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Building a reliable numerical geological model is critical in reservoir development and management. Inferring a
stable 3D variogram is one of the most important processes in the building of numerical geological model. We
usually can obtain a well-defined vertical variogram from wells in most cases due to the regular sampling in the
vertical direction. The quality of horizontal variogram highly depends on the number of wells, geometric of the
well locations, and the trajectory of wells. Horizontal wells usually have preferred trajectory directions due to
the geological and geomechanical consideration. As a result, it is very difficult to obtain a reliable horizontal
variogram by using the data of horizontal wells. We proposed a three-step procedure to infer the horizontal
variogram by integrating geological, seismic, and horizontal well data. We first use the geological information
and P-impedance to infer the approximate major azimuth of horizontal variogram. We then obtain the range of
the variogram for each horizontal well using the data of horizontal section. We finally determine the major,
minor direction and corresponding ranges by least-square fitting the ranges computed using each horizontal
well. We illustrate our workflow by applying it to a conglomeratic reservoir modeling, East China. The modeled

reservoir properties have a very good correlation with the production data.

1. Introduction

Establishing a stable 3D variogram function is vital for the geosta-
tistical reservoir modeling (Gringarten and Deutsch, 2001). The vario-
gram function statically describes the spatial variability and continuity
of a reservoir property such as lithofacies, porosity or permeability
(Dubrule, 1998; Gringarten, 1999). The semivariogram for lag distance
h is defined as half the average squared differences of values separated
approximately by h (Matheron, 1963; Cressie, 1991; Chambers et al.,
2000). We usually employ experimental variogram to describe the
spatial continuity of the data considering the limited or unregulated
distribution of samples. In the real application, we need to replace the
experimental variogram with an acceptable variogram model for kri-
ging or stochastic simulation of the reservoir properties (Olea, 1995;
Coburn, 2012). The variogram model is a function fitted by a measure
of variability between pairs of points at various distances. The com-
monly used variogram models include spherical, exponential,

Gaussisan, and power functions (Deutsch and Journel, 1998; Pyrcz and
Deutsch, 2014). The reservoir properties usually illustrate anisotropic
features due to the spatial heterogeneity introduced by geological fac-
tors such as paleogeomorphology (Lassiter et al., 1986; Li et al., 2018;
Liu et al., 2018a; Wang et al., 2018). As a result, we need to employ an
anisotropic ellipse to describe the 2D horizontal continuity of the re-
servoir properties (Shepherd, 2009). The most challenge tasks of ob-
taining the anisotropic ellipse are determining the major, and minor
directions of the ellipse and corresponding ranges of the axis of the
ellipse. There are two main steps in determining the parameters of the
anisotropic ellipse (Larrondo et al., 2003; Rezvandehy and Deutsch,
2018). The first step is obtain the parameters of the variogram model
along user-defined directions. The second step is obtaining the para-
meters of ellipse by fitting the ranges of the variogram model obtained
in the first step.

We need an even distribution and sufficient number of samples to
obtain a reliable variogram model (Bohling, 2005; Liu et al., 2018b; Xu
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Fig. 1. Locations of studied area.

Table 1
Typical Chronostratigraphy of the north Dongying depression (modified from Sun, 2003 and Liu et al., 2017).
Chronological ~ Stratigraphy Lithostratigraphic unit Structural Evolution Thickness  Lithofacies
Era Period Formation Member (m)
Cenozoic Quatenary Pingyuan / Thermal subsidence 300-380  Unconsolidated sand and mud
Neogene Minghuazhen / 640-700  Variegated mudstone
Siltstone
Sandy mudstone
Guantao / 250-350  Upper: celadon siltstone with brown mudstone
Middle; brown, purple, celadon mudstone with silty sandstone
Lower: gray gravelly sandstone, with brown and celadon mudstone, thin-bedded
calcareous sandstone
Paleogene Dongying / Contraction phase < 200 Amaranth mudstone with fine-medium sandstone, and conglomerate at the
bottom
Shahejie S1 < 200 Siltstone, muddy siltstone, fine sandstone
S2 Deep subsiding phase ~ 100-200  Siltstone, muddy siltstone, fine sandstone
S3 > 650 Dark mudstone
S4 Expansion rifting 600-1000 Conglomerate, pebbly sandstone, mudstone
phase Gravelly sandstone, with mudstone and muddy sandstone
Kongdian / Initial rifting phase < 100 Amaranth mudstone with fine-medium sandstone, and conglomerate at the

