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Reservoir description based on geostatistics requires cross well constraints (such

as high-quality seismic data) to predict the quality of cross well reservoirs that
conform to geological laws. However, the seismic data resolution of multiple
basins or reservoirs is not sufficient to identify the distribution of different types
of sand bodies. This article proposes a new method to improve the accuracy of
reservoir description: reservoir modeling under the constraints of sedimentary
process models and sedimentary microfacies. Using a process based forward
modeling method for strata, the modeling of the Dongying Formation reservoir
in Block X of Dawa Qilfield is constrained. We divide reservoir modeling into
three different steps. Firstly, a sand ratio model that can reflect the macroscopic
distribution of the reservoir is obtained through sedimentary simulation, The
model should be able to reflect the sedimentary law of the plane and the vertical
sedimentary structure on seismic data. Secondly, using the sand ratio obtained
from sedimentary simulation as a constraint condition, a high-precision sand ratio
prediction modelis established using the sequential Gaussian simulation method
based on the sand ratio data from the well. Thirdly, based on the characteristics of
the sandratio, the sand ratio modelis transformed into a sedimentary microfacies
model. Under the facies controlled modeling method, the porosity Modeling
permeability and oil saturation. The high-resolution reservoir modelindicates that
the porosity, permeability, and oil saturation of distributary channels are greater
than 20%, 10 x 1073 pmz, and 50%, respectively, far higher than other types of
sedimentary microfacies. The results indicate that compared with other types of
sedimentation, distributary channels have better physical properties and more oil
and gasaccumulationinthe front of the fan delta, making them the most favorable
oil and gas development zone in the study area.

tight sandstone, high quality reservoir, sedimentary simulation, seismic sedimentology,
forward, sedimentary evolution, sequence stratigraphy

1 Introduction

The Overseas River Oilfield is located at the southern end of the dip zone in the central
uplift of the Liaohe Depression. It is a complex fault anticline structure developed on the
background of a buried hill, characterized by the Dawa and Overseas River fault zones.
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The overall structural pattern is controlled by ancient topography
and the Dawa Fault, with strong tectonic movements forming
multiple levels of faults, resulting in the formation of various
structural types and fault block types in the area, and creating a
good oil storage trap for oil and gas accumulation (Figure 1, The
gray box in the bottom left corner of the picture is the study area).
The target layer of this study is the Paleogene Dongying Formation
(Figure 2), The Dongying Formation in the study area belongs to
the Oligocene strata of the Paleogene. It is divided into the ds
member, the d, member, and the d; member from bottom to top.
Among them, the d1 member is divided into 3 oil groups, with a
stratum thickness of about 50-395 m. Thick massive conglomerate
sandstone, glutenite, medium-fine sandstone interspersed with
light gray and gray-green mudstone are mainly developed, and
the overall sand ratio is relatively high, showing an unconformable
contact with the overlying strata. The d, member is divided into
4 oil groups, with a stratum thickness of about 277-385 m. Gray-
green and light gray medium-fine sandstone, siltstone are mainly
developed, interspersed with thin layers of gray mudstone, and
the sand ratio is relatively high. The d; member has a stratum
thickness of about 80-1,100 m, and the overall performance is
characterized by the lithologic combination of gray, green-gray
mudstone interspersed with light gray, gray-green siltstone, and
fine sandstone. The sand ratio is relatively low, and it shows an
unconformable contact with the Shahejie Formation. Due to the
sedimentary conditions, the facies zone on the plane is narrow
and changes rapidly, the longitudinal and horizontal changes of
the reservoir are large, the degree of connectivity is low, and
the reservoir heterogeneity is serious (Sheng, 2008; Dong et al,
2008; Ye et al, 2009; Liu, 2014; Huang et al., 2016; Zhu et al,,
2015). to accurately predict
has bottleneck
and development.

