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Abstract: Although stochastic modeling methods can
achieve multiple implementations of sedimentary micro-
facies model in dense well blocks, it is difficult to realize
continuous convergence of well spacing. Taking the
small high-sinuosity meandering river sediments of the
third member of Quantou Formation in Songliao Basin as
an example, a deterministic modeling method based
on geological vector information was explored in this
article. Quantitative geological characteristics of point
bar sediments were analyzed by field outcrops, modern
sediments, and dense well block anatomy. The lateral
extension distance, length, and spacing parameters of
the point bar were used to quantitatively characterize
the thickness, dip angle, and frequency of the lateral
layer. In addition, the three-dimensional architecture
modeling of the point bar was carried out in the study.
The established three-dimensional architecture model of
well X24-1 had continuous convergence near all wells,
which conformed to the geological knowledge of small
high-sinuosity meandering river, and verified the relia-
bility of this method in the process of geological model-
ing in dense well blocks.
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1 Introduction

Reservoir architecture refers to the geometric shape,
scale, direction, and superimposition of different levels
of architecture units [1,2]. In recent years, with the dee-
pening of reservoir descriptions, reservoir architecture
has gradually become an important research content
[3,4]. Different kinds of reservoir architectures are recog-
nizable over a broad range of scales, commonly in a hier-
archically nested fashion [5-7], and the distribution of
these reservoirs triggers off a wide range of scales of
sedimentary heterogeneity from basin-fill scale [8,9], to
sandstone-conglomerate scale [10], to sets of inclined
strata scale [11], to lithofacies scale [12], and to micro-
scopic pore-throat scale [13]. Geologists and engineers
have greatly improved the methods for building geologic
and petrophysical reservoir models by applying the con-
cepts of stratigraphy, sedimentary basin analysis, facies
models, and geostatistics [14-18]. A considerable number
of scholars have conducted architecture analysis of dif-
ferent types of reservoirs and have achieved abundant
results, but these achievements are mainly concentrated
on outcrops and modern sedimentary structures [19-21].
How to accurately characterize the findings of reservoir
description in three dimension and establish a reservoir
architecture model becomes the core and difficulty of
reservoir modeling.

For high-sinuosity meandering river, the establish-
ment of three-dimensional geological model in sedimen-
tary microfacies is becoming more and more mature
[22-24]. There have been numerous studies and methods
that build geologic models of various scales of hetero-
geneities within meandering river reservoirs, including
process-based [25-27], stochastic [28,29], deterministic
[30], and combined stochastic-deterministic models
[31,32]. Many of these studies explore depositional system
and sandbody connectivity on a field scale [33,34]. Others
address the potential effect of lithological and petrophy-
sical heterogeneity on fluid flow [35]. Seismically based
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Figure 1: Stratigraphic column and location in the southern Songliao
Basin. (a) Structural sketch map of the southern Songliao Basin;
(b) summary diagram showing the stratigraphy and basin evolution
of the Songliao Basin.

DE GRUYTER

geomorphic characterizations of channel systems [36] are
also greatly improving reservoir modeling to fill interwell
gaps. However, modeling of architecture units including
lateral deposits and lateral layers in dense well blocks
still requires extensive research. The application of pixel-
based methods (such as sequential indicator simulation)
can hardly meet the requirements. Although many models
can be achieved, these methods often result in difficult to
match dense wellbore data [37,38].

Geological information is usually very clear due to
the abundant data of dense well blocks. Therefore, with
the consideration of the matching between dense well
block data and geological database, a high-precision
deterministic modeling method was explored in this
article, which was especially suitable for dense well block
modeling with rich data in East China. Taking the third
member of the Lower Cretaceous Quantou Formation in
the Songliao Basin as the research object, a deterministic
architecture modeling method based on geological vector
information was proposed. Outcrops and modern sedi-
ments with similar sedimentary conditions are selected
for dissection. A comprehensive analysis of the geo-
logical characteristics was carried out in dense well
block, and geological vector information of the modeled
object was obtained, including the architecture unit ratio,
the spatial structure of architecture unit, and its size. The
model was quantitatively characterized by the informa-
tion of thickness, dip angle, and frequency of lateral
layer. Finally, a point bar model was established in a
typical well area of the study area.