bottom

et al., 2018). However, we usually have an uneven distribution of
borehole locations due to the consideration of reservoir management.
Nowadays, directional and horizontal drilling are the common methods
used to increase production of conventional and unconventional re-
servoirs. We usually have limited number of horizontal wells due to the
high drilling cost of horizontal wells within the reservoirs. Moreover,
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the trajectory of directional and horizontal wells usually clusters in
certain azimuth zone due to the geological and geomechanical con-
sideration. As a result, it is very difficult to obtain a reliable estimation
of the parameters of the variogram model by using the conventional
two-step of horizontal variogram analysis. Consequently, it is hard to
determine the parameters of the 2D horizontal anisotropic ellipse which
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Fig. 2. Core photographs of different rock types in studied area.
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Fig. 3. A representative well with well logs.
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Fig. 6. The cartoon illustrating the parameters needed for variogram function
computation (modified from Bohling, 2005).
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are the key inputs for the following kriging or stochastic simulation of
the reservoir properties.

In this paper, we proposed a three-step workflow to obtain the 2D
horizontal anisotropic ellipse in the presence of horizontal wells. We
assume that the paleogeomorphology of the basin determines the het-
erogeneity distribution of the lithofacies. We first determine the ap-
proximate major direction of the horizontal anisotropic ellipse using the
paleogeomorphology of the basin. We further use the P-impedance in-
verted from seismic data to statistically determine the approximate
azimuth zone of the major direction of the anisotropic ellipse. We then
estimate parameters of variogram function for each horizontal well. The
trajectory of the horizontal section of each horizontal well determines
the azimuth of estimated variogram function. We finally obtain the 2D
horizontal anisotropic ellipse by fitting the ranges of the variogram
function of each well obtained in the second step. The major, minor and
vertical directions and corresponding ranges of 3D anisotropic ellipsoid
are the inputs for the following reservoir properties simulation. We il-
lustrated our workflow by applying it to a conglomeratic reservoir
modeling, East China.

2. Geological backgrounds

The Yan 227 Oilfield is located within the northern steep slope zone
of Dongying Depression, Bohai Bay Basin, East China and covers an
approximate area of 4 km? (Fig. 1). The Bohai Bay Basin is a rift basin
and the Dongying Depression is a part of the rift basin formed during
the Mesozoic and Cenozoic period (Wang et al., 2017; Zhang et al.,
2004). The strike and dip of the northern steep slope zone of Dongying
Depression are east-west and towards to south, respectively. The target
reservoir zone is within the fourth member (S4) of the Shahejie for-
mation (Table 1). The structure of S4 member within the studied area
can be characterized as a monocline with a thickness ranging from 600
to 1000 m. There is no interpreted fault for the S4 member located
within our studied area. The top topography of S4 member illustrates
high elevation at the northeast zone and low elevation at the southwest
zone (Fig. 1). The dipping angle of the S4 member ranges from 10° to
16°. The depth of reservoir formation is approximate 3000 m at the
northeast zone and 4000 m at southwest zone. The thickness of the
reservoir formation is approximate 400 m. The lithofacies of the S4
member include conglomerate, pebbly sandstone, and mudstone
(Fig. 2). The conglomerate is the dominated lithofacies within S4
member and the porosity is usually smaller than 4%. The porosity of the
pebbly sandstone ranges from 4% to 12% and functions as the main
reservoir. The black mudstone has horizontal bedding and massive
bedding structure (Fig. 2) and is not the reservoir rock. The estimated
geological reserve is approximate 400 x 10*. Planning horizontal
wells is critical to locate the pebbly sandstone and we have our first
production well in September 2013.

3. Geostatistical modeling in the presence of horizontal wells

Reservoir modeling is the final step in the reservoir characterization
process. Geostatistical reservoir modeling simulate the numerous so-
lutions that satisfy the constraints imposed by the geological, seismic,
petrophysics, and production data. Reservoir modeling includes four
main steps: (1) data preparation and formatting, (2) 3D structural and
stratigraphic modeling, (3) facies and petrophysical modeling, and (4)
dynamic modeling. This paper aims developing a new workflow to es-
timate the variogram in the presence of horizontal wells which is the
key process in the third step. The final step of the reservoir modeling is
beyond the scope of this paper.