Therefore, how reservoirs

become a major in current exploration

Sedimentary forward simulation can reproduce the sedimentary
filling process of strata, which is a favorable tool for describing the
lithological distribution of strata, and the simulation results can
be used to study the reservoir distribution of sedimentary basins
(Harbaugh and Bonham, 1970; Kenyon and Turcotte, 1985; Bosence
and Waltham, 1990; Martinez and Harbaugh, 1993; Granjeon,
1996; Lin et al., 1995; Lin et al., 1998; Griffiths et al., 2001;
Syvitski and Hutton, 2001; Plint et al., 2001; Warrlich et al., 2002;
Hoy and Ridgway, 2003; Pelletier, 2004; Overeem et al., 2005;
Burgess et al., 2006; Vesely et al., 2007; Hutton and Syvitski, 2008;
Torra et al., 2009; Xiu et al., 2012; Csato et al., 2013; Seard et al.,
2013). However, sedimentary simulation technology still has its
shortcomings, because sediment simulation is based on regional
sedimentary conditions and uses sediment transport equations to
calculate the sediment filling process, and its simulation results often
reflect a macroscopic distribution law (For example, the distribution
of subfacies in sedimentary facies and the relative high and low
sand ratio in a large range.), and the microscopic accuracy is
often insufficient (For example, the distribution of microfacies in
sedimentary facies, and the coincidence of sand ratio and logging
in a specific area.), and it is difficult to fully agree with the borehole
data (Cooper et al., 2018; Cloetingh and Beekman, 2015; Miller et al.,
2000; Xu et al., 2012; Yin et al., 2015). The geological modeling is
mainly based on the well data, according to the spatial structure
characteristics of the attributes to be simulated, the geostatistical

Frontiers in Earth Science

02

10.3389/feart.2025.1494273

algorithm is used to interpolate the data between the wells, and
the simulated results are completely consistent with the well data,
but the distribution of the data between the wells has a large
uncertainty, which completely depends on the pre-defined spatial
structure parameter characteristics. Therefore, the two methods
can complement each other, and on the basis of geostatistical
modeling, the results of sedimentary forward simulation are used
as the trend constraints between wells, so as to obtain a model
with more accurate prediction effect. Some scholars have also
carried out the use of geophysical methods to obtain reservoir
physical property data (Lutome et al., 2020; Pang et al, 2019;
Pang et al., 2022; Pang et al., 2024), achieving very good results. This
study mainly discusses the methods of modeling and sedimentary
forward modeling, and plans to conduct in-depth research on the
integration of geophysics and sedimentary forward modeling in
the future.

2 Data and methodology

The prediction effect of reservoir seismic data in block X of
the overseas river oilfield is poor, and it is very difficult to explore
and develop. At present, there are 3 wells drilled in block X, and
1 well has a good oil and gas display after test production, while
the other 2 wells have no oil and gas display, and the logging
shows that the reservoir is not developed, so it is necessary to
clarify the distribution characteristics of the reservoir to set the
target for the next exploration. In this paper, taking the Dongying
Formation in Block X of Liaohe Oilfield as an example, We utilized
the results of seismic inversion to analyze the vertical progradation
structure characteristics of the delta. Guided by this sedimentary
law, we conducted sedimentary forward modeling simulations,
the sedimentary simulation and geostatistics are combined, the
sedimentary simulated sand ratio is used as the constraint condition,
and the sequential Gaussian simulation method is used to establish
the sand ratio model in the study area, and the sedimentary
microfacies model is determined according to the characteristics of
the sand ratio, and the geological model of the porosity reservoir
is further established under phase control, The process of this
study is shown in Figure 3. Therefore, it provides a good research
foundation for the next exploration and development of oilfields,
and can also provide high-precision geological models for reservoir
numerical simulation.

The target interval is the Dongying Formation, with a porosity
distribution range of 17.44%~33.90%, an average value of 25.44%,
and a permeability distribution range of 10~1,300 x 107> um?
(Zhang, 2021). At present, there are three wells in this block, except
for well A with relatively good reservoir and good oil and gas display,
the other two wells (B and C wells) have no developed reservoirs
(Figure 4). From Figure 4, it can be seen that the sandstone in Well A
is relatively thick, showing a curve characteristic of normal cycle, and
the facies is channel; The sandstone in well B is thinner and exhibits
a inverse cycle curve characteristic, indicating sedimentation at the
mouth bar; The sandstone in well C is the thinnest, with only inverse
cycle mouth bar. The changes from well A to well C indicate the
characteristics of the delta plain to the pre delta.

In this study, we mainly combine the two methods to establish a
three-dimensional high-resolution reservoir geological model.
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FIGURE 1
Location map of the study area.