2 Regional geological setting

The study area is located in the southern part of Daqging
Placanticline in Songliao Basin (Figure 1), which is multi-
high dome anticline [39]. A series of typical small mean-
dering river deposits with a thickness of about 150 m were
developed in the third member of Quantou Formation
through long-term filling of the underlying Denglouku
Formation [40]. Many scholars have investigated the
paleoclimate and sedimentary environment of the small
meandering river and estimated the curvature of the
meandering river (equation 1) by using the relationship
between the mean bank-full channel depth and the mean
bank-full channel width [41,42]. Mathematical models
between the meander-belt width and annual discharge
have also been studied by many geologists [43,44]. In
the third member of the Quantou Formation, the curva-
ture of the ancient river is calculated between 2.48 and
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2.65 with a flow rate about 115.51-274.57 m>/s (equation 2).
In a typical humid environment, it is a small high-
sinuosity meandering river, with a horizontally oblique
feature for the lateral layer of the point bar [45]. The
average well spacing is less than 50m in the study
area. This means that dense well block data make archi-
tecture analysis possible.

S = 5.26 D068/ Wo4 )

Q = 0.00014 W3B )

3 Methods

Previous studies have shown that the lateral layer is obli-
quely draped in space as a result of lateral accretion in
the point bar [46]. The plane geometry of the lateral layer
is in the shape of an arc, and the cross-sectional shape is
an oblique-inserted mud wedge. The main parameters
characterizing the spatial distribution of a single lateral
formation are the inclination, dip angle, and extension
range, while the distance between multiple lateral
deposits can be expressed by the lateral spacing. Con-
strained by the statistical information of lateral deposits,

a three-dimensional architecture model can be estab-

lished based on the idea of point bar geological vector

information (Figure 2).

(1) The first step is to define the architecture elements
through the space vector method. In a small high-
sinuosity meandering river, the direction of aban-
doned channel should be clearly defined. The basic
model vector of the abandoned channel is repre-
sented by the talweg path along the line of the river,
and the spatial shape of abandoned channel can be
calculated via simulating the talweg at different posi-
tions. The volume of space delineated on each sur-
face is the three-dimensional geometry of the aban-
doned channel, while the point bar is an elliptical
cylinder shaped like a wafer, defined by the inner
edge of the abandoned channel. The length, width,
and morphological characteristics of the point bar are
established, and the structure model of the point bar
can be constructed. What’s more, the model defines
the spatial architecture combination relationship
between the point bar and the abandoned channel.

(2) In describing the profile shape of lateral deposit, the
lateral layer direction is set to be nearly perpendicular
to the lateral extension of the point bar. The curve
model (equation 3) restrains the shapes of lateral
deposit surface, thereby achieving the characteristic
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Figure 2: The mathematical characterization of the planar shape of
the lateral accretion layer [47]. (a) Theoretical retroflexion curve; (b)
cross-section delineated by translation of retroflexion curve; (c)
internal characteristic of point bar; (d) morphological parameters of
lateral layer.

with a gentle top-bottom dip and a steep inter-
mediate dip of the lateral surface [47]. For an indi-
vidual lateral layer, the inclination trend can be used
to control the extension angle of the lateral surface.

y=Q0+eX! 3)

In the actual simulation process, the coordinate
translation or rotation method can be employed to
generate the lateral layer with different shapes.
Figure 2b is a section delineated by the translation
of a retroflexion curve, defining the lateral layer. Two
intersecting arcs are defined to control the profile of
the lateral layer plane. The distance of the center of
two circular arcs c1 and c2 is equal to the thickness of
the lateral layer. The extension distance is controlled
by a;a, and a,as. The distribution functions of a;a,
and a,a3 are given during the simulation to control
the lateral extension distance and the extension mode
of the lateral layer. The volume of space delineated by
moving two curves along the defined arc is the space
distribution volume of the lateral layers.

(3) According to the coordinate information and the
thickness parameter of the lateral layer, the 3D spa-
tial model of the lateral layer is generated by using
the thickness characteristic constraint and local cor-
rection. The lateral layer is embedded in the point bar
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architecture model and an architecture model con-
taining lateral layer information can be produced.
In this step, it is necessary to set parameters such
as the form and scale of the architecture elements
including the lateral layer, and the abandoned
channel. Constrained by the proportion of architec-
ture units, the lateral layer model is established
based on the geological vector information of point
bars. This process requires manual participation,
optimization, and later modification in order to best
reflect the morphological characteristics and spatial
combinations of architecture elements in the point
bar (Figure 3).

(4)

4 Acquisition of geological vector
information of the point bar

4.1 Outcrop description

The outcrop analogy is an important means of attaining
reservoir architecture information [48]. The prototype
outcrop is selected from the Permian sedimentary strata
of Palougou (Figure 4), heading in the E-W direction,
which reflect relatively humid climate environment [49].
The bottom of the section is a typical river erosion sur-
face, while the right side is mud plug formed by the
river abandonment and filled with fine particles. The
measured results show that there are seven stages of

| |

b. Top and Boném lateral layer

DE GRUYTER

lateral deposits on the profile, which migrate eastward
in turn. The thickness and width of the single-stage lat-
eral deposits are 1-2 and 30—-50 m, with an average width
of about 40 m. The change in the inclination of the seven-
stage lateral deposits is small. The lateral layer is also
inclined to the west, mainly gray mudstone and silty
mudstone. The dip angle is about 2.5-5.5° (the upper
and lower dip angles are relatively small, and the middle
dip angle is relatively large), the lateral deposits are dis-
continuous, and some of the lateral deposits are not pre-
served intact. In the vicinity of the scour surface, the
lateral layers are not developed, and the multistage lat-
eral sediment is interconnected in the middle and lower
parts of the point bars.

