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Abstract

A promising method is to use coring of high-inclination well to find ancient
flow direction and orient tiny natural fractures in massive sandstone of sandy
debris flow. Determination of ancient flow direction can reduce the number
of exploration wells, and orientation of natural fractures is of guiding signi-
ficance to the deployment of water injection development well pattern. In Block
X of Huagqing Oilfield, Ordos Basin, the cores of Chang 6, section were ob-
tained from Well Y through 16 coring operations, with a total length of 105 m.
Cores is oriented through drilling parameters, the number of cores, the angle
between the core edge and horizontal bedding, the coincidence degree of core
profile and directional flame structure. Therefore, the micro-fractures on the
core are directional. The ancient flow directions of sandy debris flow were res-
tored by load casting, groove casting, groove casting and imbricate structure.
Our results show that the ancient flow directions of sandy debris flows were
southwest, southeast, northwest, and west from bottom to top. The front of the
Wugi Delta is the main source of blocky sandstone with the best oil-bearing
property. Affected by the topography of the lake bottom, the sandy debris flow
turned locally in the northeast direction, and the sandy debris flow from this
direction was formed. The NEE-SWW-trending fractures formed in the Yan-
shanian period are most developed in the Huaqing area, which should be con-
sidered in deploying the flooding well network. The north-south micro-frac-
tures formed in the Himalayan period can improve the physical properties of
tight sandstone, which is of great significance for tight sandstone reservoirs.
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1. Introduction

Typical thick fine sandstone reservoirs related to gravity flow and deep water
traction current are developed in the Yanchang Formation of Huaqing Oilfield,
Ordos Basin [1]. The gravity flow can be divided into five types: slump, sandy
debris flow, turbidite, delta sandstone and underflow transforming sandstone [2]
[3]. The gravity sandstone extends in semi-deep lake and deep lake mudstone,
and is laterally connected with Chang 7 source rock, which develops favorable
reservoir-forming combination [4]-[10]. Even sandstones with poor physical prop-
erties become oil-rich due to strong hydrocarbon injection. Among them, the
massive sandstone of sandy debris flows in the Chang-6, layer in the Chang-6
Member of the Yanchang Formation is the most promising target in the explora-
tion of gravity flow reservoirs, which is the thickest with the best oil-bearing
property [11] [12].

Oil companies have successively discovered that deep-water sedimentary grav-
ity flow sandstone reservoirs are related to sandy debris flow with abundant oil
content. However, reservoir prediction is the key to exploring and developing
these reservoirs [4]. Due to the lack of research on the propagation law of sandy
debris flow, it is still complicated matter to predict the distribution direction of
sandy debris flow at present. The sedimentary process in the deep-water envi-
ronment is challenging to observe. Deep-water gravity flow sedimentary micro-
facies and distribution law of sandstone have not been recognized consistently.
Exploring deep-water gravity flow tight oil and gas still has the following prob-
lems [13]:

1) The interpretation of reservoir origin is confused.

2) The predictive geological model is missing.

3) Understanding the transport, sedimentary mechanism, and development
model of underwater debris flow is low.

It seems feasible to seek the massive sandstone along the provenance direction
of sandy debris flows. Provenance direction is often roughly determined by light
and heavy mineral analysis [14] [15] [16] [17] and sand composition analysis [2]
[18] based on cores from hundreds of wells and dozens of profiles. Even so, up
to now, many studies have shown that multiple provenance directions in Huagq-
ing Qilfield. The research results of contributions made by different provenance
are also ambiguous. Luo et al [14] showed main provenances from the south-
west, northwest, and southeast, and subordinate provenances from the northeast
and east in the southwestern Ordos basin. However, several lines of evidence
suggest that provenance supply was mainly from the north and northeast direc-

tions, and the north direction is the main [15] [16]. Liao et al. [17] demonstrated
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two provenances in northeast and southwest directions because there is a noti-
ceable difference in quartz and feldspar content between southwest provenance
and northeast provenance. Fu et al [2] found that Well Zhuang 61 in the north-
east of Huaqing Oilfield had typical mixed provenance characteristics according
to the content of quartz and feldspar. That is, there must be southwest prove-
nance in Huaqing Oilfield. Liao ef al [19] compared lithofacies differences and
claimed that the sandy debris flows sediment developed in the deep-water area
in front of the north-east delta from the meandering river. The turbidite mainly
developed in the deep-water area of the braided river delta, whose provenance
came from the west, southwest, and south. Li et a/ (2019) [20] thought that pro-
venances of the northeast and east were significantly strengthened during this
period.