There are many software for sedimentary orthodoxy (Csato et al.,
2013), among which Dionisos was developed by the France
Petroleum Research Institute and is based on nonlinear gravity
and water-driven diffusion processes. The software can simulate
sedimentary processes in continental and carbonate environments,
and is widely used, and many scholars have carried out forward
simulations of alluvial fans, alluvial plains, deltas, lakes, or oceans
to carbonate platform sedimentation (Seard et al., 2013; Cloetingh
and Beekman, 2015; Zhang, 2021; Caers, 2011), good results have
been obtained, and Dionisos is also used to establish a sedimentary
forward model. The second method is geostatistical modeling based
on Gaussian stochastic simulation, i.e., the sequential Gaussian
simulation method. The sequential Gauss simulation method is to
calculate the conditional cumulative distribution function of each
node in sequence along the random path, and then obtain an
analog value from the conditional cumulative distribution function,
and take the analog value together with the original data as the
conditional data to simulate the next point. This process will be
repeated until all points are simulated. The main input parameters of
the sequential Gaussian simulation method of the two software are
the same, but the RMS can more flexibly define the spatial trend of
the data, such as the positive/reverse cycle, the variation of reservoir
properties with the distance to the source, etc., and the RMS is used
to carry out geostatistical modeling.

There are three input parameters of the Dionisos sedimentary
forward model, the first is the tectonic settlement, initial water depth
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and lake level change parameters related to the accommodating
space, which are the main controlling factors for the accommodating
space change. The second is the source detrital supply parameters,
including the direction and location of the source area and the
lithological composition of the source, which affect the macroscopic
scale of the sedimentation in space. The third is the transport mode
of the water body, where different particle transport mechanisms
produce different sediment morphologies, which affect the spatial
distribution of the sediments. Combined with the actual geological
characteristics of the construction area, five input parameters
required for sedimentary forward simulation were determined:
initial water depth, lake level change, structural subsidence, material
supply, and sediment transport. The parameters of the runtime are
described as follows:

Grid: The research area is a square area of 15 km x 15 km, and the
grid size is 200 m.

Time: The start and end times of sedimentation are 36 and 35.5 Ma,
respectively, with a time step of 0.0125 Ma.

Sedimenttype: The sediments are mainly fine sandstone and
mudstone. The grain size of fine sandstone is
0.2 mm, and the grain size of mudstone is 0.05 mm.
depth
maximum  water

Initialwaterdepth: The initial average water is
20m, and the initial

depth is 30 m (Figure 5).
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FIGURE 2
Stratigraphic column of the study area.

Lakelevelelevation: The maximum lake level change is 8 m using
empirical data (Figure 6).
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The lake level change not only affects the size of the
accommodating space at a macro level, but also affects the cross-
sectional structure of sedimentary bodies at a micro level. Generally,
a retrogradational sedimentary structure is formed when the
water body deepens, and an progradational sedimentary structure
is formed when the water body becomes shallower (Yu et al.,
2013a). Absolute lake level is a difficult parameter to obtain,
and currently the methods used to determine lake level changes
mainly rely on relative lake level (Li and Zhang, 1999; Zhao et al.,
2000). Poyang Lake is the largest freshwater lake in China, with
an area of approximately 3,690 square kilometers. Ouyang and
Liu (2014) analyzed the characteristics of lake level changes in
Poyang Lake over the past 50 years and found that its average
change amplitude was 8 m. The study area also set the lake level
change amplitude to 8 m and determined the water depth of
the study area.

Tectonic subsidence: The subsidence inheritance in the study
area is good, and the sedimentary center is consistent with
the subsidence center (Cloetingh and Beekman, 2015). The
structural settlement is mainly calculated based on the sedimentary
thickness of the target area using the Airy equilibrium formula
(Desiree et al., 2017) (Figure 7).

Tectonic subsidence is another major controlling factor that
affects the accommodation space, and together with changes in
lake level, it controls the development patterns of large sets of
sedimentary sequences and their secondary sequences, as well as
the sedimentary systems and lithofacies distribution of each level of
sequence. During the filling and evolution process of sedimentary
basins, the available space is approximately equal to the sum
of sediment thickness and water depth, as well as the sum of
horizontal plane and subsidence. Therefore, tectonic subsidence
is equal to the thickness of the buried strata plus the change
in water depth.

