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Introduction

Overpressure is a common phenomenon in oil and gas-
bearing basins. Globally, more than 180 such basins have 
been discovered, with over 90% containing oil and gas (Du 
et al. 1995; Hunt 1990). The development of overpressure 
results from an imbalance in formation pressure caused by 
blocked fluid flow in rock pores (Cao et al. 2006; Osborne 
and Swarbrick 1997; Ramdhan and Goulty 2018), which 
significantly impacts the generation, migration, accumula-
tion and preservation of oil and gas in the sedimentary basin 
(Liu et al. 2017; Shi et al. 2015). Due to the rapid deposition 
of the formation, the permeability of the sediment quickly 
decreases, hindering the flow of pore fluids. Consequently, 
the rate of increase in effective stress within the formation 
diminishes, causing the pore fluid to bear part of the pres-
sure from the overlying formation. This leads to the forma-
tion of undercompaction overpressure (Dickinson 1953; 
Feng and Cai 2014; Wang et al. 2012). Although the idea 
that disequilibrium compaction causes overpressure has 
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Abstract
High Shale content, a high sedimentation rate, and a sequence of initially slow followed by rapid sediment deposition are 
widely considered favorable conditions for the formation of overpressure. These conditions are also applicable in layers 
containing halite. The role of halite in the formation and evolution of overpressure remains unclear. This study relies on 
mathematical and numerical simulations to investigate the overpressure phenomenon in simplified geometric structures of 
shale-sandstone layers with halite. Our findings confirm that the basic mechanism involves the influence of halite on rock 
properties within the shale-sandstone layers. The occurrence of halite in rock layers alters the compaction curve of the 
rocks, causing a reduction in rock permeability. These findings not only advance the timing of overpressure occurrence 
in the layer but also intensify its magnitude. Due to the presence of halite, the threshold of mudstone content that forms 
overpressure in the layer decreases compared with non-saline layers. As a result, overpressure phenomena may occur in 
layers that previously did not meet the conditions for overpressure formation. We also found that the higher the halite 
content, the less influence of sedimentation rate and sedimentation mode on overpressure formation. In addition, this study 
also clarifies the role of gypsum in the formation of overpressure, and believes that the thickness of gypsum is the key 
factor in determining the magnitude of overpressure.
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recently been questioned (Li et al. 2020; Zhao et al. 2017), 
most scholars still believe that undercompaction is one of 
the primary mechanisms for generating large-scale over-
pressure (Broichhausen et al. 2005; Kukla et al. 2011; Liu et 
al. 2019c; Luo 2000), This phenomenon typically develops 
in thick, rapidly deposited shale formations with low perme-
ability (Cao et al. 2006; Ramdhan and Goulty 2010). The 
leading causes of overpressure include massive sedimentary 
thickness, high depositional rates, and the absence of per-
meable layers (Yang et al. 2015). Generally, the presence of 
disequilibrium compaction can be identified by analyzing 
the rate of sediment deposition and correlating it with the 
presence of an abnormal acoustic curve. However, study-
ing a single factor alone cannot provide reliable evidence 
of overpressure (Wang et al. 2011). For instance, the Malay 
Basin, a rift basin, developed rapidly during the Cenozoic 
era with a maximum deposition rate of 1000 m/Ma. Yet, its 
overpressure origin is primarily attributed to hydrocarbon 
generation supercharging (Tingay et al. 2013).

Many simulation software programs have been devel-
oped to better understand the complex geological phenom-
ena occurring during the development and evolution of a 
basin and to model its physicochemical aspects (Luo and 
Vasseur 2016). Fluid pressure results from various genera-
tion mechanisms, such as mechanical compaction, tectonic 
stress, fluid expansion, and chemical reactions, that increase 
pressure in a given formation (Fan et al. 2016; Su et al. 
2019). For the compaction mechanism produced by over-
pressure, the pressure state and evolution of the shale in the 
model (pressure increase, retention, and dissipation) depend 
on the hydraulic flow of tiny pores with the weight of the 
overburden on one side (Liu et al. 2016). Similarly, for the 
compaction mechanism induced by overpressure, the shale’s 
pressure state and evolution in the model are influenced by 
the hydraulic flow in tiny pores and the overburden’s weight 
(Audet and McConnell 1992; Neuzil and Pollock 1983).