4.2 Modern sedimentary analysis

The Murray River in Southern Australia is far from the
city, and its discharge is not large, with an annual
average discharge 190 m>/s. The scale and climatic con-
ditions are similar to those of the lower Cretaceous in
Songliao Basin, which can be used as a high-precision
geological prototype of similar analogy. It can be found
that a typical point bar may be developed in a high-sinu-
osity meandering river like the Murray River. Based on
Google Earth, quantitative data for several typical point
bars are measured.

For instance, the curvatures of point bars 1 and 2 are
corresponding to the value of 2.41 and 2.67, and the lat-
eral widths are 492.2 and 340.6 m (Figure 5). Through the
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Figure 3: Modeling of the lateral accretion layer in point bars. (a) Point bar; (b) top and bottom lateral layer; (c) dip angle of lateral layer;

(d) 3-D architecture model.
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Figure 4: Outcrop anatomy of the Permian of the Palougou profile, Baode county, Shanxi province (edited from [49]).

plane measurement, 16 and 13 lateral deposits are sepa-
rately found in point bars 1 and 2. In addition, the curva-
tures are 3.91 and 3.95 for the point bars 3 and 4, and the
lateral widths are 402.8 and 705.6 m, with 8 and 18 lateral
deposits. The average spacing of single lateral deposits
are 67.1 and 47.0 m, which are correspondingly larger
than 35.2 and 30.9 m of the point bars 1 and 2. However,
it can be concluded that average spacing of single lateral
deposits is generally less than 50 m.

4.3 Point bar anatomy in dense well block

The dissection of point bars in the dense well block mainly
relies on the core, logging, and dynamic data to verify the
architecture unit model and scale characteristics. Core
observations show that the lithology of the lateral layer
developed in the point bar is mainly silty mudstone and
mudstone. The core of Well J11 indicates that the thickness
of the lateral layer is generally between 10 and 50 cm, and

259m

271m

the dip angle is small, most of which is 2.5-5° (Figure 6).
Statistical data suggest that the thickness of a single lateral
deposits preserved in many coring wells is generally
1-5m, with an average of about 2.5m. Based on the
relationship between the spacing of adjacent lateral
layer and the thickness of lateral deposits, it can be
inferred that the spacing of each lateral layer is mainly
between 25 and 65 m.

The abundant logging and dynamic data, combing
with the geological information acquired by the core,
are conducive to the dissection of the architecture char-
acteristics in the dense well block. Taking the point bar of
X15-17.4 dense well block as an example, six lateral
deposits are developed in the AC direction (Figure 7a).
Abandoned channels are developed at the location of the
X17-017.4 well. It can be seen from the section AB that
although the well X15-17.4 and the well X15-6.4 are at
the same point bar, the No.4 lateral deposit of the well
X15-7.4 is not connected with the upper perforated sec-
tion of the well X15-16.4. The upper part of the well
X15-16.4 is ineffective in the process of the water injection

185m

Figure 5: Point bar deposit (scroll bar) of modern meandering river in Australia. (a) Point bar 1; (b) point bar 2; (c) point bar 3; (d) point bar 4.
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development. The water injected in the well X15-16.3
is more affected by gravity and is pushed along the
lower part of the sand body in the point bar, and the

corresponding perforation section in the lower part of
the well X15-16.4 is effective. In the section AC, the per-
foration interval of the well X17-17.2 is affected by the
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Figure 7: Point bar architecture anatomy in the dense well area of X15-17.4. (a) Well location map in well area of X15-17.4; (b) lateral deposits
in the AB direction; (c) lateral deposits in the AC direction (edited from [45]). A TIF file at 600 dots per inch will exceed 100 megabytes.
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injection wells in the direction of X15-17.4. Therefore, it
can be inferred that the lateral deposit No. 2 of the well
X17-17.2 is an extension of the No. 4 lateral deposit in the
upper part of the X15-17.4 well.

By examining the well-logging data encrypted later
between X15-17.4 and X17-17.2, it can be confirmed that
the fourth lateral deposits of the well X15-17.4 and the
third lateral deposits of the well X15-18.4 are connected
with the No. 2 lateral deposit of X17-17.2. Flattening
the marker layer at the top of the strata indicates that
the elevation difference in the lateral layer between the
well X15-17.4 and the well X15-18.4 is 1 m, and the cal-
culated dip angle of the lateral layer is 2.5°, which is
consistent with the coring data. Further calculation
of the spacing of the lateral layer in the well area
is 35-55m, verifying the accuracy of the estimation
results.