The tectonic subsidence in this study was mainly calculated
using the Airy equilibrium formula (Yang et al., 2017), taking into
account the subsidence caused by lake level rise and fall, tectonic
effects, and load balancing effects. Figure 7 shows the subsidence
map of the target layer, and the tectonic subsidence center in the
work area coincides well with the sedimentary center. Overall, the
tectonic subsidence amplitude in the eastern part of the study area
is larger than that in the western part. Source supply: The area of
the study area (15km x 15 km) and the average thickness of the
target layer can be used to calculate the total amount of detrital
material supplied by the source. The total volume of the stratum
is 12.15 km?>, and the start and end times of sedimentation are
36 Ma ago and 35.5 Ma ago, respectively, and the sedimentation
lasted for a total of 0.5 Ma. Therefore, the sediment supply rate
is 24.3 km®/ma. Sandstone accounted for 67.8% and mudstone
accounted for 32.2%.

Sediment transport: Under the premise that the total sediment
volume is determined, the transport capacity of the river is related
to the particle density, and the smallest concentration of detrital
matter in terrestrial rivers is 0.1 g/L in mountain rivers (Cloetingh
and Beekman, 2015), and the debris concentration in underwater
distributary channels is generally less than 0.1 g/L, which is caused
by the diffusion effect of lake water on sediment materials. Due to
the relatively large source supply rate in the study area, the debris
concentration was 0.13 g/L.
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Sedimentary forward modeling
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FIGURE 4

Characteristics of well logging curves in Dongying strata. Well (A) features a relatively thick sand body, predominantly composed of channel deposits,
while Wells (B, C) have thinner sand bodies, mainly consisting of mouth bar deposits.

After the sedimentary forward simulation is completed, the
simulation results can be applied to the geological modeling to
obtain a high-precision 3D geological model, which includes the

following steps:

(1) Establish sedimentary model: Different from Dionisos’s
sedimentary model, the tectonic model established here uses
the sedimentary data interpreted by seismic data, which is
consistent with the tectonic characteristics observed on the
earthquake and is completely consistent with the stratification
data on the well. In addition, because sedimentary forward
models usually simulate larger scales, while geological models
model smaller scales, there is a large difference in grid size.
For example, in this study, the sedimentary forward grid is

set to 2007200 m, while in the geological modeling, it is set to
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2)

A3)

05

50%50, and the vertical direction is divided according to the
grid of 1 m.

The study of the structural characteristics of sedimentary
parameters (variogram), which is the most important input
parameter for geological modeling;

The sand ratio model was established by using geostatistical
methods, the ratio model simulated by
sedimentary forward simulation was used as the trend
constraint in this process, and the well data were used

and sand

for correction.

According to the characteristics of different sedimentary
microfacies sand ratio, the sand ratio model was
further converted into a three-dimensional sedimentary
microfacies model.

Under the control of the sedimentary microfacies model, the
porosity of the reservoir was simulated.
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maximum water depth of 30 m.

Initial water depth. The water depth gradually increases from east to west in the study area, with an initial average water depth of 20 m and an initial

Initial water depth (m)
[ R

15m

20m

30m

3 Results
3.1 Sedimentary forward simulation results

Figure 8 shows the results of the forward simulation, and the
sandstone content model shows that the simulation results reflect
the characteristics of the delta facies distribution well, with the delta
plain being the main source end, the sand ratio is usually high, the
sand ratio is lower in the delta-to-lake sedimentary direction, and
the estuarine dam sedimentation is developed at the front estuarine
unloading (Figure 8). However, this result is difficult to be used for
oilfield development, because of the lack of detailed features, only
a large area of color distribution (representing the sand ratio) can
be seen in Figure 8, which represents the distribution characteristics
of the sand ratio at the macro level, and the characteristics such as
the shape of the reservoir around Well A at the micro level, and the
extension direction, length and width are not clear.

Different from geostatistical modeling, geological modeling is
essentially based on the interpolation of well data, while sedimentary
forward simulation is based on process-result response, and the
results of sedimentary simulation can better reflect the macroscopic
laws of sediment geology, but it is difficult to be inconsistent with
the measured data, as shown in Figure 9, which is also shown by
the research results of many scholars (Cooper et al., 2018; Cloetingh
and Beekman, 2015; Miller et al., 2000; Pardo, 1999; Xu et al.,
2012; Yin et al, 2015). This error has a greater impact on the
oilfield in the development stage, because the development stage
has more detailed requirements for reservoir characterization. In
order to overcome this shortcoming, the sand ratio parameter in
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the conceptual model of Figure 8 was used as a constraint on the
three-dimensional trend volume to establish a geological model.

