanas and Sallam, 2016; Ye et al., 2016).
The Qaidam Basin, which was greatly influenced by the sur-
roundingmountains and the adjacent fluvial or deltaic depositional
systems in the Eocene, developed lacustrine mixed siliciclastic-
carbonate-evaporite sedimentation and heterogeneous dolomite
distribution (Li et al., 2018; Xiong et al., 2021b). Previous work
based on petrography and isotopic-elemental geochemistry has
indicated an early replacive genesis of the dolomite in the Eocene
Qaidam Basin and that the dolomite-rich intervals are favorable
hydrocarbon reservoir rocks (Yuan et al., 2015; Wang et al., 2020).
However, the complex lacustrine environment and mineral
composition and the highly mixed sediments have made it difficult
to precisely constrain the mineral-porosity evolution and the
mechanism of dolomite enrichment. The hydrocarbon exploration
in lacustrine dolomite was also limited by the uncertainty of
dolomite reservoir genesis. Therefore, in addition to qualitative (or
conceptual) analysis using conventional petrographic and miner-
alogical evidence, quantitative methods, such as numerical simu-
lation (Whitaker et al., 2004), should also be integrated to better
constrain the spatiotemporal distribution of fluid-rock reactions
and the resulting mineralogy and porosity changes during the
dolomitization process. This is important to precisely characterize
the heterogeneous dolomite abundance and predict high-quality
dolomite reservoir in complex lacustrine environments, such as
the Eocene Qaidam Basin and elsewhere with similar dolomitiza-
tion process.

Based on the integrated measured data (petrography, miner-
alogy and reservoir physical properties) and numerical simulations,
the objectives of our study were to: (1) verify the validity of the
RTM approach in a study of diagenesis; (2) reconstruct the dynamic
mineralogy and porosity evolution during dolomitization and
assess the potential controlling factors; and (3) reveal the forma-
tion mechanisms of dolomite reservoirs and their relative impor-
tance. The results serve not only an academic purpose in better
understanding the dolomitizing fluid-rock interactions but also
have important applications for hydrocarbon exploration in lacus-
trine dolomite reservoirs.
2. Geological setting

The Qaidam Basin, which is located in the northeastern Tibetan
Plateau, is a large intermontane and petroliferous basin and has an
average elevation of ca. 3000 m. It is bordered by the Altyn
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Mountains to the northwest, the Kunlun Mountains to the south,
and the Qilian Mountains to the northeast (Fig. 1a). The tectonic
processes of the Tethys-Himalayan area are directly tied to the
formation and growth of the Qaidam Basin, and the Cenozoic
sedimentation and tectonic deformation in the basin record the
growth of the Tibetan Plateau since the India-Eurasia collision (An
et al., 2001; Tapponnier et al., 2001; Yin et al., 2002; Bian et al.,
2019). In particular, the stepwise rise and growth of the Tibetan
Plateau and the resulting regional climate change, including the
uplift of surrounding mountains, the increasingly dry and cold
climate, and the gradual closure of the hydrogeological environ-
ment, significantly influenced the paleotectonics and paleoenvir-
onment in the Qaidam Basin (Fig. 1b; Fang et al., 2007; Yang et al.,
2016; Ye et al., 2020). The Paleogene Qaidam Basin was character-
ized by a restricted-evaporative lacustrine environment (Fig. 1c)
and a series of saline phenomenon, as indicated by the formation of
widespread evaporites and red beds (Ye et al., 2016; Guo et al.,
2017; Xiong et al., 2021b).

Although the Qaidam Basin experienced a secular drying trend
during the Paleogene, alternating humid-arid conditions and short-
termmoisture shifts (the Asian interior doubthouse climate), which
have been revealed to be linked to the 41-kyr obliquity cyclic
mechanism (Abels et al., 2011; Bosboom et al., 2014), have also been
documented preceding the Eocene-Oligocene Transition (EOT)
(Fig. 1b). The western Qaidam Basin is located at the junction of the
Altyn Mountains and the East Kunlun Mountains (Fig. 1c), and is
very sensitive to the intermittent inputs of terrigenous materials
and riverine freshwater during relatively humid climatic periods.
Moreover, the studied Eocene Xiaganchaigou Formation in the
western Qaidam Basin is characterized by high-frequency climate-
driven depositional sequences that comprise a mixture of terrige-
nous clastics and clays, carbonates, and evaporites (Jiang et al.,
2019; Wang et al., 2020). The carbonate intervals, especially those
that are dolomite rich, are important reservoir rocks and further
constitute multisets of source-reservoir-cap rock assemblages
together with the interbedded organic-rich silty mudstone and
low-permeability evaporites (mostly anhydrite rock), forming the
favorable target for tight oil exploration in the western Qaidam
Basin (Huang et al., 2017; Liu et al., 2017).
3. Materials and methods

3.1. Petrographic observation

To reveal the macro- and micro-characteristics of the lacustrine
dolomites in the Eocene Qaidam Basin, petrographic observations
were conducted first on a total of ca. 1200 m of core and 200 sec-
tions (using an optical microscope) from 25 boreholes that pene-
trated the Eocene Xiaganchaigou Formation. The rock structure,
depositional sequence and vertical distribution of dolomite-
bearing intervals were carefully documented. Based on core and
thin section observations, 15 representative samples (see details in
Supplementary Table S1) that contain abundant dolomite were
then collected and prepared for further investigation of
micrometer-scale petrography (e.g., size, morphology and align-
ment of dolomite crystals) using a field emission scanning electron
microscope (FSEM). Particularly, 2 FSEM samples were polished via
argon ion beam using the Hitachi IM4000 milling system and then
sputter-coated with Au using the Hitachi MC1000 vacuum sputter
coater to clearly show the size, microstructure and distribution of
those sub-micron pores in dolomite layers. Observation of the FSEM
samples was conducted at the Key Lab of Reservoir Description of
CNPC, Lanzhou, using a Quanta 450 FSEMmicroscope with 20 kV of
accelerating voltage under high vacuum.