The formation of halite and gypsum rocks is a charac-
teristic feature of saline strata. Recently, scholars have rec-
ognized that saline lake basins exhibit unique petroleum 
geological conditions and accumulation characteristics dis-
tinct from those of freshwater lake basins (Guo et al. 2018). 
Previous studies on overpressure in salt lake basins have 
mostly focused on the positive role of gypsum in preserving 
overpressure, while for halite, the focus has been on its pro-
cess, but the impact on overpressure has rarely been men-
tioned (Wang et al. 2022). For instance, pressure analysis 
of the Yingxi area in the Qaidam Basin indicates that an 
increase in the cumulative thickness of gypsum-salt rocks 
corresponds to a higher formation pressure coefficient, 
with values exceeding 2.0 in some cases (Li et al. 2021). 
Li and Zhao (2012) observed that significant overpressure 
in the Liutun Depression developed under a notably low 

sedimentation rate, which was much lower than that of the 
Yinggehai Basin, and they concluded that the primary fac-
tor driving the undercompaction of the strata was the highly 
effective sealing capability of the gypsum layer. Liu et al. 
(2020) discovered that the gypsum layer in the Dongpu 
Depression serves as a reliable marker for overpressure 
boundaries. A notable characteristic of salt lake sedimentary 
basins is their extremely high pressure coefficients, with 
values exceeding 1.6 in formations where gypsum and salt 
rocks co-occur, and reaching above 2.0 in some cases. This 
raises the question: is the occurrence of such abnormally 
high formation pressures in salt lake basins linked to the 
presence of salt? If so, what role does salt play in the mecha-
nisms driving overpressure development?

Methods

In this paper, the numerical basin modeling software “Pet-
roMod” is used as a quantitative analysis tool to simulate 
overpressure formation during compaction. The basin simu-
lation method mainly uses the reverse stripping method to 
reconstruct the paleo-pressure. Then current thickness and 
pressure of a given formation are reconstructed into the 
thickness and pressure observed at a certain time during the 
deposition or burial process. The sedimentary profile shown 
in Fig. 1 consists of a 5350 m thick rock bed with an imper-
vious foundation at its base.

The following are the basic assumptions for the devel-
opment of the current basin model: (1) There is no uplift, 
denudation, chemical reactions, tectonic stress, or fluid 
expansion in the sedimentary profile to ensure that any pres-
sure changes are solely due to compaction. (2) The rock 
is considered isotropic, and throughout the burial process, 
the rock particles and pore space have not reached their 
compression limits. (3) The rocks in the simulation are a 
mixture of shale, sandstone, and halite in specific propor-
tions. The parameters for each rock type in the software 
are shown in Table  1 (DR = deposition rate; SHC = shale 
content; SAC = sandstone content; HAC = halite content; 
SHC + SAC + HAC = 100%). (4) Point A at a depth of 
5000 m was selected on the two-dimensional sedimentary 
profile to illustrate the overpressure process in the entire 
compaction history (Fig. 1).

In this study, we simulated the formation of overpressure 
development processes for different lithological compo-
nents, deposition rates, and deposition methods. By analyz-
ing the current fluid pressure distribution characteristics of 
the vertical section (Fig. 1) and the residual pressure evolu-
tion history of point A, we identified the favorable factors 
for overpressure development. Additionally, we used the 
Yingxi area in the western Qaidam Basin as a case study 
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to simulate the distribution characteristics of formation 
overpressure in wells S35 and S23. The final pressure in the 
simulation was constrained by measured pressure data. The 
results show a strong positive correlation between forma-
tion overpressure and the thickness of the gypsum rock.

The rocks in the software conform to the characteris-
tics of an isotropic poroelastic model, where the difference 
between the static pressure of the rock mass and the effec-
tive stress determines the pore pressure. However, it should 
be noted that this formula, based on soil mechanics, is pri-
marily applicable to unconsolidated materials. Therefore, 
when dealing with consolidated rock formations, it is neces-
sary to incorporate a correction coefficient (Zhang 2013):

σ =Ph−αP� (1)

Where: P and Ph represent the pore pressure and the litho-
static pressure (MPa), respectively. σ is the effective stress, 
and αis the Biot effective stress coefficient.

It is well known that overburden pressure is a function 
of depth:

Ph=ρgZ� (2)

Where: ρ is the density of overlying strata (g/cm3), g is the 
acceleration of gravity (m/s2), and z is the depth (m).

The mechanical compaction model proposed by Athy 
was used to calculate the porosity (Athy 1930), and the 
compaction model can be expressed in the following two 
ways (Zhang 2011):

Φ = Φi + (Φm − Φi)e−cz � (3)

Φ = Φi + (Φm − Φi)e−bσ � (4)

The effective stress coefficient α of the customized rock is 
calculated by Bulk modulus of elasticity and grain modulus 
of elasticity (Luo et al. 2007):

α = 1− EΦ
Eg � (5)

Where: E and Eg are the bulk modulus and grain modulus 
of elasticity (MPa), respectively. Based on the assumption 
of an isotropic rock medium, the bulk elastic modulus and 
Poisson’s ratio of the rocks are calculated using the interpo-
lation method:

VΦ=
[

(VΦm − VΦi)(Φ − Φm)
Φm − Φi)

]
+ VΦm� (6)

EΦ=
[

(EΦm − EΦi)(Φ − Φm)
Φm − Φi)

]
+ EΦm� (7)

Where: Φ is the porosity at a given depth, Φm is the original 
porosity, and Φi is the porosity at the ultimate compression 
state. VΦ is the Poisson’s ratio at a given depth, VΦm is the 
original Poisson’s ratio, and VΦi is the Poisson’s ratio at the 
ultimate compression state. Similarly, EΦ is the bulk modu-
lus of elasticity at a given depth, EΦm is the original bulk 
modulus of elasticity, and EΦi is the bulk modulus of elastic-
ity at the ultimate compression state (MPa), c is the compac-
tion coefficient (m− 1), b is the stress coefficient (MPa− 1).