Because of the three-dimensional seismic data in this area, the
macroscopic sedimentary structure of the two types of strata can be
observed in section (Figure 10). According to the seismic reflection
structure of Figure 10A, due to the downward trend of the water
level of the target layer, the seismic reflection presents an overall
progradational structure. The thickness of the sedimentary bodies
gradually increases from left to right, and the area of the sedimentary
bodies also gradually increases, reflecting the increasing trend of
the sediment supply. Figure 10B is a simulation result, and the
overall depositional structure is in good agreement with the seismic
reflection. Due to the limited seismic resolution, the seismic data can
only reflect the sedimentary structure, and the simulation results are
on a smaller scale with more detail. The research results show that
the simulation results reflect the macroscopic law of a sedimentary
body but can also reflect more details than the seismic data, allowing
for a better prediction of the seismic data.

3.2 Variogram

There are two types of input parameters for geological modeling:
the distribution characteristics of the parameters, and the variogram.
The distribution characteristics of the parameters can be obtained
through the statistics of the on-hole logging data (such as the
proportion of lithology, the minimum, maximum and average values
of porosity), which are deterministic parameters. The variogram
reflects the spatial structure information of the sand body, in which
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FIGURE 6

Lake level change curve. The overall sedimentary period is characterized by a process of lake level lowering.

the direction of the variogram usually reflects the direction of
the source, which is also a deterministic parameter, and the three
parameters of the main range, the secondary range and the vertical
range are mainly used to describe the spatial size information of
the sand body.

The three range parameters are obtained by the statistical
analysis of the variogram of the uphole data, which requires a high
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density of data, and the more data, the more reliable the statistical
results. Since the vertical sampling of the logging data is usually high
(0.125 m), the density of the data meets the statistical requirements
of the variogram, and the vertical range is almost a deterministic
parameter. In addition, there are only three wells in the study area,
which is a relatively small number, making it difficult to determine
the primary and secondary range parameters. In fact, it is sometimes
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FIGURE 7

The settlement of the target layer in the study area. The depositional center coincides with the subsidence center, and tectonic subsidence is primarily
calculated using Airy’s isostasy formula based on the sedimentary thickness of the target area (Desiree et al., 2017).

Settlement (m)
—30m

difficult to obtain a suitable ariogram with relatively sufficient data
(more than 10 wells), and many scholars have carried out a lot
of research on how to obtain the characteristics of the uphole
variogram (Pardo, 1999; Feng et al., 2005; Atkinson and Lloyd, 2007;
Jinetal., 2009; Hu et al., 2014). But in any case, it is difficult to obtain
a reliable variogram with too little data.

Since the variogram reflects the structural information of the
sand body, it should not be limited to statistics only through the
data on the well, but can be obtained through various data statistics,
such as the statistics of the variability function by some scholars
through the information of seismic wave impedance (Behrens et al.,
1996). In this study area, although the number of wells is small, the
results of sedimentary forward simulation reflect the characteristics
of the sand body plane, and the characteristics of the variogram can
be calculated by using the sand ratio parameter (Figure 8) of the
sedimentary forward simulation.

3.3 Geological modeling constrained by
sedimentary forward modeling results

Geological modeling is based on the interpolation of well
data, so the more well data, the better the predictive reliability
of the inter-well reservoir. There is considerable uncertainty in
geological modeling when well data is scarce, and conditional
constraints need to be added to improve the accuracy of well-
to-well prediction. A large number of scholars have carried out
research on constraint modeling, most of which focus on seismic
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properties to constrain geological modeling (Yao and Chopra, 2000;
Wu et al,, 2003; Yu et al., 2008; Yu et al., 2013b). There is a premise
of seismic attribute constraint geological modeling, that is, the
relevant attributes can effectively reflect the characteristics of the
reservoir, but the seismic characteristics of tight sandstone reservoirs
are similar to those of non-reservoirs, and the effect of seismic
prediction is not good, which also brings great difficulties to the
exploration and development of tight sandstone.

Fortunately, in addition to seismic data, sedimentary forward
simulation can also effectively reflect the spatial distribution of
reservoirs, which can be used as an effective trend condition to
constrain geological modeling. Before constraining modeling, the
sand ratio information of the sedimentary simulation is converted
into trend condition data and normalized to 0-1. Figure 11 shows
the results of constrained modeling, and compared with Figure 8,
it can be found that the overall law of the constrained modeling
results is consistent with the results of sedimentary simulation, and
on the basis of the sedimentary simulation results, according to
the description of the variogram, some sand bodies are predicted
between wells, and the simulation accuracy is obviously higher,
while the comparison of the data on the well is completely
consistent (Figure 12).