Fig. 1. Geological setting of the western Qaidam Basin (modified after Xiong et al., 2021b). (a) Schematic and tectonic map of Central Asia (modified after Sobel, 1999) showing the
extent of the Tibetan Plateau (light gray), the locations of the Qaidam Basin (dark gray) and the study area (red rectangle). (b) Generalized stratigraphic column of the Paleogene
Qaidam Basin showing the age framework (Bao et al., 2017), regional tectonics (Wu et al., 2012), and mean global temperature (Miller et al., 2020). (c) Paleogeographic map of the
western Qaidam Basin during deposition of the Eocene Xiaganchaigou Formation (modified after Huang et al., 2017). The location is marked with red rectangle in (a).
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3.2. Whole-rock X-ray diffraction

To determine the precise mineral composition of the lacustrine
deposits and its variation with depositional sequences, a total of
223 samples were continuously collected from the high-quality
core intervals of three boreholes (Wells 38-2, S41-6-1, and S43)
for whole-rock X-ray diffraction (XRD) analysis. The whole-rock
samples were first powdered using a rock grinding machine until
the powders were finer than 200mesh (<75 mm). Then, the crushed
rock powders were collected and compressed into specimens for
XRD analysis with an Empyrean diffractometer using mono-
chromatic Cu, Ka radiation. Pretreatment of the samples and the
analytical procedures were conducted at the Laboratory Center,
Exploration and Development Institute of PetroChina Qinghai Oil
Field Company. Identification of mineral types and calculation of
relative contents were based on the diffraction patterns and peak
intensity, following the procedures of the national standard
"Analysis method for clay minerals and ordinary non-clay minerals
in sedimentary rocks by the X-ray diffraction" (Chinese Standard
SY/T 5163-2000).
3.3. Reactive transport modeling

In this research, the dolomitization process was simulated using
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the computer program TOUGHREACT (Xu et al., 2004), which was
created by adding a reactive geochemistry module and linking
thermo-hydro-chemical processes to the multiphase fluid and heat
flow algorithm TOUGH2. This code has been successfully employed
to simulate various diagenetic processes including dolomitization,
karstification, dissolution-precipitation equilibrium of pore fluids,
and hydrological circulation (Whitaker and Xiao, 2010; Garcia-
Fresca et al., 2012; Yang et al., 2017; Xiong et al., 2021a).

Consistent with earlier RTM models of reflux dolomitization
triggered by evaporated saline water (Jones and Xiao, 2005;
Gabellone andWhitaker, 2016), changes in three mineral kinds (i.e.,
dolomite, calcite, and the concomitant gypsum/anhydrite) are
considered in the dolomitization process. Calcite and gypsum
dissolution and precipitation are modeled as thermodynamic
processes that are governed by the pore fluid's saturation level and
the fluid-rock system equilibrates (Whitaker and Xiao, 2010).
Contrarily, dolomite precipitation is typically treated as a kinetic
process and can be described through the general kinetic reaction
rate law, which is compatible with the rate expression put forth by
Lasaga et al. (1994):

r ¼ kdAs

�
1� Q

Keq

�q
(1)
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where r [mol$s�1] is the reaction rate, with positive values indi-
cating mineral dissolution and negative values indicating precipi-
tation, and kd [mol$m�2 s�1] is the temperature-dependent rate
constant that can be expressed with the Arrhenius function:

kd ¼ Ae
�Ea
RT (2)

Hence, the reaction rate of dolomite precipitation rdol can be
expressed by:

rdol ¼ AsAe
�
�

Ea
RT

��
1� Q

Keq

�q
(3)

where the specific reactive surface area As relies on the size and
shape of the dolomite particle,

A is the pre-exponential factor and is set as 11.2 mol cm�2 s�1

here for dolomite precipitation according to previous RTM simu-
lations (Gabellone and Whitaker, 2016), Ea is the activation energy
(1.335 � 105 J mol�1), R is the universal gas constant, T is the
temperature (in Kelvin), Q is the activity quotient in the fluids, Keq is
the equilibrium constant of dolomite, and an empirical value of 2.26
is used for the reaction order (q) according to the specific laboratory
experiment of dolomite precipitation conducted by Arvidson and
MacKenzie (1999). The above approach for modeling the repla-
cive dolomitization process and explanation of the relevant pa-
rameters have also been reported by Jones and Xiao (2005),
Whitaker and Xiao (2010) and Gabellone and Whitaker (2016).

The reaction formulas, contents and thermodynamic-kinetic
data of the included minerals in dolomitization are shown in
Table 1. Xu et al. (2004) and the references therein provide addi-
tional computational models and details of the thermo-hydro-
chemical coupled processes and the reaction-induced porosity
and permeability variations involved in simulation. EQ (3)/6
geochemical database (Wolery, 1992), which is integrated with
TOUGHREACT, was used to obtain the thermodynamic/kinetic rate
parameters for aqueous species and minerals.

4. Results

4.1. Mineralogy of the mixed siliciclastic-carbonate-evaporite
deposits

Whole-rock X-ray diffraction analysis shows that the Eocene
Xiaganchaigou Formation is characterized by intensively mixed
deposits and a very complex mineral composition that mainly in-
cludes carbonates (calcite and dolomite), evaporites (anhydrite,
glauberite, and halite), siliciclastics (quartz and plagioclase), clays
(kaolinite, illite and chlorite), and occasional pyrite. The mineral
compositions of different samples are plotted in a ternary diagram
(Fig. 2) and listed in Table S1. Carbonates are more abundant than
Table 1
Mineral parameters used for simulation.

Parameters Values

Calcite reaction formula CaCO3

Dolomite reaction formula Mg2þ

Gypsum reaction formula Ca2þ þ
Anhydrite Assum
Siliciclastics, glauberite and halite Assum
Initial mineral combination 5% dol
Thermodynamics and kinetics Therm
Dolomite kinetic rate constant 4.58e�

Dolomite reactive surface area 5000 c
Dissociation constants (lg(K25�C)) Calcite
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terrigenous clastics (including detritus and clays) and evaporites.
Specifically, dolomite has a relatively wide range of contents from
0 to 72.8% (28.2% ± 15.1%; reported as themean value ± 1s standard
deviation), and calcite has contents of 0e54.3% (18.2% ± 10.7%).

Although the mineral composition is diverse and complex, a
clear vertical variation trend in the mineral content, which occurs
with the cyclic meter-scale depositional sequences, can also be
observed (Fig. 3). Specifically, these sequences are generally
5�10 m in thickness and consist of dominant argillaceous clastic
rocks (siltstone and argillaceous siltstone; >50%) and very few
carbonates or evaporites (commonly <35%) in the lower part.
However, the middle-upper parts of the sequences have appre-
ciably higher contents of carbonates (>50%) and less siliciclastics
and clays (10�35%). Moreover, the dolomite content usually ex-
hibits an upward-increasing trend. Evaporites (mostly anhydrite
and glauberite) occur mainly in the upper or top parts of the se-
quences and are commonly in disconformable contact (erosion and
dissolution surfaces can be found) with the overlying siliciclastics/
clay-dominated rocks at the base of the next deposition sequence.
In general, the studied interval is characterized by the vertical su-
perposition of cyclic meter-scale depositional sequences, and the
mineral paragenesis varies within a sequence (from bottom to top)
from argillaceous clastics to carbonates, and then to sulfates and
chloride.
4.2. Dolomite petrography