Simultaneous formulae (1) ~ (7) can be employed to 
obtain the pore pressure (P) calculation formula as follows:

P =Eg − EΦ
Eg

(
ρg
c

− 1
b

)
ln

[
Φm − Φi
Φ − Φi

]
� (8)

Table 1  Constant terms for each component of the custom rock in this 
model
Rock property Sandstone Shale Halite
ρ (g/cm3) 2.72 2.7 2.2
g(m/s2) 9.80 9.80 9.80
Eg (MPa) 60,000 60,000 60,000
EΦm (MPa) 60,000 60,000 60,000
EΦi (MPa) 25,000 15,000 20,000
Φm 45% 71% -
Φi 4% 2% -
c (m-1) 0.00031 0.00083 -
b (MPa-1) 0.0266 0.0961 -

Fig. 1  Vertical section of the simulation model
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halite reduces the minimum porosity of sandstone but has 
almost no effect on shale. A common observation for both 
sandstone and shale is that the depth at which the minimum 
porosity is reached increases with the HAC.

Analyzing the changes in the porosity-permeability 
curves after adding halite (Fig.  2B and D), it is evident 
that halite reduces the permeability of both sandstone and 
shale, with a more pronounced reduction as the proportion 
of halite increases. Additionally, the decline in sandstone 
permeability is more noticeable compared to shale. This can 
be attributed to the fact that pores in rocks can be catego-
rized into “reservoir pores” and “connected pores.” Halite 
blocks both types of pores, leading to reduced permeability. 
The blockage of reservoir pores is reflected in the decreased 
original porosity, while the blockage of connected pores is 
shown by the reduced permeability. Since sandstone par-
ticles are larger than shale particles, the pore-blocking effect 
during compaction is more pronounced in sandstone. Con-
sequently, on the depth-porosity and porosity-permeability 
curves, halite has a greater impact on reducing the perme-
ability and original porosity of sandstone compared to shale 
(Fig. 2).

Results and discuss

Compaction and porosity - permeability 
characteristics of “custom rocks”

The rock simulated in this study is a mixture of sandstone, 
shale, and halite in specific proportions. During the mixing 
process, different averaging methods are chosen based on 
the type of physical property (Hantschel et al. 2012; Wang 
et al. 2022). For instance, properties like porosity, Poisson’s 
ratio, and density are treated as bulk parameters and are 
mixed using weighted arithmetic means, while permeabil-
ity, being a transport parameter, is mixed using the geomet-
ric mean.

Figure 2 illustrates the changes in the depth-porosity 
curve and the porosity-permeability curve for sandstone and 
shale after the addition of halite. The pore-depth relation-
ship of the lithological components follows Athy’s compac-
tion law (Athy 1930), and the porosity-permeability curve 
exhibits a typical two-stage characteristic. As the HAC 
increases, the original porosity of both shale and sandstone 
significantly decreases (as shown by the porosity at a depth 
of 0  m in Fig.  2A and C). The reduction in the original 
porosity of sandstone due to the presence of halite is notably 
greater than that of shale. Regarding the minimum poros-
ity (the lowest porosity during compaction), the addition of 

Fig. 2  Depth-porosity compaction curve and porosity-permeability curve
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Table 1. Each mixture resulted in a simulated current pres-
sure distribution (Fig. 3) and the pressure evolution at point 
A (Fig. 4).

The Mudstone thickness/Layer thinkness (M/L) was set 
to five values: 0.5, 0.6, 0.7, 0.8, and 0.9. Additionally, for 
each of these five sand-shale ratios, we varied the salt con-
tent across six levels: 0.0%, 0.1%, 0.5%, 1.0%, 5.0%, and 
10.0%. As illustrated in Figs. 3 and 4, we conducted a total 
of 30 simulations, with each simulation using a uniform 
deposition rate (DR) of 100 m/Ma. The specific content val-
ues for sandstone, shale, and halite used in the simulations 
are detailed in Appendix 1.

The influence of rock composition on overpressure

In clastic rock deposition, the rapid accumulation of low-
permeability strata is crucial for the development of over-
pressure. The rate of deposition typically characterizes this 
rapid accumulation, while shale content plays a key role in 
controlling the permeability of the strata (Liu et al. 2019b). 
The above analysis indicates that the inclusion of halite 
influences the compaction and physical properties of the 
rock. However, the impact of adding halite on overpres-
sure development remains uncertain. To investigate this, we 
used the vertical profile model (Fig. 1) and combined sand-
stone, shale, and halite in different proportions as outlined in 

Fig. 3  Fluid pressure curve characteristics of different rock components: (A) HAC = 0.0%; (B) HAC = 0.1%; (C) HAC = 0.5%; (D) HAC = 1.0%; 
(E) HAC = 5.0%; (F) HAC = 10.0%
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overpressure formation starts at 40  Ma, and the intensity 
rises to 33.1 MPa.