3.4 Facies modeling

A geological model with relatively high prediction accuracy
is obtained through the geological modeling of sedimentary
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Sand Ratio
I 0 (%)

. 0(%)
FIGURE 8

Simulation results. It exhibits the morphological characteristics of a delta, with the sand ratio gradually decreasing from west to east, and the
sedimentary facies transitioning from delta plain to prodelta.

A [SSTVD] B [SSTVD] C [SSTVD]
SSTVD -003Vsand 1.10 SSTVD 0.00 Vsand 1.10 SSTVD 0.00 Vsand 1.10
1:871 -00¥sandiSyntheic] 110 1:871 0.0 Vsand [Synthetic]  1.10 1:871 0.0 Vsand [Synthetic]  1.10

=

Vsand

___ ¢}

0

FIGURE 9
Comparison of grid parameters. The results of sedimentary simulation in terms of sand content show a high degree of agreement with the logging
curves, which can better reflect the macroscopic patterns of sedimentary geology [(A): Well A, (B): Well B, (C): Well C)]

forward sand ratio constraints, but it is not enough to apply it to  the sand ratio in Figure 11 at all, and there are many places with
oilfield exploration and development, and oilfields often care about  high sand ratio and low porosity. In order to reflect the geological
reservoir parameters closely related to production, such as porosity, ~ laws in the reservoir parameter model, the facie modeling method is
permeability, saturation, etc. These three parameters cannot be  generally used, which is widely used in geological modeling (Grujic
interpolated only through geostatistical parameters. As shown in ~ and Caers, 2015), that is, the reservoir parameters of different
Figure 13, the porosity of the insertion value is not comparable with ~ sedimentary microfacies are also different.
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FIGURE 10

Contrast diagram of the sedimentary structure in section. Both the seismic profile and the sedimentary simulation profile exhibit progradational
characteristics, and the simulation results are consistent with the actual geological conditions of the work area. The figure in the lower left corner
shows the location of 3 wells and seismic profile. However, since this seismic profile does not cross any well, the location and name of the well are not
marked on the seismic profile. (A) Reflection structure of seismic impedance. (B) Sedimentary structure profile of the simulation (sand ratio).

FIGURE 11

The modeling results are based on the sedimentary forward sand ratio trend constraints. The simulation results clearly demonstrate the distribution
characteristics of channels and mouth bar areas, while the continuity of the sand bodies is also more fully represented.

Sand Ratio

L e

0(%)

The premise of facies modeling requires a sedimentary facies
model, and the sand ratio can reflect the distribution of sedimentary
facies zones, and the sand ratio is often used as a quantitative
index to determine the sedimentary facies in practical work
(Yu et al, 2008; Yu et al, 2013a), that is, the sedimentary
microfacies can be divided by the sand ratio according to the
sedimentary characteristics of the work area. Therefore, on the
basis of Figure 11, combined with the sedimentary background
of the study area, the sand ratio model is transformed into a
sedimentary microfacies model (distributary channel, estuarine

Frontiers in Earth Science

10

dam, far-sand dam and intertributary bay). The distribution of
these microphases can be seen in Figure 14. The results show that
as the delta advances to the lake basin, the channel bifurcation
becomes more numerous, and the estuarine dam sedimentary sand
bodies appear in the direction of the leading edge, and the sand
bodies such as the far sand bar appear at the further end of the
leading edge.

After the sedimentary facies model is obtained, the phased
modeling can be carried out, the porosity model can be established,
and the method of establishing the porosity model is also the
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FIGURE 12
Comparison of the modeling results with the results of the well [(A): Well A, (B): Well B, (C): Well C)]

Porosity

- 20 (%)

0 (%)

FIGURE 13
The porosity model calculated through geological statistical interpolation shows that compared with Figure 14, the matching degree between porosity
and sand content is not high, which cannot reflect the reservoir development law in the study area.
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FIGURE 14

of the leading edge.

B Channel

Channel margin
I Distal bar

Mouth bar
I ncerdistributary bay
N Prodelta

A sedimentary microfacies model based on the sand ratio model. As the delta advances towards the lake basin, more and more river channels
bifurcate, and sedimentary sand bodies such as river mouth bars appear in the leading edge direction, while distant sand bars appear at the other end

TABLE 1 Variogram of reservoir porosity modeling.