As mentioned above, dolomites are generally enriched in the
middle-upper part of a depositional sequence and occur in asso-
ciation with diverse siliciclastic-carbonate-evaporite deposits. Core
observation shows that dolomite-rich carbonate rocks commonly
have a dark graymassive structure (dozens of cm; Fig. 4a) or exhibit
a thin-bedded structure that comprises frequent alterations of dark
gray dolomite and light gray siliciclastic layers (a few cm; Fig. 4b). A
few macrocrystalline glauberite-anhydrite associations, which are
mostly 5 mm�2 cm in individual size, can also be observed in the
upper part of the dolomite-rich intervals (Fig. 4c). Under the optical
microscope, dolomites have typical microcrystalline structures and
some pyrite and siliciclastics are scattered in the rocks (Fig. 4d and
e). In local areas, the dolomite-rich intervals contain typical mi-
crobial fabrics such as stromatolitic laminae and thrombolytic clot
clusters (Fig. 4f). The crystal morphology and size of these micro-
crystalline dolomites can be further identified under the FSEM. The
dolomite crystals, generally 2.5�10 mm in size, have relatively ideal
crystalline morphologies that feature euhedral rhombohedral tex-
tures (Fig. 4g). Furthermore, abundant submicron (mostly hun-
dreds of nm) intercrystalline micropores can be clearly observed in
the FSEM samples polished with argon ion beams, displaying an
irregular serrated pore morphology (Fig. 4h). Mineral dissolution
can be found at the edge of some dolomite crystals (Fig. 4i), forming
(Source)

þ Hþ#Ca2þ þ HCO�
3

þ Ca2þ þ 2HCO�
3 #MgCaðCO3Þ2 þ 2Hþ

SO2�
4 þ 2H2O#CaSO4 � 2H2O

ed to be formed during burial via gypsum dehydration
ed to be nonreactive during dolomitization process
omite; calcite, gypsum, and clastics vary with depth
odynamics for calcite and gypsum; kinetics for dolomite
19 mol m�2 s�1 (Gabellone and Whitaker, 2016)
m2 g�1 for basecase; 2500 and 10,000 for sensitivity analysis
: 1.849; Dolomite: 2.514; Gypsum: �4.482 (EQ (3)/6 database)



Fig. 2. Mineralogical composition of the Eocene Xiaganchaigou Formation in the western Qaidam Basin. (a) Ternary diagram showing the major mineral contents of the mixed
siliciclastic-carbonate-evaporite deposits. (b) X-ray diffraction patterns of representative samples with different dolomite/calcite abundances (data from Xiong et al., 2021b). The
relative contents of minerals are displayed in pie charts. The mineral peaks show: Qtz e quartz, Pla e plagioclase, Cal e calcite, Dol e dolomite, Py e pyrite, Anh e anhydrite, I e
illite, Chl e chlorite and Kln e kaolinite.
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dissolution etch pits and leading to a slight expansion of inter-
crystalline micropores.

4.3. Reactive transport modeling

4.3.1. Model construction

(1) Grid system and rock properties

A simplified 1D grid system was used to simulate the dolomi-
tization process, which depicts the replacement of calcite by
dolomite from the near-surface to deeper strata (Fig. 5). The 10 m
long column, which represents a common thickness of an indi-
vidual depositional sequence in the study area, is evenly discretized
into 40 grid cells. In response to the complex mineral compositions
of the mixed carbonate-clastic-evaporite deposits in the lacustrine
basin, four types of initial mineral (i.e., calcite, dolomite, clastics,
and gypsum) are included in the grid system. The contents of initial
mineral also vary with vertical burial depth (Fig. 5), representing
the successive change in mineral paragenesis from clastics rocks to
carbonates to evaporites within an upward-shallowing deposi-
tional sequence. To be specific, the calcite and gypsum display an
increasing trend from the bottom to the top of the column, with the
contents changing from 5% to 55% (whole-rock volume fraction)
and from 4% to 14%, respectively. The contents of clastic mineral
(including clays), however, decrease from 76% at the bottom to 16%
at the top. In addition, an initial 5% "seed" dolomite (Gabellone and
Whitaker, 2016) is involved to provide primary nucleation sites for
dolomite precipitation, and an initial 10% rock porosity is specified
throughout the column.

In the previous RTM studies of near-surface dolomitization
(Jones and Xiao, 2005; Al-Helal et al., 2012), the initial porosity and
permeability of grid cells were traditionally specified as the depo-
sitional porosity-permeability determined by the petrophysical
relationships of the carbonate rock-fabric proposed by Lucia (1995),
thus yielding a relatively high initial porosity of 30%e40%. How-
ever, the stratum we studied here is characterized by complex and
mixed carbonate-clastic-evaporite deposits that should be
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considerably different from the pure carbonate sediments of pre-
vious studies. Given the dominant fine-grained sediments (micritic
limestone and argillaceous siltstone) and the non-negligible
terrigenous clays (with contents of 5%e30%) in the lacustrine
environment, we specified a relatively low initial porosity of 10%
and permeability of 3.85 � 10�12 m2 throughout the column.
Reactive surface area (RSA) is another important parameter for
simulating dolomitization process because it controls directly the
reaction rate of kinetic minerals (Gabellone and Whitaker, 2016).
Although there is currently no convincing data of the precise RSA of
complex geological porous media, the particle size andmorphology
of the minerals can be used to approximate the RSA (German and
Park, 2009). In this study, the RSA of dolomite is assumed to be
5000 cm2 g�1 for the base case scenario, indicating the 5 mm-
diameter dolomite rhomb. Given the variable dolomite crystal size
(2.5 mme10 mm) as witnessed under the FSEM, two additional RSA
values, i.e., 2500 cm2 g�1 and 10,000 cm2 g�1, were considered for
sensitivity analysis, which are indicative of the 10 mm- and 2.5 mm-
diameter dolomite rhombs, respectively.

(2) Hydrogeochemical conditions

Simulation of the dolomitization process was performed under a
temperature condition of 26.2 �C that represents the average
diagenetic temperature of dolomite in the study area as calculated
by Yuan et al. (2015) using oxygen isotope thermometers. The
chemical compositions of the initial and boundary water were
derived from the present-day formation water chemistry in the
study area measured by Huang et al. (2015). Notably, although the
formation water does not directly reflect the syngenetic original/
evaporatedwater chemistry since it is the final product of a series of
water-rock reactions and concentration/dilution effects, under
condition of a weak diagenetic alteration by burial fluids the for-
mation water still preserves information such as the type and
relative concentration of aqueous species. Hence, the measured
formation water can be used as the foundation of the water
chemistry associated with dolomitization. To be specific, the for-
mation water, with a salinity of 22.6‰ in equilibrium with calcite



Fig. 3. Comprehensive lithological columns of the cored intervals of three boreholes showing the lithology, rock textures and mineral compositions with variation in depositional
sequences in the Eocene Xiaganchaigou Formation. The red points mark the sample positions of petrographic observation. Locations of the boreholes are shown in Fig. 1c, marked
with a cross-section (dark line).
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and gypsum (calculated using the aqueous geochemical modeling
code PHREEQC on the basis of its embedded thermodynamic
database PHREEQC. DAT; Parkhurst and Appelo, 1999), was assumed
to have originally saturated the grid system. The boundary water
2245
was generated by simulating evaporation of the formation water,
and different salinities, i.e., 45.2‰, 113‰ (base case), and 226‰
were assessed to evaluate the impact of evaporation intensity on
the dolomitization (Table 2). During simulation, the boundary