A total of 315 wells of 24 point bars are selected for
statistics. The statistical findings show that the number
of lateral layers identified by single well is 1-3, and the
thickness of lateral layers is mainly near 0.3 m. The average
density of lateral layers is 0.125, and the frequency of
lateral layers is 0.19 layer/m. What’s more, 8 coring wells
and 24 pairs of twin wells with spacing of less than
30 m suggest that the dip angle of the lateral layer is
2.3-5.6°, the average dip angle is 3°, and the hori-
zontal spacing of lateral layers is approximately 45 m.

5 Results and discussion

Existing geological researches have shown that a single
point bar is formed near the well X24-1. The lateral

Floodplain
¢X20-002

Lateral accrection

Abadoned chann;

Lateral layer
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extension direction of the point bar is 268°. The determi-
nistic three-dimensional model has a grid I/J/K resolution
of 20 x 20 x 0.5m. The point bar consists of 11 lateral
layers and 12 lateral deposits. The lateral deposit inclina-
tion angle is 2.5-5°, and the lateral extension and the
length of the point bar are 435 and 467 m, respectively.
The lateral deposits have a spacing of 25-45m and an
average spacing is 37 m.

The direction of the lateral layer is set to be almost
perpendicular to the lateral extension direction of the
point bar. The retroflexion curve model of the top and
bottom coordinates of the lateral layer at the crossing
point restricts the shape of the lateral layer. In the next
step, the thickness model of lateral layer will be automa-
tically generated in the range of the lateral surface. In the
model embedding process, the local encrypted grid with
2 x 2 x 0.1 m resolution is used to approximately express
the lateral layer with a thickness of 0.3-0.8 m. This pro-
cess ensures the need for a valid volume and the number
of grid nodes and, finally, embeds the lateral layer into
the point bar grid model.

The three-dimensional characterization of the reser-
voir architecture in the point bars is successfully realized,
and the geometric shape, contact relationship, and spa-
tial distribution of lateral deposits and lateral layer have
been reproduced. The conditionalization of each well
location can be achieved. The distribution of cross-well
architecture units can also be effectively predicted. The
12-stage lateral deposits developed inside the point bar
are separated by the muddy lateral layers in the middle
and upper parts of the point bar (Figure 8). The shape,
scale, and location of each stage lateral deposits and
lateral layers show a successive gradual change in law.
The deterministic modeling results not only conform to

£X20-002

<

o o
=¥ :@x24 02

(b)

Figure 8: 3D architecture model of X24-1 well area. (a) Deterministic modeling stereogram; (b) deterministic modeling grid-like diagram.
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the pattern of architecture combination on the plane but
also reflect the geological knowledge well. In addition,
the scale characteristics of point bar, internal structure
information, and heterogeneity parameters can be repro-
duced for the numerical simulation and remaining oil
distribution research.

Reservoir architecture modeling based on geolo-
gical vector information requires geologists to define
the architecture elements in the model. The spatial
morphology and the relative position relationship are
described by the morphological parameters and mathe-
matical relations of architecture elements. For dense
well blocks, the well spacing can meet the require-
ments of single well identification for various types of
architecture element and can also achieve the purpose
of judging the relative position relationship between
architecture elements.

It should be pointed out that in the geological mod-
eling process of the underground thin-well network,
the density of the well net does not reach the require-
ment of controlling the spatial distribution of the geo-
logical body. Using the modeling method based on
geological vector information, the established model
is difficult to conform to geological reality. More log-
ging combined with seismic data are needed in the
modeling process to describe the spatial distribution
of reservoirs. Besides, when the shape of the sand
body of the point bar is irregular or the distribution
of the point bar is serious, the effectiveness of the
above method will be reduced.

6 Conclusions

A deterministic architecture modeling method based on
geological vector information was proposed to build
point bar model in dense well block. Geological vector
information was obtained by the means of outcrop
description, modern sedimentary, and point bar anatomy
in dense well block. The shape, scale, and location of
lateral deposits and lateral layers can be well presented
in the model, which provide internal structure information
and heterogeneity characteristics in high-sinuosity mean-
dering river reservoir.

For other sedimentary facies, it is suggested to
strengthen comprehensive geological analysis, such
as increasing the research of sediment physical simu-
lation and ground penetrating radar to obtain accurate
quality vector information, so as to improve the accu-
racy and practicability of modeling.
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Nomenclature

D bank-full channel depth, m
W, bank-full channel width, m
Wi meander-belt width, m

S channel sinuosity

Q annual discharge, m3/s
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