In addition, the ancient flow direction of sandy debris flows in the Huaqing
area is often inconsistent with the provenance direction due to the variability
of lake bottom topography. Therefore, the guiding significance of provenance
direction for the oilfield exploration and scrolling development of small area X
block in Huaqing Oilfield is limited. Predicting the ancient flow direction of
sandy debris flows in a small range on sandstone distribution direction is more
reliable. It is urgent to reconstruct the ancient flow direction of channel sandy
debris in a relatively small oilfield and predict massive fine sandstone distribu-
tion direction. This problem restricts the rolling exploration of the oilfield and
affects the probability of horizontal well drilling encountering sandstone re-
servoirs.

In addition to the research on the spreading direction of massive sandstone,
the fracture orienting of massive sandstone is of interest because it determines
the deployment of the flooding well network. Most researchers investigating the
trend of fractures have utilized imaging logging and outcrop measured data [21]
[22] [23] [24] [25]. Su et al. (2017) [26] have utilized production performance
analysis and numerical simulation. In addition, 3D seismic data and seismic
anisotropy analysis were sometimes combined with imaging logging to orient
fractures [27] [28]. Several systematic, comprehensive analysis methods of these
data have been undertaken, such as the statistics method [29], rescaled range anal-
ysis method [30], and finite difference method [31]. However, the validity of the
analogy is often questioned as, in most cases, the outcrops at the edge of the
basin are usually far from the study area in the center of the basin. Besides, large
fractures can be identified by logging and seismic, but natural micro-fractures in
tight sandstone reservoirs are challenging to identify. Complex statistical me-
thods could not improve the accuracy of the original data as well.

Core data is the most reliable data in the study of ancient flow direction and
fracture orientation. Many imbricate structures, load casts, flute casts, and groove
casts have been found in the vertical coring of the Yanchang Formation in the
Huaqing area. However, these directional bedding structures and bedding plane

structures were only used as sedimentary facies symbols due to the lack of core
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orientation [12] [32] [33] [34] [35]. In fracture orientation, core data with higher
fracture resolution are only a supplement to logging data and outcrop data. Thus,
more detailed fracture characterization and paleocurrent evidence can be pro-
vided if the core could be oriented.

Traditionally, the core orientation has been assessed by oriented sampling,
which indicates direction by side face notch, end face drilling, and directional
print. There are specific problems with the use of oriented sampling. One of
these is that directional marking of a core surface is not clear when the core is
too hard. One of these is that the coring machine is complex, bulky, and expen-
sive, and it is easy to cause hole wall collapse. The directional effect is poor when
the drilling top angle is less than 5°. In addition, research on residual magnetism
of the clastic rock has been done to reset the core [36] [37]. However, the mea-
suring accuracy of reduction magnetism is affected by the content of hematite
and magnetite and is also greatly affected by human interference [38].

The high-inclination coring has several attractive features: the issue of un-
clear or damaged markup does not exist because orientation markup is not re-
quired. Cores have more complete bedding plane structures and more extended
bedding structures due to the longer horizontal offset. Cores of 3 - 4 times ver-
tical core length can be obtained at the same depth, which can be used for water
flooding experiments and seepage experiments, making the experimental con-
ditions closer to the actual formation conditions and having minor errors. The
machine needed for coring is consistent with the vertical coring machine, and
the difficulty of coring is not significantly increased compared with the ordi-
nary vertical coring.

This paper investigates the usefulness of high-inclination coring and proposes
a new research idea for core orientation. The rocks of tight sandstone reservoirs
in a deep water environment are very suitable for orientation with high inclina-
tion. Ancient flow directions reconstruction of sandy debris flows, which can be
used as a reference to the distribution direction of sandstone, and the fracture
orientation can be determined after core orientation. As a result, the drilling di-
rection of exploration wells can be more precise, thereby reducing the number of
exploration wells; the deployment of injection-production well patterns can be
more reasonable to prevent flooding. The findings should make an essential
contribution to the exploration and scrolling development of deep-water tight

sandstone reservoirs.