Fig. 4. Macro- and microscopic petrographic features of dolomite. (a) Dark gray massive dolomite-rich carbonate rocks. Well S41-2, 4075.4 m, core. (b) Thin-bedded structure that
comprises frequent alterations of dark gray dolomite and light gray siliciclastic layers. Well 41-2, 4093.8 m, core. (c) Macrocrystalline glauberite-anhydrite crystals associated with
dolomite-rich rocks. Well S41-2, 4081.0 m, core. (d) Microcrystalline dolomites and scattered pyrite. Well S41-2, 4162.6 m, thin section, cross-polarized light (CPL). (e) Micro-
crystalline dolomites and scattered siliciclastics. Well 41-2, 4176.1 m, CPL (Xiong et al., 2021b). (f) Thrombolytic clot clusters in dolomite-rich rocks, Well S41-6-1, 3853.7 m, CPL. (g)
Euhedral rhombohedral dolomite microcrystals, Well S23, 4150.9 m, field emission scanning electron microscope (FSEM). (h) Sub-micron intercrystalline micropores in dolomite-
rich rocks, Well S3-1, 4365.6 m, FSEM (argon ion beam polished). (i) Dissolution etch pits at the edge of dolomite microcrystals, Well S3-1, 4365.6 m, FSEM (argon ion beam
polished).
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water flows downwards from the top of the column (brine pond
cell), representing the downward infiltration of evaporated lake
water triggering the dolomitization. Table 3 lists the petrological
and hydrogeochemical parameters used for simulations in different
scenarios.

4.3.2. Model results

(1) Temporal and spatial distribution of minerals

The results of the base case simulation show the progressive
dolomitization process from the top to the bottom of the column. In
general, the change in the dolomite volume shows an increasing
trend with simulation time but a decreasing trend with increasing
depth and distance from the brine (evaporated water) source
(Fig. 6a). During initial dolomitization (�500 yr), dolomite precip-
itation can only be observed in a relatively shallow area (0
to �4.0 m). With time, the dolomitization tends to reach an
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equilibrium in the upper part of the column at a simulation time of
approximately 1 kyr, yielding a maximum dolomite increase of
43.2% in the top grid cell. After 5 kyr, the evaporated water seeps
throughout the column and gives rise to pervasive dolomitization
that features a linearly upward-increasing change in the dolomite
volume.

In response to dolomite precipitation, calcite decreases gradu-
ally with dolomitization (Fig. 6b). There is also a decreasing trend in
calcite dissolution with increasing depth and distance from the
brine source. Moreover, the vertical extent (depth) of calcite
dissolution is the same as that of dolomite precipitation. At equi-
librium (5 kyr), the amount of calcite dissolution reaches a
maximum of �49.5% at the top of the column, with a downward-
decreasing trend.

In comparison with dolomite and calcite, the change in the
gypsum volume is complicated (Fig. 6c). In general, gypsum shows
a dynamic evolution during dolomitization that is characterized by
weak precipitation in the early stage followed by substantial



Fig. 5. Schematic illustration of the vertical column grid system and depth-dependent initial mineral composition.

Table 2
Chemical compositions of the different fluids used for simulation.

Component, mol$L�1 Initial water Boundary water I Boundary water II Boundary water III

Naþ 2.54e�1 5.27e�1 1.58e0 4.43e0

Cl� 3.98e�1 8.23e�1 2.47e0 6.94e0

Kþ 7.52e�2 1.56e�1 4.68e�1 1.30e0

Ca2þ 5.76e�2 4.75e�2 1.43e�1 3.40e�1

Mg2þ 3.50e�1 7.25e�1 2.19e0 6.11e0

HCO3
� 8.82e�4 1.63e�3 4.89e�3 1.37e�2

SO4
2� 4.17e�2 1.46e�2 4.08e�2 1.01e�1

Salinity, ‰ 22.6 45.2 113.0 226.0
Saturation Index
Calcite 0.00 �0.62 �0.27 �0.66
Dolomite 0.94 0.15 1.00 0.57
Gypsum 0.00 �0.73 �0.03 0.84

Table 3
Petrological and hydrogeochemical parameters used for simulation.

Parameters Values (Source)

Initial porosity 10%
Initial permeability 3.85 � 10�12 m2

Temperature 26.2 �C (average diagenetic temperature of dolomite; Yuan et al., 2015)
Initial water Normal lake water (salinity ¼ 22.6‰; derived from Huang et al., 2015)
Boundary water Evaporated lake water (salinity ¼ 45.2‰, 113‰, and 226‰)
Fluid injection rate 0.8 m yr�1
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dissolution in the late stage. For instance, the maximum amount of
gypsum precipitation is 6.2% at a depth of �3.0 m after 2 kyr of
simulation, while the upper part of the column (0 to �1.8 m) has a
negative value of gypsum change. In the vertical direction, the
location of gypsum precipitation is consistent with the dolomite
front zone where the replacement reaction just reaches equilib-
rium. At equilibrium, the gypsum content tends to be lower than its
initial value, and the maximum amount of gypsum dissolution
is �12.6% at the top of the column.

(2) Porosity changes
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The rock porosity displays a dynamic variation during dolomi-
tization that is characterized by a slight decrease in the early stage
followed by a significant increase in the late stage (Fig. 6d). Notably,
during the early stage of dolomitization (�1 kyr), the porosity
shows a continuously increasing trend, and the process of porosity
decrease was not observed. At a simulation time of 2 kyr, dynamic
decrease/increase processes can be observed, and the depth range
of porosity decrease corresponds to the gypsum precipitation in-
terval. The maximum amount of porosity decrease is �1.6% at a
depth of�3.0 m. After pervasive dolomitization, the rock porosities
are apparently higher than their initial values, showing an upward-



Fig. 6. Simulation results of the base case scenario showing the volume changes in (a) dolomite, (b) calcite, (c) gypsum, and (d) rock porosity with variation in simulation time and
the relationships between (e) dolomite and (f) gypsum changes with rock porosity changes.
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increasing trend in increased porosity that reaches a maximum of
18.9% at the top of the column.

