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a b s t r a c t

Through the long development processes of reservoir sedimentation and diagenesis, acidic and alkaline
fluids play key roles in controlling deep reservoir development. However, the ways in which deep fluids
control and transform the reservoir under complex fault conditions remain unclear. In this study, a 2D
model was established based on a typical sub-salt to intra-salt vertical profile in the Qaidam Basin, China.
Based on measured data, multiphase flow reaction and solute transport simulation technology were used
to analyze fluids flow and migration in the intra-salt and sub-salt reservoirs, determine the mineral
dissolution, precipitation, and transformation in the reservoir caused by the deep fluids, and calculate the
changes in reservoir porosity. Results show that deep fluid migrates preferentially along dominant
channels and triggers a series of fluiderock chemical reactions. In the first stage, a large amount of
anhydrite precipitated in the fault as a result of upward migration of deep saline fluid, resulting in the
formation of anhydrite veins and blockage at the base of the fault. In the second stage, organic acids
caused minerals dissolution and a vertical channel was opened in previously blocked area, which pro-
moted continuous upward migration of organic acids and the formation of secondary pores. This study
clarifies the transformative effects of deep alkaline and acidic fluids on the reservoir. Moreover, the
important fluid transport role of faults and their effect on reservoir development were determined.
© 2022 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

Important oil/gas exploration breakthroughs have been made
consecutively in saline lacustrine basins, and understanding their
development process is indispensable (Williams et al., 2014;
Rosenberg et al., 2015; Warren, 2016; Wu et al., 2019; Zou et al.,
2019). In saline lacustrine basin, the overpressure zone and
various salt structures often form beneath gypsum layer, which
affects the reservoir development and provides space and channels
for the oil/gas accumulation and migration (Jackson and Hudec,
2017; King and Morley, 2017; Ga€el et al., 2018). The deep fluids in
the oil/gas-rich basin is diverse and complex. Through flow and
etroleum Resource and Pro-
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migration via dominant channels, a series of constructive or
destructive transformations of the reservoir caused by deep fluids
occurs. At present, the control effect of deep fluids on abnormal
high-pressure fault zone reservoirs remains unclear, which leads to
incomplete understanding of the development mechanisms of the
oil/gas reservoirs and restricts exploration and development of oil/
gas resources.

The Qaidam Basin has been under the effects of uplift of the
QinghaieTibet Plateau since the Cenozoic. The continuous phased
uplift has resulted in elevation of the basin, closure of the lake
basin, a dry and cold climate, and a sufficient source of salt, thus
forming a typical plateau saline lake basin (Huang et al., 2016;
Zhang et al., 2017a). The uniquemixed sedimentary environment of
the plateau saline lake basin leads to thinner sand bodies and
generally developed cementation, so the connectivity of sand
bodies is poor. The ‘self-closed’ formation fluid causes the key
aspect of formation of reservoirs to be the transport capacity of the
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faultesand body transport system (Yoseph and Warren, 2002;
David et al., 2014). Faults provide preferential channels for fluids
and play an important role in the development of such reservoirs
(Chiaramonte et al., 2011;Watanabe et al., 2013; Huang et al., 2016).

In the Oligocene E32 reservoir in the Yingxi area of the Qaidam
Basin, salt ions mainly enter the reservoir with deep fluids via
faults, which has a significant impact on the reservoir. From isotopic
and other studies, many scholars have concluded that the Quater-
nary sediments in the Qaidam Basin have essentially no seawater
supply and that the main source of lake water ions is deep circu-
lating water (Chen and Ren, 2019; Shi et al., 2019; Hao et al., 2020).
Other scholars have shown that the gypsum rock in the Shizigou
area of the Qaidam Basin is salt-forming in the deep fluid (Jian et al.,
2014). In the Oligocene period, affected by the strike-slip nappe
movement of the Eastern Kunlun Orogenic Belt, fault formation
became strong, providing good channels for deep hydrothermal
upwelling (Zhang et al., 2016; Hao et al., 2020). As a result of
expansion under the high temperature and the compression, deep
brine upwelled along the faults, along with the adjacent formation
fluid, thus forming a deep hot-brine cycle (Sisavath et al., 2012; Han
et al., 2019). Moreover, co-deposition of zeolite and iron-bearing
dolomite occurred in the gypsumesalt strata in this area. The co-
deposition of analcite and iron-bearing dolomite is considered a
result of hydrothermal exhalative sedimentation at the bottom of
the lake basin (Pham et al., 2012; Simpson and Bignall, 2016).