Sedimentary facies

Major range of variation (m)

Minor range of variation (m)

Channel 3,408 680
Channel margin 2,122 421
Mouth bar 1,192 1,083
Distal bar 1,141 937
Interdistributary bay 3,933 3,031
Prodelta 7,145 5,077

sequential Gaussian simulation method, but the difference is to
add the control of the sedimentary facies, that is, the distribution
characteristics and variogram characteristics of the reservoir
parameters according to the different sedimentary microfacies
statistics. Due to the small number of wells in the study area and the
variogram of reservoir parameters is not easy to obtain, this study
mainly counts the variogram of sand ratio of different sedimentary
microfacies for the simulation of reservoir porosity, and Table 1 is
the simulation parameter table.

Figure 15 is the reservoir porosity model, the central reservoir
in the study area is dominated by the distributary channel sand
body, the sand body distribution area is large, and the porosity is
generally more than 8%. In the eastern part of the study area, the
sand content of the far sand bar and the estuarine dam near the
center of the basin are more developed, and there are three main
areas, and the distribution area is smaller than that of the river

Frontiers in Earth Science

12

channel, but the porosity is better, which is more than 12%. Although
the sand content and physical properties of the estuarine dam and
the remote sand dam are better than those of the river channel, it
can be seen from Figure 14 that the thickness of the sand body is
not large, so compared with other types of sedimentary facies, the
physical properties of the distributary channel are the most favorable
development areas in block A.

4 Discussion

As exploration and development work continues to deepen,
the requirements for reservoir prediction accuracy are becoming
increasingly stringent. Geologists have explored a series of effective
technical means for reservoir prediction based on multidimensional
information such as core samples, well logging data, and seismic
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FIGURE 15

Simulation results of porosity under phase controlled constraints (A) The porosity model is highly consistent with sedimentary facies; (B) The grid plot
of porosity model a shows progradation characteristics vertically, and the spatial distribution of the reservoir matches the seismic profile in Figure 10A.
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data. These include seismic prediction technology, sedimentary
forward modeling, reservoir modeling, and other techniques
(Dodd et al, 2019; Lutome et al, 2020; Liu et al, 2020;
Hu et al., 2021; Gao et al,, 2020). These technologies have achieved
good application results in practice, providing strong support for
reservoir prediction. However, they all have certain limitations in
the process of application. This paper proposes a high-precision
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reservoir characterization method based on sedimentary process
simulation and sedimentary microfacies constraints, which can
better reproduce the distribution characteristics of the reservoir.
Extensive research has been conducted on sedimentary forward
modeling by predecessors, such as Yin et al. (2015), Zhang et al.
(2024), and Hu et al. (2020). They used sedimentary forward
modeling to recreate the delta sedimentary evolution characteristics
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based on lake-level changes and discussed the impact of various
geological parameters on delta evolution. However, sedimentary
forward modeling is only applicable in the exploration stage with
limited drilling data, as it can only macroscopically demonstrate the
evolution patterns of sedimentary bodies and struggles to accurately
simulate sedimentary microfacies (Figure 8). In this paper, we
combine sedimentary forward modeling with sequential Gaussian
simulation to constrain the sedimentary microfacies using drilling
data based on the macroscopic distribution patterns of deltas. This
approach effectively reproduces the morphology and distribution
characteristics of river channels and mouth bars (Figure 14).

Previous research in sedimentary forward modeling primarily
relied on drilling data and modern depositional patterns to set
simulation parameters, with the establishment of a basement, but
did not consider actual seismic and drilling data (Yang H. et al., 2024;
Huang et al., 2012). Zhang et al. (2024) macroscopically compared
the morphological characteristics of deltas on a planar scale and
found a high degree of consistency between the distribution
patterns of river channels and seismic prediction results. However,
they did not conduct an analysis of sedimentary profiles. In this
paper, we compare the profiles of the simulation results based on
seismic data (Figure 10). The seismic reflection structure aligns well
with the evolution patterns of sedimentary bodies, indicating that
the simulation results are more consistent with the actual geological
conditions of the work area.