Crossplots of rock porosity with dolomite and gypsum changes
showa complex evolution of porosity during dolomitization (Fig. 6e
and f). In general, two distinct patterns of porosity variation can be
observed. For short periods of dolomitization (�1 kyr), the porosity
increment shows a positive relationship with the dolomite in-
crease, although there is a small amount of gypsum precipitation
during this period. For longer periods of dolomitization (2�5 kyr),
however, the rock porosity displays a dynamic decrease/increase
process. Specifically, during the early stage of dolomitization with
relatively low dolomite contents (ca. < 33%) and apparent gypsum
precipitation, the rock porosity shows a slight decreasing trend.
Subsequently, with increasing degrees of dolomitization and
dissolution of gypsum (including early-precipitated gypsum
cement and initial gypsum), the rock porosity increases
dramatically.
5. Discussion

5.1. Dolomite genesis and variation in dolomite abundance

The petrogenesis of the microcrystalline dolomites in the
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western Qaidam Basin has been widely studied, and a replacive
dolomitization model (driven by evaporation during the
syngenetic-penecontemporaneous stage) is generally acknowl-
edged (Yuan et al., 2015; Huang et al., 2016; Wang et al., 2020). Our
results, which are based on petrographic and mineralogical ana-
lyses and RTM simulations, are comparable to previous findings,
and further reveal the controls of periodic salinization processes on
the occurrence of dolomitization and the vertical heterogeneity in
dolomite abundance. First, the dolomites in the Eocene Qaidam
Basin have a homogeneous very finely microcrystalline structure
(Fig. 4d and e), which is highly similar to the petrological features
(prior to burial recrystallization) of the products of large-scale early
dolomitization in other evaporative lacustrine or marine environ-
ments (Feng et al., 1998; Machel, 2004), except that our dolomite
samples show a higher contamination of detrital sediments due to
the basin's paleogeographic position bounded by the Altyn
Mountains and the East Kunlun Mountains. Second, other fabrics/
textures, such as dolomite crystal overgrowth andmosaic structure,
and saddle dolomitewith associated hydrothermal minerals, which
are indicative of burial dolomitization (recrystallization) and hy-
drothermal alteration, were not found in the study area. Further-
more, systematic X-ray diffraction analysis of the cored intervals
show that the dolomite abundance co-varies with the high-
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frequency meter-scale depositional sequences and usually reaches
higher contents in the middle-upper part of an individual sequence
(Fig. 3). This indicates that the occurrence of dolomitization and
variation in dolomite abundance were likely linked to the multi-
stage lake level fluctuations and salinization processes (Fig. 7).

To be specific, as demonstrated in previous studies, the Eocene
Qaidam Basin featured a generally salinized lacustrine environment
with periodic short-term variations in lake level and water salinity
(Jiang et al., 2019; Xiong et al., 2021b). This setting was collectively
controlled by the Asian interior doubthouse climate (driven by the
41-kyr obliquity cycle) preceding the EOT, which featured alter-
nating humid-arid climate conditions and short-term moisture
shifts superposed on a secular drying trend (Abels et al., 2011;
Bosboom et al., 2014), and by the regional tectonic activity (i.e.,
uplift of the Altyn Mountains; Jolivet et al., 2001; Guo et al., 2018).
For an individual depositional sequence, the early stage was char-
acterized by rapid deposition during a lake transgression, corre-
sponding to an intermittent humid climatic period. Abundant
terrigenous materials and freshwater inputs from the adjacent
fluvial deltaic depositional systems led to the relatively low salinity
of the lake water and high contents of clastic and argillaceous
sediments. As such, the lower part of the sequence is dominated by
fresh-brackish water lacustrine deposits comprised dominantly of
Fig. 7. Conceptual model illustrating the evaporation-driven dolomitization during the syng
control by climate change and lake evolution.
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siltstone and argillaceous siltstone with a small quantity of car-
bonates (Fig. 7a and 8). With periodic climate change from humid
to arid, the detrital-dominated deposition was gradually replaced
by chemical deposition due to the decrease in the terrigenous
supply. The lacustrine basin underwent a stage of brackish-saline
water deposition during the early-middle lake regression, result-
ing in the dominance of carbonates (calcite) and a small quantity of
sulfate (gypsum and glauberite), constituting the middle-upper
part of the sequence (Fig. 8). Meanwhile, the strong evaporation
during this period facilitated the formation and accumulation of
high-salinity and high-density magnesium-rich brine (evaporated
lake water) in the paleo-lowlands of the basin, which then trig-
gered replacive dolomitization of the initially limestone sediments
during downward infiltration (Fig. 7b). As a result, the dolomite
content displays an upward increasing trend. During the late stage
of lake regression, continuous evaporation resulted in a very high
water salinity and low lake level, and the mineral paragenesis was
transformed from carbonate to sulfate (gypsum and glauberite) and
chloride (halite). Thus, the top part of sequence was dominated by
hypersaline water deposits that comprise mostly evaporites with a
dramatic decrease in the carbonate content (Fig. 8). Due to the
fluctuating humidearid climate conditions and water salinity var-
iations, these processes were repeated, ultimately resulting in the
enetic-penecontemporaneous stage within an individual depositional sequence and its



Fig. 8. Comprehensive columns of a typical cored interval of Well S41-6-1 showing the variations in lithology and mineralogy and lake evolution associated with an individual
dolomitization event.
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mixed siliciclastic-carbonate-evaporite deposits in the Eocene
Qaidam Basin, with the superposition of multistage relatively
short-term dolomitization events and periodic variation in the
dolomite abundance in the vertical direction. In addition to the
replacive dolomites, microbial dolomite precipitation, indicated by
the coincidence of microbial fabrics and Mg-enriched zones
observed in an electron probe energy spectrum scan (Huang et al.,
2016), occurred occasionally in local paleo-highlands.

In general, the periodic evaporation and resulting salinization
processes of the semiclosed lacustrine basin, which are regulated
by regional tectonic-climatic changes, were primarily responsible
for the early dolomitization. The cyclic and sequential change in
mineral paragenesis from terrigenous clastic rocks to carbonates to
evaporites gives rise to the vertical heterogeneity in the dolomite
abundance since it determines the amount of limestone precursor
available for replacive dolomitization. Additionally, the simulation
results imply that the infiltration depth of the brine was mainly
affected by the duration of the dolomitization (or evaporation)
event during regression (Fig. 6a). Given the high-frequency fluc-
tuations of lake level and water salinity during the Eocene (Jiang
et al., 2019; Xiong et al., 2021b), the basin was not likely to be
dominated by prolonged intense evaporation, and the recharge of
the brine (evaporated lake water) into the formation was limited.
Hence, the infiltration depth of dolomitizing fluidwas likely to have
been limited by the frequent water salinity fluctuation and the
insufficient brine recharge, which also led to a relatively low degree
of dolomitization and low dolomite abundance in the lower part of
the sequence (Fig. 8).