Fluid-rock chemical reaction extends through the entire diage-
netic process, particularly when acidic fluid is involved (Bel�en et al.,
2011; N�emeth et al., 2015; H�el�ene et al., 2020). The interaction
between acidic fluid and rock under high-temperature and high-
pressure formation conditions leads to dissolution, cementation,
and transformation of minerals, which are main determining fac-
tors of reservoir porosity. Organic acids are quite common in the
reservoir development process of oil/gas basins. In addition to be-
ing generated directly through the thermal evolution process of
source rocks, organic acids can also be generated by thermal
chemical-reduction reactions involving hydrocarbons and sulfates
in late-stage diagenesis. These processes provide an acidic envi-
ronment for the formation system (Frolov et al., 2016; Covas et al.,
2019). Anhydrite is widely distributed in the study area within a
saline lake basin sedimentary environment. Under the acidic, high-
temperature, and high-pressure environment, anhydrite has an
important influence on the development of dissolution porosity or
the precipitation of calcite (Acero et al., 2015). Dissolution of
anhydrite increases the porosity and permeability of the rocks, thus
improving pore structure. Conversely, anhydrite dissolution re-
leases abundant calcium ions, prompting calcite precipitation and
diminishing reservoir space. In general, the reduction of reservoir
space caused by calcite precipitation is less than the increase in
reservoir space caused by the dissolution of soluble minerals, such
as anhydrite and feldspar. Thus, the effects of acidic fluid provide a
certain enhancement of reservoir physical properties (Austad et al.,
2010; Wilke et al., 2012; Seyyedi et al., 2020).

In this study, the typical geological profile of the Yingxi area in
the Qaidam Basin was selected to establish a 2D profile model. The
fluiderock chemical reactions caused by deep saltwater and
organic acid-rich fluids entering the reservoir were simulated. The
laws of mineral dissolution, precipitation, and transformation were
analyzed, and the transformation of reservoir porosity was calcu-
lated to determine whether the deep fluid led to a large amount of
salt mineral precipitation, and thus to reservoir obstruction, and
whether the incursion of organic acid-rich fluids in the late stage
could improve the physical properties of the reservoir. Thus, the
goal of the study was to determine the transformation effect of the
deep saltwater and the organic acid-rich fluid on the reservoir
under the condition of its fault structure. The results are helpful to
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reveal the controlling effect of deep fluid on reservoir, especially the
reservoir developed in fault belt. Furthermore, the development
mechanism of reservoirs in saline lacustrine basin could be deter-
mined to improve exploration efficiency.
2. Geological background

The Qaidam Basin is a Mesozoic, continental, hydrocarbon-
bearing basin within the Altun, Kunlun, and Qilian Mountains, as
shown in Fig. 1a and b (Liu et al., 2017; Zhang et al., 2017b; Shi et al.,
2019). Under the dynamic background of IndiaeEurasia plate
collision, left-lateral strike-slip motion of the Altun Fault occurred
in the Eocene and gradually migrated to the Qaidam Basin to the
northeast, resulting in thrust-nappe and strike-slip deformation
along NWeSE trending faults at the northern margin of the
QaidameQilianshan area (Guo et al., 2017; Hao et al., 2020).
Therefore, the western Qaidam area is characterized by a sagging
sedimentary region under the extensional tectonic background
(Wang et al., 2020).

The Yingxi area was in the center area of lacustrine deposition
during the Oligocene, and lake carbonate was the most important
type of rock that developed (Ma et al., 2019; Shi et al., 2020). It has a
mixed origin, containing clastic particles, argillaceous components,
and salt minerals. The reservoir profile in thewestern Qaidam Basin
is shown in Fig. 1c. N2

1 and N1 Formations are dominated by clastic
rocks. E32 Formation is dominated by mixed rocks, including car-
bonates, gypsum rocks and mudstones. The intra-salt reservoirs
(IeIII) mineral composition is mainly dolomite, clay minerals,
calcite, and quartz. The rock structure types include granular,
porphyritic, layered, and massive structures. Dissolution pores/
cavities, breccia pores/cavities, matrix pores, and a small number of
faults are developed in the reservoir space, and mainly dissolution
pores, intergranular pores, and breccia pores are developed in local
good sections (Huang et al., 2018; Hao et al., 2020). The sub-salt
reservoirs (IVeV) are mainly mud-bearing or argillaceous dolo-
mite, and the mineral components are mainly dolomite, clay, and
calcite. Compared with the intra-salt reservoirs, the contents of
debris and salt rock are lower, but the anhydrite content is higher.
There is development of granular, patchy, lamellar, and massive
structures (Zhang et al., 2017a, b; Shi et al., 2020).