2. Geological Setting

Ordos Basin is the second-largest inland basin in China and is located west of
the North China Block. During the sedimentary period of the Triassic Yanchang
Formation, fluvial, delta, and lacustrine deposits were widely developed in Ordos
Basin. The Huaqing area is located in the sedimentary center of the Ordos Basin
(Figure 1(A)) [39]. The sedimentary evolution of the lake basin experienced the
whole process of formation, development, prosperity, decline, and extinction
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Figure 1. (A) Location map of the Ordos Basin structure and study area (Chen ef a/, 2021). (B) Lithology histogram of Chang-6 of
Yanchang Formation in Huaging area, Ordos Basin (Fu et al, 2019).

[1]. Thick deep-water gravity flow sandstone in the middle and lower part of
Chang-6 oil formation in Ordos Basin is the direct product of the Middle Indo-
sinian tectonic activity in the Qinling orogenic belt, which caused rapid subsi-
dence of Ordos Basin [40]. The sedimentary period of the Chang-6 Member was
mainly in the semi-deep lake and deep lake environment. Previous research has
established that the sediment gravity flows of Chang-6 can be divided into sandy
debris flows, classic turbidite, and slump [3]. Two major provenance systems
from northeast and southwest are intersected in southwestern Huagqing, resulting
in inconspicuous differentiation of sedimentary facies in this intersection area
[17]. Block X is a major oil-producing area in Huaqing Oilfield. The massive
sandstone of the Chang-6, layer is the most developed in the Chang-6 Member of
the Yanchang Formation (Figure 1(B)) [41]. The excellent source-reservoir com-
bination makes the Chang-6, layer the most critical exploration target. The num-
ber of fracturing segments strictly controls the oil production of Chang-6, tight
sandstone reservoir in Huaqing Oilfield. In order to have a longer reservoir length
so that more crude oil will be produced, high-inclination drilling in massive

sandstone is the best choice. High-inclination drilling also creates conditions for
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us to use drilling data to orientate the core in the high-inclination section.

3. Materials and Methods

The research data in this paper is drawn from a 105 m long Chang-6, core of a
high-inclination well Y in Block X of Huaqing Oilfield, Ordos Basin. The drilling
deviation of well Y was about 75.6° (Figure 2(A)), and the azimuth was about
346.5°, that is, north by west 15° (Figure 2(B)). In order to identify the spatial
relationship of cores, the following parameters were used: dip angle and dip di-
rection of drilling well trajectory, core number, coincidence degree of core cross-
section, bedding plane structures, and bedding structures. Just as the gyroscope
determines the orientation through two rotors, the orientation of the core can be
reset through the rotating coring tube and a virtual rotor which consists of hori-
zontal stratification and flame structure (Figure 2(C)).

The determination of core top and bottom can be based on the following five
criteria (Figure 3):

1) Small numbered cores must be above large numbered ones.

2) Small numbered cores have more upper lithology, while large numbered
cores have more lower lithology.

3) Horizontal bedding and positively graded bedding can be used as reference
marks of a horizontal plane. The angle between core boundary and horizontal
line should be approximately equal to the complementary angle of drilling incli-
nation, which is 14.4°.

4) Many syn-sedimentary deformations can be used to judge core top and
bottom, for instance, flame structure, load cast, flute cast, groove cast, intrusive

sandstone, liquefied vein et al.
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Figure 2. Drilling trajectory and coring section of Well Y in Block X of Huagqing Oilfield, Ordos Basin. (A) Section projection of
drilling trajectory. (B) Plane projection of drilling trajectory. (C) The shape and orientation reference of the core section.

DOI: 10.4236/eng.2023.151003 29 Engineering


https://doi.org/10.4236/eng.2023.151003

K. Chen et al.

Flame structure

Massive structure

Figure 3. Some typical high-inclination core of well Y in Block X of Huaqing Oilfield, Ordos Basin.