5.2. Controls on the rate of dolomitization

Through sensitivity analyses of the various lithological and
hydrogeochemical parameters, the potential factors controlling
dolomitization have been discussed in previous RTM studies
(Whitaker and Xiao, 2010; Al-Helal et al., 2012; Yang et al., 2022b).
These factors include extrinsic controls, such as platform geometry,
temperature, and salinity, chemical composition, and flux of the
brine, and intrinsic controls, such as lithofacies, initial porosity and
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permeability, RSA, and crystal nucleus and lattice defects. Gener-
ally, the dolomitization process can be accelerated by higher water
salinity, temperature, RSA and fluid injection rate and a higher
degree of dolomitization can be achieved under conditions of
higher water salinity, temperature and fine-grained rock fabric (Al-
Helal et al., 2012; Gabellone and Whitaker, 2016). For the specific
geological setting in the study area, we focus on the potential un-
certainty in the parameters involved in model construction,
including evaporation intensity and dolomite crystal size.

(1) Evaporation intensity (lake water salinity)

The variation in evaporation intensity (lake water salinity) in a
lacustrine environment is the result of the combined effects of solar
radiation, wind, waves, and geomorphological barriers (Guo et al.,
2018; Jiang et al., 2019), which can alter the saturation state of
the solution with respect to carbonate/evaporite minerals. The re-
sults of the sensitivity analysis of lake water salinity (Fig. 9aec)
show that there is an obvious increasing trend in dolomite pre-
cipitation with water salinity. Specifically, with the increase in
water salinity from 45.2‰ to 113‰, the amount of dolomite pre-
cipitation increases by more than 10 times (at the same depth) and
the seepage depth of the dolomitizing fluid increases from 5 m to
8 m (Fig. 9a). At a water salinity of 226‰, dolomitization of the
whole column reaches equilibrium in less than 2 kyr in the simu-
lation, while the equilibration time for the base case simulation
(salinity of 113‰) is approximately 5 kyr. These results indicate a
significantly higher rate of dolomitization and a greater seepage
depth of the dolomitizing fluid under stronger evaporation. This is
mainly because the increases in water salinity (higher Mg2þ and
HCO3

� concentrations) and ion activity product enhance the kinetic
reaction rate (Eq. (3)) and thus facilitate dolomite precipitation.
Moreover, the density of the brine also increases with the gradual
evaporation of water, which helps the dolomitizing fluid permeate
into deeper formations, driven by gravity. In addition to promoting
dolomite precipitation, a higher water salinity also facilitates gyp-
sum cementation at the dolomite front, as shown by the increase in
the gypsum volume from 4.0% to 6.2% with an increase in the water



Fig. 9. Simulation results of sensitivity analyses showing the impacts of (a-c) lake water salinity and (d-f) reactive surface area on the mineral and porosity changes during
dolomitization.
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salinity from 113‰ to 226‰ (Fig. 9b). At a water salinity of 45.2‰,
gypsum cementation was not observed, probably due to the rela-
tively low SO4

2� concentration in the injected solution.
Our results are comparable to previous simulations of 1D or 2D

generic models using several types of brine from modern envi-
ronments (e.g., concentrated modern seawater, Aptian seawater,
Mississippian seawater) as dolomitizing fluids (Jones and Xiao,
2005; Gabellone and Whitaker, 2016; Lu and Cantrell, 2016),
which highlight the significant impact of evaporation intensity on
the enhancements of dolomite supersaturation and density-driven
fluid flux during dolomitization. Notably, Gabellone and Whitaker
(2016) recorded apparent precipitation of dolomite cements
(overdolomitization) and resulting porosity decline proximal to the
brine source after complete replacement of calcite. However, this
overdolomitization process was not observed in our simulation.
This might be attributed to the relatively low temperature (26.2 �C)
and short simulation time (5 kyr) of our study since a high dolo-
mitizing fluid flux, high temperature, and long time period (several
million years) are generally considered to be necessary for over-
dolomitization (Machel, 2004; Whitaker et al., 2004; Al-Helal et al.,
2012).

(2) Particle size (reactive surface area)
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The RSA is often used to describe the reactivity of porous sedi-
ments and is regarded as an important rate-determining factor of
water-rock interaction (German and Park, 2009; Beckingham et al.,
2016). The results of the sensitivity analysis of RSA (Fig. 9def) show
that before equilibrium both the dolomite precipitation and gyp-
sum cementationwere enhanced slightly with increasing RSA. This
indicates that the higher reactivity of fine-grained sediments than
coarse-grained sediments leads to a relatively higher rate of dolo-
mitization. Nevertheless, the promotion effect for dolomite pre-
cipitation and gypsum cementation resulting from increasing RSA
is much less significant than that resulting from an increase in
water salinity (Fig. 10a), as evidenced by the minor variations in the
dolomite content (from 11.7% to 16.4% at the depth of �4 m after 2
kyr of simulation) and gypsum content (from 6.8% to 7.3% at the
dolomite front) even with a massive change in the RSA from
2500 cm2 g�1 to 10,000 cm2 g�1. Therefore, the evaporation in-
tensity associated with the different depositional sequences should
be the major rate-determining factor of the dolomitization process
in the Eocene Qaidam Basin.

The influence of RSA on water-rock interactions is commonly
assessed in combinationwith fluidmobility in porous sediments, as
the RSA is the major rate-determining factor in permeable systems
while the fluid mobility is the major rate-determining factor in



Fig. 10. Comparative analysis of the simulated rock porosity evolution and measured reservoir physical property data. (a) Simulated rock porosity increase resulting from the
metasomatic reaction under different brine salinity and reactive surface area conditions. (b) Overlap of the simulated increasing porosity trend during dolomitization (solid lines)
with the measured dolomite content vs. porosity scatter plot (circles).
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impermeable systems (Harrison et al., 2017; Budd and Park, 2018).
In comparison with previous RTM studies in which clear rapid
dolomitization was observed with increasing RSA (Jones and Xiao,
2005; Al-Helal et al., 2012), the relatively low initial porosity and
permeability values in our model are likely to be the limiting factor
of fluid mobility that leads to the minor influence of the RSA on the
dolomitization rate.
5.3. Formation mechanism of dolomite reservoirs

5.3.1. Correlation between dolomitization and reservoir pores
The correlation between dolomitization and dolomite reservoir

development has been long discussed, with a major debate
regarding whether dolomitization directly produces pores
(Ehrenberg et al., 2006; Jiang et al., 2016; Lai et al., 2020). Despite
the fact that magnesium is smaller in ionic radius than calcium,
comparisons of actual dolomite reservoirs with their limestone
precursors have shown that all three different reservoir property
outcomes, i.e., increased-porosity, decreased-porosity, and
unchanged-porosity dolomitization models, are possible (Dawans
and Swart, 1988; Zhang et al., 2010; Yang et al., 2022a). Further-
more, the magnitude of porosity changes remains poorly under-
stood. These uncertainties have introduced difficulties into
understanding the precise relationship between dolomitization
and reservoir pore evolution. Herein, an integration of simulation
results and observational/measured data provides a potential clue
in reconstructing the pore evolution during dolomitization in a
specific geological setting.