There aremany types of salt minerals in the Yingxi area and they
mainly include halite, gypsum or anhydrite, glauberite, and celes-
tite (Wang et al., 2020; Liu et al., 2021). These salt minerals can be
divided into two types of occurrence: salt layers of various thick-
nesses and salt minerals within carbonate rock in the form of
mineral particles in the main reservoir section (Huang et al., 2018).
The salt layers have the following vertical distribution character-
istics: the salt layers of the intra-salt reservoir group are relatively
well developed, and the maximum single-layer thickness can reach
5.15 m. The chemical composition is mainly rock salt (NaCl). The
salt layers of the sub-salt reservoir group are thin, mostly from
several centimeters to dozens of centimeters thick, and the
chemical composition is mainly anhydrite (CaSO4). This latter type
of occurrence exists in the main reservoir section (Zhang et al.,
2017a; Wang et al., 2020). The salt minerals in carbonate rocks
have the following characteristics: halite is widely developed in the
intra-salt reservoir group, but its distribution in the sub-salt
reservoir group exhibits regional differences. Anhydrite is gener-
ally developed in the intra-salt and sub-salt reservoirs, but its
content is higher in the sub-salt reservoirs. Glauberite is widely
developed in the sub-salt reservoir group, and its distribution ex-
hibits obvious regional differences. The celestite content is low
(Huang et al., 2016).



Fig. 1. Reservoirefault profile in the Yingxi area of the Qaidam Basin.
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3. Modeling tools

Reactive transport modeling is an important tool that can be
used to explain lots of coupled processes (geochemical, microbial,
and physical) in the earth system. TOUGHREACT numerical simu-
lation software was utilized in this study. TOUGHREACT is coupled
with a geochemical reaction module based on TOUGH. TOUGH-
REACT fully considers fluiderock chemistry occurring in the
reservoir diagenesis process, including equilibrium or kinetic con-
trol processes such as cation exchange, surface complexation,
gaseliquid interaction, minerals dissolution/precipitation, and
porosity and permeability changes. TOUGHREACT can simulate
flow, heat, multicomponent solute transport, and geochemical
processes during reservoir diagenesis in 1D, 2D, and 3D porous or
fractured media. It can also effectively couple simulation of
fluiderock chemistry and product migration, so it can simulate rock
cementation, metasomatism, dissolution, pore destruction and
preservation, pore fill composition, andwettability (Xu et al., 2006).

Changes in porosity and permeability occur by mineral disso-
lution/precipitation. When the amount of precipitation is greater
than the amount of dissolution, porosity decreases. Conversely,
when the opposite occurs, porosity increases. Porosity can be
calculated by the change in mineral volume fraction, as shown in
Eq. (1):

4 ¼ 1�
Xnm

m�1

frm � fru (1)

where nm is themineral species, frm is the volume fraction of them-
th mineral, and fru is the volume fraction of unreacted rock.
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In actual geological body, the relationship between porosity and
permeability is complex, being affected by factors such as pore size,
shape, distribution, and connectivity. Optional models for calcu-
lating permeability in this simulation include the following: (1)
porosity is calculated based on the CarmaneKozeny relationship,
ignoring particle size, curvature, and specific surface area; (2) the
pore distribution, pore roar size, and pore type are calculated based
on the improved HagenePoiseulle law; (3) a simple cubic law and
the KozenyeCarman equation of porosity and permeability are
implemented, considering the geometric characteristics of the
pores and the relationship between mineral precipitation location
and permeability.

4. Numerical simulation

4.1. Model set up

First, a 2D profile model was established, as shown in Fig. 2. The
total length in the vertical direction Z was 100 m. The top was at
0 m, the bottomwas at�100m, and the interval included the intra-
salt and sub-salt reservoirs. The upper 0 to �30 m, the intra-salt
reservoir, included interbedded sand and mud, which was
distributed asmudesandemudesandemud layers of 6m each, and
the lower interval from �30 to �70 m was the sub-salt reservoir.
The vertical directionwas subdivided uniformly: each grid was 1m,
and each column included a total of 100 grids. The X direction was
35,000 m, the length was 347.13 m, and the angle was 11.63� in the
range of 250e700 m. The fault was encrypted. Therefore, the X-
direction had grids of 10 m� 10m� 1m from 0 to 1200m, and the
radial volume was increased from 1200 m to 35,000 m. The model
included 14,000 grids.