5) Several simulated experiments suggest that the high-density turbidity flow
consists of lower sandy debris flow and upper low-density turbidity flow [42] [43]
[44]. Alternate conversion between sandy debris flow and turbidity flow fre-
quently occurs during transportation [45] [46]. Turbidity flow deposits with rich
top-bottom structures often appear on or near the hard-oriented massive sand-
stone. They can help orient massive sandstones after the cores are spliced ac-
cording to the degree of section matching. The orientation of massive sandstone
is of great significance. Massive sandstone is the most critical oil reservoir, and
the direction of fractures inside massive sandstone affects the deployment of the
flooding well network.

Combined with two relatively accurate engineering data, the drilling direction
angle and inclination angle, the core can be reset after determining the top and
bottom of the core, which is the premise to determine the fracture occurrence and
the ancient flow direction of sandy debris flows. Flute cast and partial load cast
were used to reconstruct ancient flow directions. For groove cast, nearly symme-
trical load cast, and incomplete load cast, ancient flow directions were recon-
structed by particle arrangement in bedding structure.

4. Results
4.1. Lithological Characteristics

The first set of results mainly shows the evidence related to the sedimentary en-
vironment. As shown in Figure 4, sandy debris flows are, on the whole, mainly
composed of massive sandstone and thinly interbedded sandstone mudstone.
Some of the massive sandstones are also intercalated with thin-bedded muddy
siltstone. A significant complete set of horizontal bedding mudstone was depo-

sited during the intermittent deposition of sandy debris flows. There are more
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Figure 4. Lithology histogram, sedimentary structure, fracture occurrence statistics, and paleocurrent reconstruction of Y well
coring section in block X of Huaqing Oilfield, Ordos Basin.

and richer bedding structures and bedding planes in thinly interbedded sand-
stone-mudstone than in the large complete set of mudstone and massive sand-
stone. From bottom to top, the core can be divided into four parts, and a more
detailed core description of each part from down to up is shown as follows:

The first part of the core from 2359 to 2341 meters, the characteristic of which
is middle-thin layer fine sandstone, thin layer mudstone, and thin layer muddy
siltstone interbedded strata. Sandstone mainly comes from sandy debris flow
and turbidity flow. The mudstone is characterized by horizontal stratification.

The overlying sandstone load on the mudstone causes the deformation of the

DOI: 10.4236/eng.2023.151003 31 Engineering


https://doi.org/10.4236/eng.2023.151003

K. Chen et al.

mudstone, even sandstone below. Many flame structures and load casts exist be-
tween mudstone and fine sandstone (Figure 3). Pillow structures and intrusive
sandstone formed when partial sandstones penetrated the mudstone (Figure
5(A)). Positive rhythm is composed of fine sandstone, argillaceous siltstone, and
mudstone, and wavy beddings mainly exist in argillaceous siltstone. There is also
a small-scale flute cast in thin-laminated mudstone interlayer in middle layer
fine sandstone.

The second part of the core is from 2341 to 2327 meters. The characteristic is
that an extensive suite of thin mudstone with horizontal stratification con-
tains thin argillaceous siltstone, siltstone, and a small amount of middle-thin
layer fine sandstone. Mudstone is a deep lake mudstone, while sandstone
comes from turbidite deposition. The upper mudstone in this section contains
more lime mudstone lumps, which were encased in black mudstone crust than
the lower one (Figure 5(B)). The thin argillaceous siltstone and siltstone contain
many lacerated muddy chippings and floating gravels. Water escape structure,

ball-and-pillow structure, and flame structure formed by differential compaction

Erosion surface

Lime mudstone lump

(9

. 54 Lacerated muddy
D chippings

Argillaceous iltstone

0 ’
Figure 5. Bedding structures of Well Y core in Block X of Huaging Oilfield, Ordos Basin. (A) Intrusive sandstone. 15-48/53. (B)
Lime mudstone lumps with black argillaceous coating. 13-(15-16)/48. (C) Flame structure and erosion surface. 12-(39-41)/54. (D)
Convolution structure. 9-16/53. (E) Liquefied vein. 12-(46-47)/54. (F) Imbricate structure composed of lacerated muddy chip-
pings. 9-(20-21)/53. (G) Characteristics of lacerated muddy chippings in the core section. 10-(12-13)/56. (H) Many small mica
fragments in sandstone. 7-(15-16)/45. (I) The gradual transition of fine sandstone with scouring surface to interbedded mudstone
and argillaceous siltstone with horizontal bedding. 6-46/46.
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can be identified at the lithologic interface of sandstone and mudstone (Figure
5(C)). Small-scale flute casts, wavy bedding, and convoluted structure also occur
in thin interbedded sandstone and mudstone (Figure 5(D) and Figure 5(E)).