According to the general reaction formula of dolomitization
proposed by Morrow (1982), which takes into consideration the
different ionic participation due to different hydrogeological envi-
ronments, the replacement of calcite by dolomite can be expressed
as follows:

ð2� xÞCaCO3 þMg2þ þ xCO2�
3 /CaMgðCO3Þ2 þ ð1� xÞCa2þ

(4)

where x denotes the stoichiometric number of CO3
2� (ranging 0�1),

and the reaction's effect on porosity can be determined based on
the disparity in molar volume between dolomite and calcite. Spe-
cifically, Chen et al. (1985) and Zhang et al. (2010) calculated the
2252
possible porosity change outcomes and proposed three special
cases as summarized in Table 4, corresponding to the different
hydrogeological systems and inflow/outflow of chemical ions
(Mg2þ, Ca2þ, and CO3

2�) during dolomitization.
In our simulation, the maximum porosity increase resulting

from the metasomatic reaction is 6.4% (Fig. 10a; porosity changes
caused by gypsum cementation/dissolution are not included),
which is lower than the estimated 12.96% porosity increase for an
ideal mole-for-mole dolomitization model (Table 4; x ¼ 0; 1 mol
Ca2þ replaced by 1 mol Mg2þ). This difference likely exists because
the initial limestone sediments were not fully dolomitized under
the low-temperature conditions in the study area. An alternative
interpretation could be that a small quantity of exogenous CO3

2� (or
HCO3

�; x < 0.26 as indicated in Table 4) from injected brine (evap-
orated lake water) might have been involved in the replacive re-
action (Eq. (4)). This interpretation conforms to the semiclosed
saline lacustrine environment in this region, as demonstrated by a
prior paleoenvironmental reconstruction (Guo et al., 2018; Xiong
et al., 2021b). The precipitation of gypsum at the dolomite front
zone during the simulation (Fig. 6c) indicates that some of the Ca2þ

released by the replacive reaction can be carried away along the
flow pathway, which also rules out the possibility of a completely
closed hydrogeochemical environment.

Although the porosity changes during dolomitization can be
estimated theoretically based on the difference in ionic radius be-
tween magnesium and calcium under variable hydrogeological
environments, it should be noted that the above evaluationmay not
be able to fully explain the actual contribution of dolomitization to
reservoir pores. A so-called protodolomite-to-dolomite trans-
formation process, which has been recently revealed by dry-
heating experiments (Zheng et al., 2021), might also result in
additional pores (nanoscopic cavity structures) in dolomite
compared to its limestone precursor. The protodolomite, also
known as "disordered dolomite" and "very high-magnesian
calcite", is a typical metastable predecessor of dolomite (Zheng
et al., 2021) and can be both biogenic (via biomineralization) and
abiogenic (Sibley et al., 1994; Kaczmarek and Thornton, 2017).
Notably, protodolomite has a similar chemical composition
(>36 mol% MgCO3) to dolomite, but its lattice structure is disor-
dered (Graf and Goldsmith, 1956). Due to the Mg-hydration effect,
protodolomite usually contains structural water (1.4�7%; Zheng
et al., 2021), and the water content decreases with increasing



Table 4
The three special cases of replacive reaction during dolomitization (derived from Chen et al., 1985).

Hydrogeological system Amount of exogenous
CO3

2e
Inflow/outflow of Mg2þ and Ca2þ Reaction formula Theoretical porosity

change

completely closed
environment

x ¼ 0 Mg2þ inflow equals Ca2þ outflow 2CaCO3 þ Mg2þ/CaMgðCO3Þ2 þ Ca2þ Increase of 12.96%

Semiclosed environment x ¼ 0.26 Mg2þ inflow greater than Ca2þ

outflow
1:74CaCO3 þ Mg2þ þ 0:26CO2�

3 /CaMgðCO3Þ2 þ
0:74Ca2þ

Unchanged

Open environment x ¼ 1 No Ca2þ outflow CaCO3 þ Mg2þ þ CO2�
3 /CaMgðCO3Þ2 Decrease of 74.07%
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synthesis temperature. With the rise in temperature during burial,
this high-Mg calcite or disordered dolomite tends to gradually
transform into ordered dolomite, accompanied by the release of the
structural water (dehydration) from the protodolomite. Meanwhile,
transformation of the dolomite crystal morphology has also been
observed by Zheng et al. (2021), from nanoscopic globular subunits
(amorphous solid) to submicron-scale rhombohedral crystalline
minerals. Accordingly, a few nanoscopic pores form on the surface
or between dolomite crystals. In addition, the released structural
water might trigger further dissolution of dolomite and expansion
of intercrystalline micropores.

In terms of the Eocene lacustrine dolomite in the western Qai-
dam Basin, the petrographic and mineralogical evidence from our
samples and earlier work (Yuan et al., 2015; Huang et al., 2016)
suggest a dominant replacive genesis during the syngenetic-
penecontemporaneous stage with microbial mediation in local
areas. Given the very low mean global temperature (~10 �C) in the
Eocene (Miller et al., 2020), these early metastable dolomites,
which include microbial mineralization-associated very high-Mg
calcite and disordered dolomite formed via very early dolomitiza-
tion, might have contained some structural water because a low
synthesis temperature and biogenesis of dolomite are generally
thought to result in higher contents of structural water in dolomite
lattices (Xu et al., 2013; Zheng et al., 2021). The presence of struc-
tural water provides the foundation for subsequent dehydration
and formation of pervasive intercrystalline micropores in dolomite
during burial. Specifically, microscopic observation (FSEM) shows
that the microcrystalline dolomites in the study area have euhedral
submicron-scale rhombohedral crystal structures (Fig. 4g), which is
very similar to the products (ordered dolomite) of the dry-heating
experiments of protodolomite conducted by Zheng et al. (2021).
Furthermore, the strong evaporation and resulting hypersaline
brine-dominated pore fluid environment during early diagenesis
(near-surface to shallow burial) were conducive to the conversion
of early metastable dolomite into ordered dolomite (Oomori et al.,
1983; Schmidt et al., 2005), forming euhedral rhombohedral crys-
tals. The above observations indicate that the transformation of the
lattice structure and associated dehydration process are likely to
have taken place in the formation of the ordered dolomites in the
study area. This also explains why themicrocrystalline dolomites in
the Eocene strata of the Qaidam Basin have good porosities (Fig. 4h;
widespread submicron-scale intercrystalline micropores) and
constitute a unique type of tight carbonate reservoir, while the
microcrystalline dolomites in other basins (Tarim and Ordos Basins,
etc.; Jiang et al., 2018; Xiao et al., 2021) generally have poor
reservoir capacities. The disordered irregular structures of the
dolomite crystals and the lack of continuous evaporation and a
brine-dominated pore fluid environment during burial indicate
that the microcrystalline dolomites in other basins might not have
experienced the dehydration process. Moreover, the nanoscopic
dissolution characteristics of some dolomite crystals in the study
area (Fig. 4i) can thus be interpreted as relating to the slight
dissolution induced by the release of structural water during
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transformation of disordered to ordered dolomites.
5.3.2. Contributions of different porosity generation mechanisms
By comparing simulation results with measured mineralogical