Fig. 2. Schematic diagram of numerical simulation model.
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In this study, after the fluid was filled, the entire model range
was not involved. The subsequent images only illustrate the fluid-
involved area, that is, 0e2000 m in the lateral direction.

4.2. Simulation program

The simulation lasted 450,000 years and included two stages.
The first stage was simulated for 250,000 years (0e250,000 years),
aiming to study the transformation of the reservoirs caused by deep
saline fluid. The simulation time of the second stage, the organic
acid filling stage, was 200,000 years (250,000e450,000 years). It
was used to study the subsequent transformation of the reservoir
by organic acids following deep saline fluid.

4.3. Initial conditions

4.3.1. Temperature and pressure
Fig. 3 shows the relationships between pressure-altitude and

temperature-depth in the Yingxi area. The reservoir between the
salt is weakly over-pressured, with a pressure coefficient b of
1.2e1.6, and the reservoir beneath the salt is strongly over-
pressured, with a b of 1.5e1.9. The correlation coefficient between
temperature and depth is negative.

According to the depth of the model, the top temperature was
set to 110 �C and the top pressurewas set to 70MPa. The pressure in
Fig. 3. Relationships between pressure and a
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each layer was calculated according to the corresponding pressure
coefficient. The upper intra-salt reservoir (0 to �30 m) was weakly
over-pressured, with a pressure coefficient of 1.3. The pressure
at �30 m was 70.39 MPa. The interval of �30 to �100 m was
strongly over-pressured. The pressure coefficient was 1.8, and the
pressure at �100 m was 71.60 MPa.

4.3.2. Physical conditions
Through the long geological history of the Yingxi area, many salt

layers were mixed into the sandemud interbeds due to the attri-
butes of the inland lakes, so the porosity is relatively complex.
Porosity in the sub-salt region is mainly within 3%e11%, with an
average of 6.2%. Permeability is mainly distributed within
0.02e40.2mD, with an average of 0.61mD. The specific distribution
is shown in Fig. 2. The porosity and permeability of the subsalt
reservoir were 0.1 and 2 mD, and the porosity and permeability
values of fault were 0.5 and 2000 mD, respectively. The initial
porosity and permeability of mud in the model were set to 0.05 and
0.002 mD, respectively. The initial porosity and permeability of
sand was 0.15 and 20 mD. With the assumption that each initial
formation is homogeneous, the physical parameters are shown in
Table 1.

4.3.3. Hydrochemical condition
Fig. 4 shows the relationships among total organic carbon (TOC),

paleosalinity, and chloride ion concentration in the study area. The
paleosalinity is concentrated within a range near 20‰. Thus, the
source rocks are mainly in an environment of semi-saltwater to
light saltwater. According to statistics of 14 wells in the study area,
the formationwater density of E32 in the Yingxi area is 1.1842 g/cm3,
the pH is 6.0e7.7, with an average of 6.5. The total salinity is
274,593.7 ppm and the water type are CaCl2.

This model included intra-salt and sub-salt regions, with
correspondingly different initial water chemical compositions. The
simulation included two processes, deep saltwater upwelling and
organic acid charging, respectively, so there are two external fluids.
The pH value of acid is about 4.0. The cations in the solution were
measured by Inductively Coupled Plasma Emission Spectrometry
(ICP-AES), and the anions are determined by Ion Chromatography.
The concentrations of hydrochemical ions in these models are
shown in Fig. 5.
ltitude and temperature and well depth.



Table 1
Parameters of physical properties used in the model.

Parameter Mixed rockesand Mixed rockemud Sub-salt reservoir

Porosity, % 15 5 10
Horizontal permeability, mD 20 0.002 2
Vertical permeability, mD 2 0.0002 0.2
Coefficient of compressibility, Pa�1 4.5 �10�10 4.5 �10�10 4.5 � 10�10

Density of rock, kg/m�3 2710 2710 2710
Thermal conductivity, W/m/�C 2.20 2.20 2.20
Specific heat of rock particles, J/kg/�C 852 852 852

Fig. 4. Relationships among total organic carbon (TOC), paleo salinity, and chloride ion
concentration.

Fig. 5. Concentrations of hydrochemical ions.
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4.3.4. Mineral composition and contents
Fig. 6 shows the measured mineral composition and relative

contents using X-ray diffraction analysis in each layer. Among
these, reservoirs IeIII are intra-salt reservoirs, and reservoirs IVeV
are sub-salt reservoirs. Contents of quartz, calcite, albite, and
Fig. 6. Mineral composition and relative contents.
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ankerite are high, and clay minerals account for 10%e50% of the
total mineral content.