3.1. Data preparation and formatting

We have 9 horizontal and 3 vertical wells within the studied area
(Fig. 1). The sampling interval of well logs is 0.125m both for



Y. Liu et al.

Lithofacies

Porosity

Journal of Petroleum Science and Engineering 173 (2019) 512-524

Permeability

—_—

AN
AR

500m 500m 500m
u - ] N T =
Mudstone  Pebbly Sandstone  Conglomerate 10% 0% 10mD OmD

Fig. 7. The upscaled lithofacies, porosity, and permeability of horizontal wells.
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Fig. 8. The vertical variogram function of lithofacies using data of well Y227-X2.

horizontal and vertical wells. Both horizontal and vertical wells have
caliper (CNL), gamma ray (GR), sonic (AC), density (DEN), and re-
sistivity (RT) logs (Fig. 3). Fig. 3 also show the interpreted porosity,
permeability and lithofacies logs from the oil company. The geologists
from the oil company did not further interpret the beds within the S4
member considering the complex lithofacies within S4 member. As a
result, we only have one zone in our reservoir model. We select well
Y227-1 as the blind well to validate the simulated models.

We also have 3D acoustic impedance volume from the oil company
inverted from poststack seismic data (Fig. 4). The geophysicists from
the oil company already converted 3D acoustic impedance from time
domain to depth domain. The sample interval of the acoustic
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impedance is 12 m.
3.2. 3D structural and stratigraphic modeling

We employ two interpreted horizons provided by the oil company as
the upper and lower boundaries for building our reservoir model. There
is no interpreted faults in our reservoir modeling. The depth of the
upper boundary is approximate 3100 m at the northeast corner and
4000 m at the southwest corner, respectively (Fig. 5). The width and
length of our model are 2000m and 2000m, respectively. The height of
our model is 400 m approximately. The width and length of cell are
20 m and 20 m, respectively. The height of cell is approximate 2 m. The
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Fig. 9. The horizontal variogram analysis of lithofacies using the conventional method along six different azimuths.
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Fig. 10. The workflow for the horizontal anisotropy model.

total cell number is 2,000,000 (100 x 100 x 200). Fig. 5 illustrates the
3D grid used to define our reservoir model.

3.3. The determination of 3D variogram for lithofacies and petrophysical
modeling

Variogram has become the central tool for geostatistics analysis.
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Fig. 11. The 3D paleogeomorphology before the deposition of S4 member
within our basin.

4§ Chenjiazhuang uplift

Semivariogram y(h) characterizes the spatial continuity or roughness
of a data set Z (Matheron, 1965).
y(h) = —var [Zx)-Z(x+ h)] = —E

HZ(x) — Z(x + W]

(€8]
where Z (x) and Z (x + h) are the values of Z at places x and x + h, and
E denotes the expectation. The semivariogram depends only on h. The
semivariogram defined in equation (1) is a theoretical function. Ex-
perimental semivariogram j (h) is the actual realization of semivario-
gram on the ground and one that we estimated from data, z(x;)

m(h)
Z&@)z@+mP
@

where m(h) is the number of paired comparisons at lag h. By in-
crementing h in steps we obtain an ordered set of values. We obtain the
experimental variogram by mathematical fitting the ordered set of va-
lues.

The reservoir usually shows different autocorrelation structures in
different directions and the phenomenon is called geometric
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Fig. 13. The rose diagram of the azimuth of the LVA.

anisotropy. We need to define the three principal, orthogonal directions
to describe the geometric anisotropy. There are two steps in obtaining
the three principal direction. The first step is computing semivariance
values for data pairs falling within certain directional bands as well as
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falling within the prescribed lag limits. The directional bands are spe-
cified by a given azimuthal direction, angular tolerance, and bandwidth
(Bohling, 2005. Fig. 6). The second step is fitting the lags of semivar-
iance using an ellipse function. The azimuth of the long and short axes
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Fig. 14. The variogram analysis of lithofacies using nine horizontal wells.

Table 2

The computed variogram function parameters for each horizontal well.
Well Horizontal Length of Horizontal Section (m) Type of variogram Range (m)

Section Azimuth (°)
Mudstone Pebbly sandstone Conglomerate

1HF 174.5 890 Spherical 581.7 431.1 766.5
2HF 176.1 920 Spherical 552.6 447.0 649.8
3HF 185.3 1010 Spherical 514.8 599.1 762.9
4HF 176.2 980 Spherical 199.2 431.1 564.3
SHF 180.8 1020 Spherical 564.3 376.8 607.8
6HF 169.1 995 Spherical 519.0 376.8 519.0
7HF 163.4 805 Spherical 521.1 304.8 616.8
8HF 188.9 1000 Spherical 647.1 431.7 693.6
9HF 192.3 1010 Spherical 629.7 575 796.8

of the ellipse function is regards as the major and minor directions.

We follow the general workflow proposed by the Schlumberger
software Petrel for variogram analysis (Schlumberger, 2014). There are
three main steps in the variogram analysis for 3D modeling: (1) pet-
rophysical properties upscaling, (2) vertical variogram analysis, and (3)
horizontal variogram analysis.