Currently, sedimentary modeling methods are mostly applied in
the exploration phase of areas with limited drilling data, primarily
used for simulating basin evolution, sedimentary systems, and facies
distribution, as well as quantitatively interpreting key geological
factors (Csato et al,, 2013; Hu et al, 2020; Hoy and Ridgway,
2003). However, their application in the development process
has not been reported. During the establishment of geological
models, the distribution patterns of sand bodies in deltas exhibit
extremely high complexity, and the heterogeneity of reservoirs is
particularly pronounced. This complexity and heterogeneity pose
significant challenges to reservoir simulation, making it difficult
to accurately reproduce the true distribution characteristics of
subsurface geological bodies using traditional geostatistical methods
alone (as shown in Figure 13). Although multi-point geostatistics is
widely used at present, it still has obvious limitations in reproducing
non-stationary geological phenomena. Models generated using this
method often suffer from poor continuity of sand bodies, which
affects the accuracy and reliability of the models (Gao et al., 2020;
Song et al.,, 2022). In this paper, we integrate sedimentary simulation
with sequential Gaussian simulation techniques to achieve detailed
characterization of subsurface reservoirs. Sedimentary simulation
allows for an in-depth analysis of the distribution characteristics of
sand bodies at the macro scale. On this basis, we apply the sequential
Gaussian simulation method, combined with drilling data, and
use the results of sedimentary simulation as key conditional
constraints to construct a high-precision sand ratio prediction
model. Subsequently, the sand ratio model is further transformed
into a sedimentary microfacies model, achieving comprehensive
characterization from the macro to the micro scale (Figure 15). This
method not only effectively addresses the challenges of reproducing
continuous channels using traditional geostatistical methods but
also fully respects and integrates well data and seismic reflection
characteristics, enhancing the accuracy and reliability of the model.
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The successful introduction of sedimentary simulation technology
provides strong support and broad prospects for constructing more
accurate and realistic geological models.

5 Conclusion

At present, China’s oil and gas exploration and development
has entered the stage of unconventional reservoirs, and traditional
seismic exploration is difficult to play a big role in reservoir
prediction, while sedimentary forward simulation is based on
sequence stratigraphy, which can simulate the sedimentary process
and effectively show the spatial distribution characteristics of
different lithologies, which can be used to carry out reservoir
prediction of tight sandstone. However, although sedimentary
forward simulation can be used as a supplement to seismic
prediction, its simulation scale is usually large, resulting in
insufficient prediction accuracy, and it is difficult to achieve good
agreement with the well, and it is difficult to effectively apply it to
oilfield development.

This paper shows that the combination of sedimentary forward
modeling and geostatistical modeling can effectively overcome the
above two shortcomings. During the field development phase,
researchers typically apply geostatistics to quantitatively describe
the distribution of reservoirs and their properties (such as porosity
and permeability), as well as oil and gas saturation. However,
some constraints must be added to improve the accuracy of the
inter-well prediction (e.g., seismic attribute parameters). For tight
sandstone reservoirs, the constraints on seismic properties are
also limited, and the study confirms that the prediction results
of sedimentary forward simulation can also be used to constrain
geological modeling, and not only that, but it can also provide
input parameters (variogram) for geostatistical modeling when well
data is scarce.

In this paper, we creatively combine sedimentary forward
simulation with geostatistics to establish a high-resolution model
of tight sandstone reservoirs. There are two sequences in this
process. Firstly, the sand ratio parameter of the sedimentary forward
model was used as the constraint condition and the source data
of the variogram, and the sand ratio model was established by
using the geostatistical sequential Gaussian simulation method.
Secondly, the sand ratio model was converted into a sedimentary
microfacies model, and the three-dimensional fine models such as
reservoir parameter models (porosity model, permeability model
and oil saturation model) of different microfacies were established
by using the idea of phased modeling and exported to the reservoir
numerical simulation research software, in which the variogram
characteristics of reservoir parameters were statistically obtained by
the sedimentary microfacies model of sand ratio conversion.

The that the
the macroscopic law of the reservoir and the microscopic

results show prediction results reflect
characteristics, and reveal that the favorable sand body is the
distributary channel in the middle of the study area, which points
out the direction for future oilfield development.

In conclusion, this method is an innovation of reservoir
modeling methods, which can greatly improve the accuracy of

reservoir description. It is especially suitable for oilfield exploration
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and development of well-less areas or low-resolution seismic data.
In addition, by establishing high-resolution reservoir models, it
can serve reservoir numerical simulation and oilfield development
strategies.
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