According to Fig. 6, the rock mineral composition and relative
contents used in this model are shown in Table 2. The sub-salt
reservoirs are dominated by carbonate minerals, feldspar, and
quartz. The intra-salt mixed layer contains different amounts of
rock salt and clayminerals, such as smectite and kaolinite. The mud
layer contains more ankerite.

4.4. Boundary conditions

The top boundary in the model was fixed, and all physical and
chemical conditions, such as pressure and ion concentration, did
not change with time. The fixed boundary not only played the role
of evacuation system pressure but also simulated the infinite scale
of the actual formation.

Considering the structural conditions of the reservoir, the fault
zone (X: 600e700 m) at the bottom of the model was injected in
segments. Under different fault conditions, the velocity of hydro-
thermal intrusion to the seabed is 2.6e4.1 m/a (Gahtani, 2013).
Therefore, during the period of 0e250,000 years, deep saline fluid
was injected to the reservoir along the bottom of the faults, and the
filling rate was 6.61 m/a. During 250,000e450,000 years, the in-
jection of deep hydrothermal solution was stopped, and organic
acids were filled along the bottom of the faults with a filling rate of
16.3 m/a.

5. Results

5.1. Migration of deep fluid

To analyze how the fluid flows and migrates after entering the
reservoir and avoid interference from other factors such as chem-
ical reactions, a tracer (t_skdd1) was set up in the model. The tracer
did not participate in any chemical reactions. There was no tracer at
the beginning of the system. The concentration of tracer in the deep
hydrothermal solution was 1 mol/L, and the concentration in the
organic acid influx was 2 mol/L. The flow path and concentration of
tracer represented the fluid flow and diffusion.

Fig. 7 shows the concentration distribution of tracer at different
times. Obviously, at time 0, the concentration of tracer in the whole
model was 0 mol/L. During 0e250,000 years, with the deep hy-
drothermal fluid filling into the reservoir continuously, the tracer
concentration increased first at the fault and then increased in the
reservoir near the fault. Finally, the tracer concentration in the
intra-salt reservoirs increased. This illustrates preferential fluid
migration upward along the fault and then also migration to the
surrounding reservoir through the upward migration process after
fluid filling. Finally, some fluids break through the top of the fault
and enter the intra-salt reservoir. Due to the better porosity and
permeability conditions of themixedesand layer, the fluidmigrates
preferentially to the right along this layer. In 250,000 years, the
tracer concentration in the fault, surroundings, and intra-salt



Table 2
Mineral composition and relative contents (wt%).

Mineral Sub-salt reservoir Intra-salt mixedesand Intra-salt mixedemud

Calcite 25 5 25
Anhydrite 15 30 3
Quartz 20 23 12
K-feldspar 11 1.5 1
Albite 11 12 8
Dolomite 18 0 5
Halite 0 1.5 1
Ankerite 0 15 17
Na-smectite 0 3 7
Ca-smectite 0 3 7
Kaolinite 0 3 7
Illite 0 3 7

Fig. 7. Fluid flow and migration at different times.
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reservoirs reached the injection concentration of 1 mol/L.
From 250,000 to 450,000 years, organic acids were filled from

the bottom of the fault. Results showed that high-concentration
tracer fluid still migrated preferentially along fault. The tracer
concentrations of the affected reservoirs and intra-salt reservoirs
around the fault, gradually increased to 2 mol/L, and the range of
fluid migration continued to expand.

5.2. Transformation of reservoir minerals

Fig. 8 shows the distribution of change in the relative contents of
typical minerals, such as feldspar, calcite, and anhydrite, at the end
of the deep hydrothermal upwelling (250,000 years) and the
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organic acid filling (450,000 years).
During the deep hydrothermal upwelling (0e250,000 years),

minerals dissolution and precipitation occurredmainly in the lower
half of the fault in the sub-salt reservoir. Potassium feldspar and
calcite dissolved, while albite, dolomite, and anhydrite precipitated.
In particular, anhydrite precipitation was large, forming anhydrite
veins in the lower half of the fault. In the intra-salt reservoirs, due
to the wide range of fluid migration in the mixed sandstone layer,
the range of mineral changes was larger than in the mud layer.
However, the reaction intensity was weaker than in the mud layer.
This was the case because the porosity and permeability of the mud
layer are small, and fluid and surrounding minerals had more time
in contact for reaction, resulting in strong chemical reaction. In the



Fig. 8. Variation in typical minerals.A negative value represents a decrease in relative mineral content, i.e., mineral dissolution. A positive value represents an increase in relative
mineral content, i.e., mineral precipitation.
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intra-salt reservoir, salt, calcite, ankerite, kaolinite, and smectite
dissolved, and albite, dolomite, anhydrite, and illite precipitated.