The third part of the core is from 2327 to 2289 meters. This core section com-
prises massive fine sandstone and includes interbedded medium-bedded fine
sandstone and medium-thin argillaceous siltstone. Sandstones almost all come
from sandy debris flow. The upper sandstone erodes most of the argillaceous se-
diments to form lacerated muddy chippings, which were compressed and de-
formed and floated in massive sandstone (Figure 5(F) and Figure 5(G)). Only a
few argillaceous sediments are preserved intact to form interlayers. Many large
flute casts and flame structures appear in this section. Convoluted structures and
loaded structures also occur at the interface between sandstone and mudstone.
There are many fine mica fragments in sandstone (Figure 5(H)).

The fourth part of the core is from 2289 to 2243 meters. This core section is
almost all composed of thin mudstone with horizontal stratification, mainly the
deposition of the deep lake environment. Thin argillaceous siltstone and me-
dium-thin sandstone can be observed occasionally. Silty sandstone eroded argil-
laceous deposits and formed a small scouring surface at the bottom of the core
(Figure 5(I)).

4.2. Bedding Planes Structures and Ancient Flow Directions

In order to assess ancient flow directions, bedding plane structures with direc-
tionality were used (Figure 6, Table 1). Figure 4 presents the ancient flow di-
rections of different core sections based on different bedding plane structures.
The most exciting aspect of this figure is that the law of ancient flow directions
changing with the sedimentary process is shown. When the sandstone of the
first core (2359 - 2341 m) was deposited, the sandy debris flow came from the
directions of the west by south 43° (Figure 6(A)) and south by east 19°
(Figure 6(B)). In the deposition process of the second core (2341 - 2327 m),
mainly composed of mudstone, the direction of a small amount of sandy debris
flow is almost positive east (Figure 6(C)).

The core of the third section (2327 - 2289 m) can be further divided into three
parts from bottom to top: the lower massive sandstone section (2327 - 2313 m),
the middle sand-mud interbed section (2313 - 2303 m), and the upper thick
sandstone section (2303 - 2289 m). The lower massive sandstone section lacks
directional bedding plane structures. In contrast, the other two sections have
preserved more bedding structures because of their middle layer mudstone and
medium-thick layer sandstone. When the sandstone of the middle sand-mud in-
terbed section was deposited, the sandy debrite came from the south by east 64°
(Figure 6(D)) and north by west 34° (Figure 6(E)). Among them, the sandy
debris flows from the north by west 34" has a pronounced load cast due to its
considerable thickness. The direction of sandy debris flow in the eighth coring is

almost the same as that in the ninth. The directions of sandy debris flow in the

DOI: 10.4236/eng.2023.151003

33 Engineering


https://doi.org/10.4236/eng.2023.151003

K. Chen et al.

[Supertsco Ry

Drilling diregtior

Drilling dir®

e

Drilling direction|
——

Undersurface

Figure 6. Bedding plane structures of Well Y core in Block X of Huaqing Oilfield, Ordos Basin. (A) Small-scale flute cast. 15-5/53.
(B) Groove cast. 14-(36-37)/48. (C) Small-scale flute cast. 13-28/48. Superface. (D) Small-scale flute cast. 9-53/53, Superface. (E)
Load cast. 9-(50-53)/53. (F) Large-scale flute cast. 7-14/45. (G) Small-scale flute cast. 7-12/45. Superface.

seventh coring are favorable west and west by north 33°. The evident and large
flute casts were formed under the erosion of sandy debris flow in the west direc-
tion by north 33° (Figure 6(F)), while the fuzzy and small flute casts were formed
after the flow-through of sandy debris in the west direction (Figure 6(G)). The
ancient flow direction of sandy debris flow is highly consistent with the sand-
stone thickness map, drawn under the limitation of more than hundreds of wells
in November 2021 (Figure 7(A)). Based on a small-scale flute cast, the recon-
structed paleocurrent direction has a current from the East, and the latest drill-
ing results based on June 2022 show that there is indeed a sandy belt to the east
of the well (Figure 7(B)). The drilling results in 2022 show that the high-incli-
nation drilling in the Northwest and North has the highest drilling ratio of sand-
stone in the high angle section (Figure 7(B), Figure 8). These two directions
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Table 1. Ancient flow direction of sandy debris flows reconstructed from different bedding plane structures of well Y core in
block X of Huaging Oilfield, Ordos Basin.