The effect of adding halite varies in terms of overpres-
sure enhancement. For instance, when M/L = 0.9 and 
HAC = 0.0%, overpressure at point A starts at 36 Ma, with 
an excess pressure of 23.5 MPa (Fig. 4A). However, with 
HAC = 0.1%, overpressure begins at 40  Ma, increasing 
the excess pressure to 35.4  MPa (Fig.  4B). Conversely, 
with M/L = 0.6, even at 1% HAC, the overpressure formed 
at point A is negligible (Fig. 4D). But when HAC rises to 
10%, overpressure appears at 35 Ma, reaching an intensity 
of 23.6 MPa (Fig. 4F).

The above analysis indicates that the formation of over-
pressure after adding custom halite follows these rules: 
(1) The higher the proportion of halite added, the higher 
the M/L at which overpressure begins to form, the earlier 
the overpressure onset, and the greater the intensity of 
overpressure. In other words, halite positively influences 

As shown in Fig. 3, a lower M/L corresponds to a higher 
intensity of overpressure. Additionally, the presence of halite 
significantly amplifies the overpressure intensity. Based 
on the results from the 30 simulations, when HAC = 0.0% 
(Fig. 3A), overpressure only forms when M/L is less than 
0.7. Increasing the salt content raises the M/L threshold for 
overpressure formation. For instance, when the salt content 
is 1.0% (Fig. 3D), the M/L required for overpressure forma-
tion increases to 0.6. Further, when the salt content reaches 
5.0% (Fig. 3F), the M/L threshold rises to 0.5.

As shown in Fig.  4, a lower M/L ratio leads to earlier 
onset and greater intensity of overpressure at point A. 
Increasing the HAC accelerates the timing of overpres-
sure formation and amplifies its intensity. For example, 
with M/L = 0.7, when HAC = 0.0%, overpressure at point A 
begins forming at 30 Ma, reaching an intensity of 3.6 MPa. 
When HAC increases to 1.0%, overpressure begins at 
35  Ma, with an intensity of 12.0  MPa. At 10.0% HAC, 

Fig. 4  Pressure evolution characteristics at point A: (A) HAC = 0.0%; (B) HAC = 0.1%; (C) HAC = 0.5%; (D) HAC = 1.0%; (E) HAC = 5.0%; (F) 
HAC = 10.0%
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addition of halite enhances the rock’s resistance to compac-
tion, making the formation more prone to undercompaction. 
Our explanation is that halite fills the connected pores in the 
rock, resulting in a significant reduction in the rock’s per-
meability. The HAC represents the filling efficiency of the 
connected pores in the rock. Therefore, the higher the HAC, 
the stronger the rock’s ability to resist compaction.

The influence of deposition methods on 
overpressure

All the cases discussed above involve uniform formation 
deposition. However, in the actual depositional process, the 
formation’s speed varies, and the influence of depositional 
mode on the formation and distribution of overpressure is 
unclear (Liu et al. 2019a). In order to reflect the influence of 
deposition mode on overpressure development, taking the 
case of M/L=0.8 as an example, three deposition modes are 
set: normal uniform deposition, fast first then slow deposi-
tion, and slow first then fast deposition. The burial process 
of thin layer A under different deposition modes is shown in 
Fig. 7. It should be noted that although there are differences 
in deposition modes, the average deposition rate is still 
100 m/Ma. At the same time, in order to reflect the influ-
ence of HAC on overpressure, six salt content gradients are 
set: HAC = 0.0%, HAC = 0.1%, HAC = 0.5%, HAC = 1.0%, 
HAC = 5.0% and HAC = 10.0%. Therefore, a total of 18 
simulations were carried out, and the rock composition set-
tings for each simulation are shown in Appendix 3.

The simulation results for the rocks under three sedimen-
tary modes reveal the following findings: the highest inten-
sity of overpressure is observed in the first slow followed 
by fast depositional mode, followed by the uniform deposi-
tion, and the least intensity is observed in the first fast fol-
lowed by slow deposition (Fig. 8). Large scale overpressure 
can be formed in the early stage of rapid deposition in the 
sedimentary mode of first fast followed by slow deposition, 
while the overpressure intensity increases gradually during 
the slow deposition stage. However, in the early slow dep-
ositional stage, overpressure usually does not form, but it 
increases rapidly during the fast depositional stage (Fig. 9). 
For strata that are first slowly deposited and then quickly 
deposited, although the slow deposition in the early stage of 
the strata is difficult to cause a rapid increase in formation 
pressure, after experiencing rapid burial in the later stage, 
there will be a stage of rapid growth in formation pressure. 
For the formations that are first deposited fast and then slow, 
although the early rapid deposition helps to form overpres-
sure in the formation, the undercompaction strength formed 
is not large due to the shallow burial depth; and the slow 
deposition in the later stage leads to a significant slowdown 
in the increase process. Ultimately, the overpressure strength 

overpressure development. (2) The impact of halite on over-
pressure enhancement varies. If the M/L is already near the 
lower limit for overpressure development, adding only a 
small amount of halite significantly enhances overpressure. 
However, if the rock does not meet the conditions for over-
pressure formation, a larger proportion of halite is required 
to induce overpressure.