During the organic acid filling (250,000e450,000 years), albite
continued to dissolve in the sub-salt reservoirs and precipitated
slightly at the bottom of the fault. Potassium feldspar dissolved in
the fault but precipitated in the surrounding reservoir. Calcite was
mainly dissolved, and the dissolution range extended into the
reservoir near the fault. Dolomite continued to precipitate in the
fault, and a large amount of anhydrite was dissolved. The anhydrite
previously precipitated in certain areas in the lower half of the fault
was dissolved. In the intra-salt reservoir, salt, calcite, ankerite, and
smectite were still mainly dissolved, albite, K-feldspar, dolomite,
anhydrite, and illite were mainly precipitated, and the mixedemud
layer in contact with the fault showed slight dissolution.

5.3. Changes in reservoir porosity

Fig. 9 shows the distribution map of reservoir porosity at
different times. The initial value set for the model at time 0 was
detailed in the previous section.

During the upwelling of deep hydrothermal fluids (0e250,000
years), as fluids moved upward from faults, chemical reactions
were triggered, leading to mineral dissolution or precipitation. In
the sub-salt reservoir, because the total amount of precipitation of
minerals was greater than the total amount of dissolution, the
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porosity in the fault decreased gradually, particularly in the lower
part. At 250,000 years, a blockage area with a porosity close to 0.00
formed at the bottom of the fault (shown by the blue area in the
Fig. 9), which was directly related to the mass precipitation of
anhydrite described above.

During the organic acid filling (250,000e450,000 years), large
mineral dissolution occurred as organic acids filled from the bot-
tom of the fault. The total dissolution of minerals was greater than
the total precipitation, the porosity increased gradually, and the
porosity and permeability of the blocked area improved. At 350,000
years, a vertical channel with a porosity of 0.60 formed on the left
side of the blocked area, resulting in a steady upward flow of
organic acids. The porosity of the upper area increased gradually, as
shown by the red area in the Fig. 9. The last two illustrations show
the local enlarged area at the bottom of the fault, in which the
vertical channel opened by organic acids is very obvious. The
porosity of the intra-salt reservoir continued to increase, indicating
thatmineral dissolutionwas greater than precipitation. Because the
external fluid migrated a greater distance in the mixedesand layer,
the porosity in the sand layer varied widely. However, the range of
change was less than the change in the mudstone because the fluid
in the mudstone had longer contact time with the surrounding
minerals and thus larger amount of reaction. The initial porosity of
the intra-salt mixedesand layer was 0.15, and the initial porosity of
themud layer was 0.05. After 450,000 years of influence by external



Fig. 9. Distribution maps of reservoir porosity at different times.
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fluids, the porosity of mudstone had been improved greatly, and the
porosity of the sand and mud layers tended to be steady at about
0.17.

6. Discussion

6.1. Alteration of the subesalt reservoir by deep fluids

In this study, after filling by deep saline fluid, potassium feldspar
and calcite dissolved and albite, dolomite, and anhydrite precipi-
tated in the subesalt reservoir. In particular, there was large pre-
cipitation of anhydrite, and about 50% of it precipitated in the lower
half of the fault, forming an anhydrite vein. The porosity was
sharply reduced to 0.0, and a blockage area formed at the bottom of
the fault. The cations abundant in the saline fluid were not
conducive to minerals dissolution. For example, large amounts of
783
potassium and sodium ions inhibit the dissolution of feldspar to
some extent (Crundwell, 2015). At the same time, because a large
concentration of potassium ions is required in the conversion of
smectite and illiteemontmorillonite mixed layer clay to illite, deep
saline fluid provides a large material basis for this process, which
promotes the conversion of clay minerals and thus blocks pores, as
shown in Eqs. (2)e(4). Therefore, most of the authigenic clay
minerals in the saline lake basin deposits are illite. In addition, the
effects of the saline fluid on the rock pore structure in the reservoir
are obvious and generally degrading of reservoir physical proper-
ties (Kummerow and Spangenberg, 2013). Formation fluid in oil
and gas fields is a complex solution containing a variety of dissolved
components. This is especially the case for deep saline fluid, which
contains high concentrations of ionic components. These fluids
alter the original condition in the system by triggering mineral
precipitation and transformation.
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Feldspar minerals þ H2O þ Hþ / (Kþ, Naþ,
Ca2þ) þ SiO2 þ Al2Si2O5(OH)4 (Kaolinite) (2)