data and physical properties of the dolomite reservoirs, the relative
importance of different porosity generation mechanisms can also
be assessed. First, the numerical simulations (Fig. 6) documented
an increasing trend in porosity with dolomitization and the simu-
lated dolomite content ranges from 5.0% to 48.1%, which is com-
parable to the dolomite abundance measured by the whole-rock
XRD tests. However, the maximum porosity increase via dolomi-
tization is 6.4% in the simulations (Fig. 10a), which is lower than the
measured dolomite porosity (up to 15%; circles in Fig. 10b), indi-
cating that additional or alternative porosity generation mecha-
nisms were likely involved in the formation of the dolomite
reservoirs in the study area. As discussed in previous studies, the
Eocene dolomite reservoirs in the western Qaidam Basin are the
products of multiple pore-increasing/decreasing effects, potentially
including the preservation of original intergranular pores, pore
reduction due to compaction, and pore increases via dolomitiza-
tion, near-surface or burial dissolution, and formation of micro-
fractures during late diagenesis (Huang et al., 2016; Liu et al., 2017).
Specifically, given the complex formation pressure system and
disequilibrium of compaction during burial (e.g., the presence of
local abnormal overpressure) caused by the rapid deposition,
sealing by gypsum/halite-salt rock, and conversion and dehydra-
tion of gypsum (Guo et al., 2019; Li et al., 2021), the amount of
residual intergranular pores inherited from the parent sediments
after compaction is of high uncertainty. Therefore, four different
hypothetical residual porosities, i.e., 0%, 5%,10%, and 15% (solid lines
in Fig. 10b), were considered in simulation results for parametric
uncertainty analysis, representing an increase in the degree of
preservation of original intergranular pores. An overlap of the
simulated increasing porosity trend during dolomitizationwith the
measured dolomite content vs. porosity scatter plot (Fig. 10b) in-
dicates that the residual intergranular porosity after compaction
mostly ranges from 0 to 10%, and that the dolomitization gives rise
to a porosity increment of 0e8%. Moreover, a few samples yield low
dolomite contents but relatively high porosity, which can be
attributed to the result of slight karstification or fracture porosity
(Huang et al., 2017; Xiong et al., 2021b).

In general, the integrated RTM simulations and rock mineral-
ogical and physical property measurements suggest that the pres-
ervation of original intergranular pores and the subsequent
porosity generation via early dolomitization are the major mecha-
nisms contributing to the unique microcrystalline dolomite reser-
voirs in the western Qaidam Basin. The ability to quantitatively
evaluate the contributions of various porosity generation mecha-
nisms highlights the promising prospect of this integrated
approach in applications to carbonate reservoirs elsewhere with
multiple and complex geneses.



Y. Xiong, B. Liu, X.-C. Tan et al. Petroleum Science 21 (2024) 2240e2256
5.4. Significance and limitations

RTM constraints on dolomite formation have been implemented
in various depositional and burial environments, such as marine
carbonate platform (Lu and Cantrell, 2016), platform margin (Al-
Helal et al., 2012), epeiric ramp (Gabellone et al., 2016) and burial
fracture systems (Wei et al., 2017). The present study further ex-
pands the application of RTM for dolomite problems to evaporative
lacustrine environments. Our results, together with previous RTM
work, is of sedimentological and hydrocarbon significance for un-
derstanding the hydrogeochemical mechanisms of dolomitization
process in diverse environments and the associated coevolution of
fluids, mineralogy and reservoir properties.

Nevertheless, before the dolomite mystery can be fully resolved
and the RTM method is regularly applied for realistic reservoir pre-
diction, there are still a few obstacles to overcome. On the one hand,
there are still some limitations related to the kinetic model of
dolomitization. For instance, the microbial effect is not considered in
the current model, although microbial mediation has been regarded
as an important factor for promoting the early precipitation of Mg-
carbonates (Perri and Tucker, 2007; Dupraz et al., 2009). Addition-
ally, in the current simulations, the dolomitization process is treated
as a reaction network that comprises calcite dissolution followed by
dolomite precipitation, while whether there is dissolution of calcite
in a real replacement process remains controversial. On the other
hand, it is still difficult to couple the dolomitization process during
the syngenetic-penecontemporaneous stage with the other complex
diagenetic processes during a long burial period, which makes it
difficult to extend the simulation of dolomite formation to thewhole
geological history. Thus, the current model cannot fully explain the
formation mechanism and evolution of the massive dolomites in
ancient strata as it does not consider the recrystallization or neo-
morphism of early dolomites caused by gradual changes in tem-
perature and pressure during burial.

In further research, thermodynamic/kinetic processes of water-
rock interactions in more practical and complex geological settings,
such as the microbial-induced dolomite precipitation and the
coupling of early reflux dolomitization with burial recrystallization
and hydrothermal alteration processes, should be investigated. It is
also important to emphasize the integration of traditional geolog-
ical methods and the RTM approach, particularly the cross-
validation of simulation and laboratory findings. These topics are
expected to soon draw researchers interested in sedimentology and
diagenesis.

6. Conclusions

The Eocene western Qaidam Basin was dominated by mixed
siliciclastic-carbonate-evaporite sedimentation in a semiclosed
saline lacustrine environment. The complexity of the lacustrine
mixed deposits makes it difficult to determine the dolomite dis-
tribution and reservoir genesis through the use of petrology and
geochemistry alone. This issue was addressed by integrated usage
of RTM simulation. This method, which is highly useful in hydro-
geochemical studies, can be applied to geological issues and shows
promising prospects.

Periodic evaporation and salinization processes in the lacustrine
basin during syngenetic-penecontemporaneous stage led to the
superimposition of multiple short-term dolomitization events. The
cyclic variation in dolomite abundance was essentially caused by
the successive change in mineral paragenesis from terrigenous
clastics to carbonates to evaporites, which determined the amount
of limestone precursor available for replacive dolomitization. The
evaporation intensity and particle size of sediments were rate-
determining factors of the dolomitization process. The
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preservation of original intergranular pores and generation of
porosity via early dolomitization were the major formation mech-
anisms of the distinctive microcrystalline dolomite reservoirs.

Given that the natural geological systems are more complex
than numerical models which always require necessary simplifi-
cation and assumptions, our results also have limitations, particu-
larly in extrapolating the fluid-mineral-porosity evolution to the
whole geological history since the current model lacks the
consideration of sedimentary heterogeneity and burial diagenetic
alteration. Nevertheless, the reconstruction of dolomitizing fluid-
rock interactions, based on the thermo-hydro-chemical coupled
modeling, provides a better understanding of the hydro-
geochemical mechanism of dolomitization process and can help to
reduce uncertainty of dolomite reservoir prediction in the complex
lacustrine environment.
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