The effect of deposition rate on overpressure

Previous studies believe that sedimentation rate is one of the 
key factors for overpressure (Fan and Wang 2021; Liu et al. 
2019c). In actual basins, it is generally believed that over-
pressure of a certain magnitude can be developed at the dep-
ositional rate of 100 m/Ma in the low permeable layer (Liu 
et al. 2016). However, once the DR reaches the minimum 
threshold for overpressure formation, how does a further 
increase in DR affect overpressure? Does DR still play a 
decisive role in overpressure? In order to show the influence 
of DR on the development of overpressure, we take the case 
of M/L=0.8 as an example, and set the sedimentation rate 
to 100 m/Ma, 200 m/Ma, 300 m/Ma, 400 m/Ma and 500 m/
Ma, a total of 5 different uniform sedimentation rates. At the 
same time, in order to reflect the influence of HAC on over-
pressure, we set 6 salt content gradients of HAC = 0.0%, 
HAC = 0.1%, HAC = 0.5%, HAC = 1.0%, HAC = 5.0% and 
HAC = 10.0%. Therefore. A total of 30 simulations were 
conducted, and the settings of each simulation are shown 
in Appendix 2.

The simulation results show that the current formation 
pressure gradually shifts to the right as the deposition rate 
increases (Fig.  5). In other words, the higher the DR, the 
greater the overpressure intensity. At the same time, we 
observed another phenomenon: the higher the HAC, the 
denser the formation pressure curve (Fig. 5).

As the salt content increases, the difference in the final 
pressure of point A in different curves becomes smaller 
and smaller (Fig. 6). For example, when HAC = 0.0%, the 
final pressure at point A is 11.5 MPa when the DR = 100 m/
Ma, and the final pressure at point A increases to 20.7 MPa 
when the DR = 500 m/Ma, and the overpressure difference 
is 9.2 MPa. When HAC reaches 10.0%, the final pressure 
at point A is 35.8 MPa when the DR = 100 m/Ma, and the 
final pressure at point A increases to 37.8  MPa when the 
DR = 500 m/Ma, and the overpressure difference is reduced 
to 2.0  MPa. In other words, the halite component in the 
rock can dilute the effect of the sedimentation rate on the 
overpressure growth, and the higher the proportion of the 
halite component, the more obvious the dilution effect. 
For the overpressure formed during mechanical compac-
tion, the greater the formation overpressure, the higher the 
degree of undercompaction of the formation. Obviously, the 

1 3

Page 7 of 17     48 



Carbonates and Evaporites           (2025) 40:48 

evolution curve. For example, when HAC = 0.0% in the 
rock, the residual pressure difference caused by the deposi-
tion method is 6.6 MPa (see Fig. 9A). When HAC = 0.5% 
in the rock, the residual pressure difference caused by the 
deposition method is reduced to 5.1  MPa (see Fig.  9C). 
When the salt content in the rock increases to HAC = 5.0%, 
the residual pressure difference caused by the deposi-
tion method is further reduced to 2.3  MPa (see Fig.  9E). 
When the halite content in the rock further increases to 
HAC = 10.0%, the residual pressure difference caused by 
the deposition method is less than 0.9 MPa (see Fig. 9F). In 
other words, the addition of halite also dilutes the effect of 
the deposition method on overpressure, and the higher the 

is the highest in the slow-first-fast-later deposition mode, 
while the overpressure strength is the lowest in the fast-first-
slow-later deposition mode. In fact, these early overpres-
sures tend to have lower intensity, while higher intensity 
overpressures are characteristic of late stages, which aligns 
with geological facts (Zhao et al. 2017). This phenomenon 
occurs because, during the sedimentary process of geologi-
cal bodies, the overpressure formed in the early stage is 
often destroyed by subsequent tectonic activities, resulting 
in pressure loss (Luo and Vasseur 2016; Luo 2004).

As the salt content increases, the fluid pressure curves 
under different deposition conditions continue to con-
verge (Fig. 8). This feature is more obvious on the pressure 

Fig. 5  Characteristics of fluid pressure curves at different sedimentation rates when SAC/SHC = 1/4: (A) HAC = 0.0% (B) HAC = 0.1%; (C) HAC 
= 0.5%; (D) HAC = 1.0%; (E) HAC = 5.0%; (F) HAC = 10.0%

 

1 3

   48   Page 8 of 17



Carbonates and Evaporites           (2025) 40:48 

salt content, the more obvious the effect. We believe that the 
effect of lithology on deposition method is consistent with 
the way it affects deposition rate. Halite enhances the com-
paction resistance of rock by filling the connected pores in 
the rock, and ultimately greatly reduces the effect of deposi-
tion rate on overpressure.