Fig. 7 shows the upscaled lithofacies, porosity, and permeability
properties respectively. We use the vertical well to obtain the vertical
variogram function. Fig. 8 shows the results of variogram analysis using
vertical well. Fig. 9 shows the results of horizontal variogram analysis

519

for pebbly sandstone along six different azimuths. The minimum and
maximum lag distance 10 m and 810 m. The lag increment, search ra-
dius, bandwidth, and tolerance angle for the variogram analysis are
20m, 800 m, 50 m and 15°, respectively. The histogram in Fig. 9 show
the number of sample pair within each lag zone. The squares in Fig. 9
are the average variogram within each lag zone and are the input for
variogram function fitting. The blue curves are the fitted spherical
variogram function. The left and right vertical axes of Fig. 9 are the
variogram and number of sample pairs within each lag zone. Note that
the averaged variogram samples irregularly deviate from the fitted
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variogram function and this phenomena indicates the low quality of
variogram analysis.

In this paper, we propose a three-step workflow to obtain the hor-
izontal variogram function (Fig. 10). We first determine the approx-
imate major azimuth of the horizontal variogram by integrating geo-
logical information and seismic attribute analysis. We then obtain the

Table 3

Journal of Petroleum Science and Engineering 173 (2019) 512-524

The parameters of the horizontal anisotropic ellipse for lithofacies.

Lithofacies Horizontal variogram parameters
Major direction Major Minor Vertical
azimuth range range range
© (m) (m) (m)

Mudstone 20 630 384 19

Pebbly sandstone 22 641 224 40

Conglomerate 24 746 458 57

range, h, of the variogram function and compute the azimuth, a, of
trajectory for each horizontal well. The third step starts with least-
square fitting the points (h, a) using ellipse along user-defined azi-
muths. The zone of user-defined azimuth centers at the approximate
major azimuth obtained in the first step and increase at a step of 1°. We
finally pick the best fitted ellipse which has the lowest fitting error. We
use the following the equation to estimate the fitting error

X
error = — Z |h; — h|
N3 3)

where N is the total number of horizontal wells, k; is the fitted range
along the trajectory azimuth of the i well, h/ is the range obtained in
the second step of our workflow.

3.3.1. Determine the approximate major direction of horizontal variogram
The paleogeomorphology determines both the sediment transport
direction and the distribution of lithofacies (Deng et al., 2001). As a
result, the horizontal variogram function should have the longest range
along direction of sediment transport. The S4 member within the
Dongying Depression was deposited at the rifting stage of Bohai Bay
basin (Chang, 1991; Hu et al., 2001; Feng et al., 2013). Fig. 11 illus-
trates the paleogeomorphology before the deposition of S4 member
interpreted form regional study from the oil company. The brown
surface is the basement of our basin. The two colorful surfaces are two
representative tops beneath the S4 member. The sediments of S4
member within our studied area (indicated by the red circle) came from
the eroded and weathered geological materials of Chenjiazhuang uplift
(indicated by the green arrow) (Kong, 2000; Zhang and Yang, 2012;
Xian et al., 2014; Dong et al., 2015). The sediment sources and the
paleogeomorphology together indicate that the major direction of the
horizontal variogram is approximate along the azimuth of NNE.

We further valid the approximated major direction of the horizontal
variogram by analysis the locally varying anisotropy (LVA) of P-im-
pedance inverted from seismic data (Hassanpour and Deutsch, 2008).
Fig. 12 shows the averaged P-impedance for our target zone. The black
arrows in Fig. 12 indicate the LVA for the P-impedance. We consider
four different window sizes for LVA analysis. Figures 13 show the sta-
tistical analysis for the azimuth of the LVA shown Fig. 12. Fig. 13 in-
dicate the azimuth of the LVA ranges from 10° to 30° degree and this
azimuth zone functions as the constraints for the following determi-
nation of major direction.