Al2Si2O5(OH)4 (Kaolinite) þ Kþ / KAl3Si3O10(OH)2
(Illite) þ Hþ þ H2O (3)

Smectite þ Al3þ þ Kþ / Illite þ Naþ þ Ca2þ þ Fe3þ þ M
g2þ þ Si4þ (4)

Acidic fluid in a diagenetic environment is mainly related to
organic acids preferentially discharged during hydrocarbon gen-
eration from source rocks. Organic acids can dissolve soluble
minerals, such as calcite, in the reservoir and generate secondary
pores, thereby increasing the reservoir space and permeability of
the rocks (Mernagh, 2015; Safa et al., 2021). In this study, under the
action of deepeorigin salt fluid, anhydrite veins formed in the fault
and even blocked the fault. After the organic acid filling, albite,
Kefeldspar, and calcite were mainly dissolved in the subesalt
reservoir, and the dissolution range extended into the reservoir
near the fault. Much of the anhydrite in the fault dissolved, the
porosity increased gradually, and the porosity and permeability of
the blocked area improved. At 350,000 years, a vertical channel
opened in the blocked area, and the porosity increased to 0.60.
Organic acids migrated upward continuously, and the porosity in
the upper area increased gradually to about 0.50. Obviously, the
organic acids diminished the anhydrite veins in the reservoir, thus
providing a channel for fluid migration and further improving the
physical properties of the reservoir. The Xiaganchaigou Formation
in the Qaidam Basin consists of saline lacustrine basin deposition,
and gypsum is apparent in rock thin sections viewed by a polarizing
microscope (Liu et al., 2021).

Acidic and alkaline diagenetic fluids jointly controlled the
diagenetic environment of the reservoir, thereby affecting its
development (Wang et al., 2017). Deep fluid has its controlling ef-
fect on the reservoir in two ways. Deep saline fluid leads to pre-
cipitation of salt minerals and poor reservoir properties, but
organic acids promote dissolution and alleviate reservoir tightness.
The formation of carbonate cements and anhydrite veins is related
to alkaline fluid, and the possibility of mineral dissolution to form
secondary pores that improve the reservoir is related to the activity
of acidic fluid (Kazempour et al., 2013). Therefore, the activities of
acidic and alkaline fluids jointly determine the development pro-
cess of deep highequality reservoirs. There are various alkaline and
acid diagenetic environments in the Paleogene beach bar sandstone
reservoirs in the Dongying Depression of the Bohai Bay Basin. The
evolution process of the environment controls its diagenesis and
storage space. There are also early dissolution of feldspar and late
anhydrite cementation (Wang et al., 2017). Alkaline diagenesis
often occurs in the early diagenetic process of a saline lake basin
reservoir. In this process, a large amount of carbonate cements can
fill the primary pores, which effectively hinders compaction and
preserves primary pore space. In the Vuoriyarvi Devonian
alkalineeultramafic complex (northwest Russia), the diagenesis of
deep fluids is also related to bicarbonate (Aguilera and Vargas,
2016; Prokopyev et al., 2020). In the late stage of diagenesis, the
organic acid injection accompanying the polygenetic stage controls
the acid diagenesis. Under acidic conditions, minerals gradually
dissolve, resulting in a large number of dissolution pores. The
alternation of acidic and alkaline fluids affects the development
timing of largeescale secondary pores. The range of influence of the
fluid is closely related to the distribution and transportation of the
fault system.
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6.2. Alteration of the intraesalt reservoir by deep fluids

In this study, after deep saline fluid and organic acids filling, rock
salt, calcite, ankerite, and smectite were mainly dissolved in
intraesalt reservoirs. Albite, dolomite, anhydrite, and illite were
mainly precipitated. In the mud layer in contact with the fault, illite
was slightly dissolved. The mineral dissolution of the intraesalt
reservoirs was greater than the precipitation, and the porosity
continued to increase. Because the external fluid travelled far in the
mixedesand layer, the contact time between the fluid and the rock
was not as long as the time with the mudstone. Therefore, the
variation range of porosity in the sand layer was large, but was not
as large in the mud layer. The initial porosities of the sand and mud
layer were 0.15 and 0.05, respectively. After 450,000 years of in-
fluence of external fluids, the porosity of the mud layer was greatly
improved, and the porosity of the sand layer and mud layer tended
to be consistent at about 0.17.