Case applications

This case study examines the overpressure results of the 
upper member of the Lower Ganchaigou Formation (E3

2) 
in the western Qaidam Basin. It focuses on the relation-
ship between the depositional rate, mineral composition, 
and present distribution characteristics of formation pres-
sure in well Tu 2, Chaiye 2, Fengzhong 4 and Nan 14. The 
depositional rate is determined by dividing the ratio of for-
mation thickness by the depositional time of the formation. 
The mineral composition, including halite content, clay 

Fig. 7  Burial history of thin layer A under different sedimentary 
methods

 

Fig. 6  Characteristics of fluid pressure evolution at point A at different deposition rates when SAC/SHC = 1/4: (A) HAC = 0.0%; (B) HAC = 0.1%; 
(C) HAC = 0.5%; (D) HAC = 1.0%; (E) HAC = 5.0%; (F) HAC = 10.0%
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depsition. However, from 24.6 Ma to present, the strata were 
rapidly deposited at a rate of more than 200 m/Ma (Fig. 10a 
and b). Further, the deposition mode of well Fengzhong 4 is 
first slow followed fast, while that of well Nan 14 is first fast 
followed slow (Fig. 10c and d).

According to the simulation results in the software, the 
intensity of formation overpressure in the wells can be as 
follows: Chaiye 2 > Tu 2 > Fengzhong 4 > Nan 14. To verify 
these simulation results, the equilibrium depth method was 
used to estimate the formation pressure in the well. Firstly, 
a normal compaction curve was established in wells based 
on the characteristics of the acoustic time difference of the 

minerals, and other minerals is derived from the average of 
multiple data acquired from the X-ray Diffraction (XRD) of 
a single well core.

Table 2 presents the mineral composition of E3
2 in each 

well in this case. The content of halite developed in well 
Tu 2 and Chaiye 2 is 2.81% and 3.65%, respectively. How-
ever, the content of clay minerals in well Tu 2 and Chaiye 
2 is 61.98% and 66.88%, respectively. The calculation 
results indicates that the depositional rate of both wells 
Tu 2 and Chaiye 2 can be divided into two stages. Dur-
ing 53.5 Ma ~ 24.6 Ma, although there was a short period 
of rapid deposition, the formation mostly experienced slow 

Fig. 8  Fluid pressure curve characteristics of different halite contents under different deposition mode when the SHC = 80%: (A) HAC = 0.0%; 
(B) HAC = 0.1%; (C) HAC = 0.5%; (D) HAC = 1.0%; (E) HAC = 5.0%; (F) HAC = 10.0%
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14. The strength of overpressure is determined by the devia-
tion of the fluid pressure curve from the hydrostatic pres-
sure curve. Additionally, the greater the distance between 
the fluid pressure curve and the hydrostatic pressure curve 
indicates a greater strength of overpressure. The calculation 
results show that the overpressure strength of wells Tu 2 
and Chaiye 2 is greater than the well Fengzhong 4 and Nan 
14, indicating that high overpressure is likely to be formed 
when the formation contains halite. Both well Fengzhong 
4 and Nan 14 contain no halite and have nearly the same 
mud content and average deposition rate, but produce dif-
ferent overpressure results. We believe that the difference in 
depositional mode between wells Fengzhong 4 and Nan 14 
is the main contributing factor to this result. In other words, 
the results from the actual well align with the conclusions 
derived from the software simulation.

shale in the normal compaction section. Then, the effective 
stress of the well is calculated according to the principle 
of effective stress proposed by Magara, which states that 
if the time difference of sound waves in the same well is 
equal, the effective stress will also be equal. Finally, the 
fluid pressure is calculated from the lithostatic pressure and 
the effective stress. Figure 11 illustrates the fluid pressure 
calculations for wells Tu 2, Chaiye 2, Fengzhong 4 and Nan 

Table 2  Average values of rock mineral composition in wells Tu 2, 
Chaiye 2, Fengzhong 4 and Nan 14 in the Western Qaidam basin
Well horizon Clay 