3.3.2. Variogram analysis for each horizontal well
We only use the data within the horizontal sections of the horizontal
wells. Fig. 14 shows the variogram analysis results of pebbly sandstone
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Fig. 17. The modeled reservoir properties along the trajectory of the blind well Y227-1.

for nine horizontal wells within our studied area. The minimum lag
distance 10 m and the maximum lag distance equals the length of the
horizontal section of each horizontal well. The lag increment is 20 m.
The histogram in Fig. 14 show the number of sample pair within each
lag zone. The squares in Fig. 14 are the average variogram within each
lag zone and are the input for variogram function fitting. The blue
curves are the fitted spherical variogram function. The left and right
vertical axes of Fig. 14 are the variogram and number of sample pairs
within each lag zone. Note that we now have enough point pairs for the
variogram analysis for all the horizontal wells. The fitted variogram
functions in Fig. 14 have an obvious visual improvement when com-
pared to those show in Fig. 9. Table 2 shows the obtained parameters of
variogram function for each horizontal well.
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3.3.3. Horizontal geometric anisotropy fitting

The range and azimuth pair (h, a) of each well is the input for the
geometric anisotropy determination. Fig. 15 shows representative fitted
geometric anisotropy ellipses for the pebbly sandstone lithofacies using
the nine range and azimuth pairs along the azimuth of 10°, 30°, and 22°,
respectively. The start and end scanning azimuth is 10° and 30° ac-
cording to the geological and seismic impedance analysis. The incre-
ment is 1° in our study. Fig. 16 shows the error of the fitted ellipse
varying with scanning azimuth angle. Note that azimuth 22° has the
least error and it is regarded as the major direction for the pebbly
sandstone. Table 3 summarizes the inverted parameters of geometric
anisotropy ellipses for the mudstone, pebbly sandstone, and conglom-
erate. We use same workflow to obtain the parameters of geometric
anisotropy ellipses for the porosity and permeability properties of the
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reservoir.

3.4. Numerical reservoir properties modeling results

The inputs for the reservoir properties modeling include the results
of the vertical and horizontal experimental variogram, well logs, and P-
impedance. The up-scaled well logs function as the hard data. Our re-
servoir model consists of 200 layers along the vertical diction and
100 X 100 cells along horizontal directions. We employ the sequential
indicator co-simulation package from software Petrel to model the li-
thofacies. The modeled lithofacies function as the constraint for the
sequential Guassian simulation of porosity model. The modeled litho-
facies and porosity model together function as the constraints for the
sequential Guassian simulation of permeability model. We have 20
realizations for the lithofacies, porosity, and permeability modeling
respectively. We use the blind well Y227-1 to judge our simulations and
choose the best matched model as the final results (Fig. 17). Fig. 18a, b,
and 18c show the selected lithofacies, porosity, and permeability
models, respectively. Fig. 19 shows averaged porosity maps. The win-
dows size used to compute averaged porosity is 20 m and center at the
trajectory of horizontal wells.

3.5. Correlation with the well production data

The numerical simulation of the modeled reservoir is beyond the
scope of this paper. We validate our build models by visually comparing
the simulated model properties and the production data. Table 4 shows
the daily oil production of the first 10 days and total oil production of
first 23 months of each horizontal well separately. Wells 3HF, 2HF, and
6HF have the highest production both for the first 10 days and first 23
months. Wells 1HF, 4HF, and 7HF have medium production both for
the first 10 days and first 23 months. Wells 5HF, 8HF, and 9HF have the
lowest production both for the first 10 days and first 23 months. Per-
meability is the main factor that determines the well production. We
have a very good positive relationship between porosity and perme-
ability in our studied area (Dong et al., 2015). Note that we have a very
good match between the averaged porosity shown in Fig. 19 and well
production. Fig. 19 illustrates that wells 3HF, 2HF, and 6HF penetrate
the high porosity zones. Fig. 19 also illustrates Wells 5HF, 8HF, and
9HF penetrate the low porosity zones. Part of the trajectory of well 1HF
penetrate the high porosity zone. Wells 4HF and 7HF locate at the
margin of high porosity zones.

4. Conclusions

Obtaining a stable horizontal anisotropy model is one of the most
important step in reservoir model. It is very difficult to obtain a reliable
horizontal anisotropy model based on the data of horizontal wells using
the conventional workflow. We proposed a novel workflow to obtain
the horizontal anisotropy model using the data of horizontal wells. We
first determine the approximate azimuth zone of the major direction of
the horizontal ellipse by integrating the paleogeomorphology of the
basin and seismic attribute analysis. We then obtain the horizontal
anisotropy model by fitting the variogram function of each horizontal
well. The lag distance of the variogram must be smaller than the length
of the horizontal section of the horizontal wells. The application of our
method to a conglomerate reservoir illustrate that three is a good cor-
relation between the simulated reservoir properties and production.
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Table 4
The Production data of each horizontal well.

Well Production (ton)
Daily (First 10 days average) Total (First 23 months)
1HF 12.6 6371
2HF 23.1 9693
3HF 31.5 13749
4HF 16.7 8002
SHF 0.2 589
6HF 21.2 8587
7HF 16.6 7743
8HF 4.5 2667
OHF 1.5 1368
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