Different sedimentary systems or sedimentary facies belts
attributable to differences in deposition, structure, and other ef-
fects, resulting in differences in reservoir porosity, permeability,
minerals, solutions, biology, and more, result in reservoir hetero-
geneity (Bonson et al., 2007). Heterogeneity plays an important role
in geological research and cannot be ignored. Many studies have
shown that heterogeneities of reservoir porosity, permeability,
geochemistry, and other factors have a great influence on diagen-
esis (Becker et al., 2017; Nader, 2017; Morad et al., 2010). The rock
composition of the Sulige Gasfield is complex, mainly composed of
tight sandstone and mudstone, with significant reservoir hetero-
geneity and poor porosity and permeability (Jia et al., 2007).
Affected by these heterogeneities, the fluiderock chemical inter-
action and the final content of each mineral have a strongly het-
erogeneous distribution in space. However, minerals are closely
linked by some common ions, which exert control and influence on
the minerals. Eventually, the reservoir acquires a similar hetero-
geneous form. For example, reactions are strong or weak in specific
settings and locations, illustrating the close relationships of the
common transformation of minerals. If the geological conditions of
adjacent reservoirs are similar, they tend to remain consistent after
the same diagenetic event.
6.3. Controlling effect of faults

In this study, during 0e250,000 years, with the deep hydro-
thermal fluid filling into the reservoir continuously, the tracer
concentration increased first at the fault and then increased in the
reservoir near the fault. Good fault conditions provide channels
favorable for fluid migration. The fluid from the bottom of the
reservoir quickly migrated upward. Due to the good physical con-
ditions within the fault, a dominant channel was established, and
the fluid migrated preferentially along this fault. Moreover, lateral
migration produced additional reaction during this process.
Therefore, the most intense reaction occurred in the fault, but there
was local reaction around the fault. The faults in the Qaidam Basin
are complex, and the structural belt has experienced multiestage
tectonic activities. The internal faults in the structural belt are
well developed, and the structure is complex. From the previous
research results, the faults exert obvious control on the structure
and on oil and gas (Tondi et al., 2011; Anyim and Gan, 2020). The
deep fluid is formed by seepage of surface water or shallow
groundwater along the fault zone and into the deep temperature
zone (Bayon et al., 2011). The heated fluid then returns to shallow
levels. Previous studies have shown that salt ions entering the
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gypsumesalt rocks in the Shizigou area of the Qaidam Basin are
mainly injected into the lake basin by deep hot brine. For example,
the tectonic movement of the XI fault provides a good channel for
upwelling of deep hot brine. Fluids in Liushagang Formation in
Weixinnan Depression migrate along faults, and strong dissolution
occurs in major faults and secondary faults (Xie et al., 2019).

At the same time, fluideinduced chemical reactions change the
permeability and structural characteristics of fault in this study. As
the reaction proceeded, anhydrite veins formed at the bottom of
the fault, blocking the fault and hindering fluid transport. The fault
did not open again until organic acids filled the fault in the later
stage of diagenesis, but the infiltration condition was still not as
good as during the initial stage. Deep faults are well developed in
the Qaidam Basin, and many salt lakes are located in the fault zone.
The deep faults can allow oil and gas to migrate vertically. Vertical
associations among multiestage faults and lateral connections
between faults and lithologies can cause oil to accumulate in
favorable traps (Hillman et al., 2020; Lu et al., 2020). In the weak
structural belt under the Shizigou Fault, fault activity causes salt
rock flow. There is faultedissolution pores in the deep layer of the
Yingxi area, corresponding to the development of faultecavity
reservoirs controlled by faults. The Jurassic in the Tuha basin is
controlled by “sweet spots” and has poor porosity and permeability
(Zhou et al., 2015). Fault is the key to its reservoir characterization,
and oil and gas reservoirs can be better predicted by calculating the
density and strike of the fault (Moridis et al., 2010). The ways in
which faults control fluid migration and reservoir reconstruction
are related to the fault types and their properties.

7. Conclusions

Acidic and alkaline diagenetic fluids jointly control the diage-
netic environment of the reservoir, thereby affecting its develop-
ment. Formation of carbonate cements and anhydrite veins is
related to the alkaline fluid. The potential of mineral dissolution to
form secondary pores that improve the reservoir is related to the
activity of the acidic fluid. As dominant channels, faults play a role
in transporting fluid, controlling fluid migration, and controlling
reservoir transformation. Therefore, the properties of the deep
fluids and the distribution and transport of the fault system play
decisive roles in the formation and distribution of deep,
highequality reservoirs.
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