minerals 
content/%

halite 
content/%

Other 
minerals 
content/%

Tu 2 E3
2 61.98 2.81 35.21

Chaiye 2 E3
2 66.88 3.65 29.47

Fengzhong 4 E3
2 68.21 0% 31.79

Nan 14 E3
2 71.67 0% 28.33

Fig. 9  Fluid pressure evolution characteristics of thin layer A under different deposition mode with different halite contents at 80% shale content: 
(A) HAC = 0.0%; (B) HAC = 0.1%; (C) HAC = 0.5%; (D) HAC = 1.0%; (E) HAC = 5.0%; (F) HAC = 10.0%
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Figure. 12 shows the distribution locations of the gypsum 
formations and the simulation results of the present pressure 
distribution characteristics in well S 35 and S 23. The results 
show that there are two pressure systems in well S35 and 
well S23, normal pressure and overpressure. The gypsum 
rock formation often acts as a boundary where overpres-
sure rapid increases. In order to analyze the sealing effect on 
overpressure, the pressure difference between the top and 
the bottom interface of the gypsum rock is used to judge the 
sealing ability of overpressure. It is evident that the greater 
the pressure difference, the stronger the sealing ability of 
the gypsum rock. Table 3 shows the residual formation pres-
sure difference between the top and bottom boundaries of 
each gypsum rock in well S 35 and S 23, along with the 
average depth and thickness of gypsum rock. The fitting 
curve between gypsum rock thickness and fluid pressure 
difference indicates a good positive correlation with a fitting 
degree above 0.9 (Fig.  13). This correlation is reasonable 
since thicker gypsum rock presents a longer barrier for fluid 
to escape, resulting in more fluid being trapped in the forma-
tion and generating stronger overpressure. In other words, 
the thicker the gypsum rock exhibits better sealing ability 
for overpressure.

The effect of gypsum rock on overpressure

In sedimentary basins, gypsum rock is considered to be a 
good seal in the formation of overpressure. In the regions 
where large sets of thick layers of gypsum rock are exten-
sively developed, the subsalt exhibits high strength of over-
pressure (Kukla et al. 2011; Li et al. 2021; Wang et al. 2022). 
The upper member of the lower Ganchaigou Formation in 
the Yingxi area of the western Qaidam Basin has a signifi-
cant occurrence gypsum rock. Therefore, we have chosen 
well S 35 and S 23 from the Yingxi area, as it provides more 
measured data, and employed basin simulation software to 
analyze the pressure distribution characteristics. It should 
be noted that well S 35 is located in the depositional center 
of the thick gypsum rock layer, while well S 23 is located 
at the edge of the deposition in Yingxi area. Furthermore, 
the thickness and distribution of the gypsum rock in the the 
simulated well were derived from logging interpretation, 
and the measured pressure values constrained the final pres-
sure. The measured pressure coefficient at the highest point 
in S35 reaches 2.08, while the minimum coefficient is 1.82. 
The measured pressure coefficient of the smallest measure-
ment point S 23 can also reach 1.38.

Fig. 10  Sedimentation rates of Tu 2, Chaiye 2, Fengzhong 4 and Nan 14 wells in the western Qaidam Basin
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In summary, we propose that halite influences the devel-
opment of formation overpressure by cementing and fill-
ing pores during deposition, thereby disrupting the original 
pore structure. This process reduces the permeability of the 
formation, impedes fluid expulsion, and ultimately leads to 
the formation of overpressure. Additionally, if the formation 
experiences an extreme evaporation event during deposition 
(e.g., the upper section of the Xiaganchaigou Formation in 
the Yingxi area of the western Qaidam Basin), the resulting 
highly compacted gypsum layer can serve as an effective 
pressure seal, aiding in the preservation of overpressure.

Due to the limitation of the software, the change of seal-
ing property caused by gypsum rock creep damage is not 
considered. However, cracks and microcracks commonly 
develop during the creep stage of the gypsum rock. These 
cracks tends to propagate along the initial microcrack tip, 
eventually connect and converge to form fractures (Wang et 
al. 2022). For example, in Campos Basin (Brazil), located 
the eastern margin of South America, the creep of gypsum 
rock leads to the generation of plastic faults, which provides 
a channel for the migration adjustment of oil and gas under 
the regional cap of the gypsum rock to the supersalt zone 
(Guo et al. 2019).

Fig. 11  Pressure Curve Characteristics of Wells Tu 2, Chaiye 2, Fengzhong 4 and Nan 14 in the Western Qaidam Basin. (A1 and A2) well Tu 2; 
(B1 and B2) well Chaiye 2; (C1 and C2) well Fengzhong 4; (D1 and D2) well Nan 14
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simulation process. The advantage of this model is that it 
disregards the influence of overburden, tectonic compres-
sion, hydrocarbon generation, and pressure transfer on the 
fluid pressure. In other words, the overpressure studied in 
this model is solely attributed to disequilibrium compac-
tion. Section 3.5 discusses the sealing effect of layered gyp-
sum rock on fluid pressure. The gypsum layer is a kind of 
plastic fluid, so it is necessary to consider the plastic flow 
behavior of halite during geological history, and obtain the 

Model limitations

Section  3.1 highlights the effect of rock composition on 
custom rock compaction curves and porosity-permeability 
characteristics. However, the models developed in Sect. 3.2, 
3.3, and 3.4 emphasize the influencing factors of over-
pressure during the deposition of rock on the depositional 
profile. These factors include differences of rock compo-
sition, depositional rate, and the depositional mode in the 

Well Depth of 
gypsum salt 
layer/m

Gypsum rock 
thickness/m

Cumulative 
gypsum salt 
thickness/m

Cumulative 
overpressure/MPa

Cumu-
lative 
pressure 
coefficient

SHI 23 2051 42 42 4.31 1.21
SHI 23 2635 20 62 11.30 1.44
SHI 23 3010 61 123 24.74 1.84
SHI 23 3732 123 246 34.10 1.93
SHI 23 4159 126 366 40.94 2.00
SHI 35 2199 28 28 4.55 1.21
SHI 35 2896 20 48 9.92 1.35
SHI 35 3491 68 116 16.47 1.48
SHI 35 3748 24 140 22.42 1.61

Table 3  .Simulation results of 
gypsum layer thickness and over-
pressure in wells S23 and S35

 

Fig. 12  Fluid pressure curve and distribution characteristics of gypsum rocks in the Yingxi area of the Qaidam Basin: (A) well S 23; (B) well S 35
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taken into account, the impact of halite on formation over-
pressure in the under-compacted field in this simulation was 
estimated to be too large. Modeling such complex phenom-
enon requires the use of basin models to explain the simulta-
neous evolution of various physicochemical processes.

Finally, one of our basic assumptions is that the lithology 
remains uniform across the sedimentary profile, considering 
the custom rock composed of shale, sandstone, and halite. 
However, if there is a significant lithology change, the fluid 
pressure field will be significantly different. For example, 
if the shale-sandstone interface gradient is severe, the true 
extent of the permeate may be greater than that of the reser-
voir (Luo and Vasseur 1992). In actual sedimentary basins, 
strata accumulation is rarely a simple proportional combi-
nation of shale, sandstone, and halite. Instead, it typically 
occurs in the form of thick layers, interlayers, thin layers, or 
other single-lithology deposits. Moreover, the heterogeneity 
of strata in real sedimentary basins is often significant. Fac-
tors such as intermittent stratigraphic deposition, changes in 
sedimentary facies, structural inversion of strata, diagenesis, 
and faults can all influence simulation outcomes. Therefore, 
the results of this simulation reflect a semi-quantitative gen-
eral trend and should not be interpreted as precise quantita-
tive findings. Despite its limitations, this approach provides 
a rapid and quantitative method that effectively captures the 
influence of rock composition, depositional rate, and depo-
sitional methods on overpressure.

Conclusion

This study shows that halite reduces the original poros-
ity and permeability of shale and sandstone by blocking 
the pores in the formation, thus changing the compaction 

ancient geometric structure of the present gypsum layer. In 
addition, the viscous behavior of the gypsum rock alters the 
stress distribution during tectonic compression and locally 
redistributes the mean stress within the gypsum layer, thus 
affecting the pressure distribution. However, in the inver-
sion process of this study, gypsum rocks are simplified as a 
regionally effective overpressure seal with very low perme-
ability. Of course, this model is simplified because mechani-
cal compression is one of the main causes of fluid pressure 
generation and permeability reduction. Other phenomena 
should be considered at greater depths, such as the transfor-
mation of limonite in shale, the cementation of sandstone, 
and any chemical transformation of sediment (Luo and Vas-
seur 1996, 2016).

Another complexity of fluid properties must be empha-
sized: fluid in pores is assumed to be pure water with low 
compressibility throughout the study. Therefore, in the Biot 
effective stress coefficient equation, the bulk elastic modu-
lus of rocks only considers the compressibility of the sedi-
ment volume. However, in reality, when hydrocarbons are 
present in the pores, the compressibility of the actual fluid 
can be significantly higher, thereby affecting the final bulk 
elastic modulus of the rock. In addition, the increased fluid 
volume associated with oil and gas production can observe 
as an important mechanism for overpressure if the hydro-
carbon maturation process in shale is active (Luo and Vas-
seur 1996; Surdam et al. 1994). In extreme cases, such as 
when the system is saturated with highly compressible gas, 
the expansion of gas may compensate for fluid losses during 
hiatus and even during erosion (Liu et al. 2016). The forma-
tion will also squeeze the formation fluid during the tectonic 
compression process, which significantly improves the 
compressibility of the formation fluid. In other words, since 
tectonic compression and hydrocarbon generation were not 

Fig. 13  Relationship between cumulative gypsum thickness and pressure.: (A) Cumulative gypsum thickness-Cumulative overpressure; (B) 
Cumulative gypsum thickness-Pressure coefficient
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process of the rock. In other words, halite changes the com-
paction behavior of shale-sand layers.

The M/L is one of the important factors affecting forma-
tion overpressure. For shale-sand layers, halite has a posi-
tive effect on the development of overpressure, which is 
mainly reflected in two aspects: (1) under the same deposi-
tion conditions, the HAC is positively correlated with the 
intensity of overpressure. (2) Halite reduces the threshold of 
deposition conditions for the formation of undercompacted 
overpressure.

When the DR is changed, the shale-sandstone layer 
shows the highest overpressure intensity when the deposi-
tion rate is the largest. when the deposition mode is changed, 
the deposition that is slow first and then fast shows the high-
est overpressure intensity. However, when the formation 
contains halite, the positive effects of deposition rate and 
deposition mode on overpressure are weakened.

The thickness of gypsum rock is positively correlated 
with the excess pressure difference in the gypsum layer. 
This is because the thicker the gypsum rock, the longer the 
barrier for fluids to escape, causing more fluids to be trapped 
in the formation, creating a stronger overpressure.
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