Nli?::l; of Number of sample Paleocurre;;tbciiizegzizn of sandy Bedding plane structures

7 3 289° Groove cast

7 12 268° Small-scale flute cast
7 13-14 303° Load cast

7 14 268° Large-scale flute cast
7 8-11 275° Small-scaleflute cast
8 11-14 312° Groove cast

8 40 - 42 327° Groove cast

8 48 - 50 323° Small-scale flute cast
9 50 - 53 326° Load cast

9 53 116° Small-scale flute cast
13 28 90° Small-scale flute cast
14 35-37 161° Groove cast

15 5 223° Groove cast

*The north is considered 0°, and the east is considered 90°.

I‘o g
N

®
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Figure 7. Sand thickness and ancient flow direction of well Y core in block X of Huaqing Oilfield, Ordos Basin.

are also consistent with the direction of paleocurrent restored by load casts and

large-scale flute casts (Figure 7(A)).

DOI: 10.4236/eng.2023.151003 35 Engineering


https://doi.org/10.4236/eng.2023.151003

K. Chen et al.

90%  89%

85% 82%

81%
78%

Northwest North Southeast West South

80% |
75%
70%

65%

60%

Figure 8. The drilling rate of sandstone in the high-inclination section
around well Y core in block X of Huaqing Oilfield in 2022.

4.3. Fracture Occurrence

Since fracture trends are of great significance to low permeability sandstone re-
servoirs development, the trend of natural fractures of the core sandstone sec-
tion is described in this paper. The sandstone section is roughly divided into three
parts: the bottom sand-mudstone interbed section (2359 - 2341 m), the middle
massive sandstone section (2327 - 2289 m), and the upper middle-layered sand-
stone section (2283 - 2271 m and 2248 - 2243 m).

From Figure 4, it can be seen that there are apparent differences between
fracture types and fracture density of the core sandstone section. The bottom
sand-mudstone interbed section (2359 - 2341 m) is dominated by high-angle
NEE-SWW-trending fractures, and the dip angle is about 65° - 80° (Figure 9(A)).
These fractures have large openings and are filled with calcite and other fillings
(Figure 9(B)). It is worth noting that the core loss occurred when drilling at this
section, resulting in the 16™ coring incomplete.

The unfilled near-horizontal low angle and horizontal fractures mainly develop
the middle massive sandstone section (2327 - 2289 m), accompanied by some
N-S-trending unfilled fractures (Figure 6(F); Figure 9(C) and Figure 9(D)). The
density of low angle and horizontal fractures increases gradually from bottom to
top (Figure 9(E)). Sliding surfaces often occur in the most developed areas of
horizontal fractures (Figure 9(F)). The sliding surface of mudstone has a scratch
of the north by west 18° and a fault step of the east by north 41° (Figure 9(G)).
The middle massive sandstone section also has a small number of fractures with
high angle NEE-SWW-trending fractures and minor unfilled fractures in the
north direction.

There are few fractures in the upper middle-layered sandstone section (2283 -
2271 m and 2248 - 2243 m), mainly half-filled fractures in the north direction,
and the fracture angle is about 60° (Figure 9(H)). There are also some unfilled

fractures at the lithologic interface in this section (Figure 9(I)).
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Figure 9. Fracture occurrence of Well Y core in Block X of Huaqing Oilfield, Ordos Basin. (A) High angle NEE-SWW-trending
fractures. 15-(20-21)/53. (B) Calcite cement on the high angle fracture surface. 15-21/53. (C) Unfilled high-angle small N-S-trending
fractures. 11-9/53. (D) Low angle fractures in massive fine sandstone. 11-(16-17)/53. (E) Horizontal fractures in fine sandstone.
8-(37-39)/51. (F) Horizontal fractures in fine sandstone and laminae fractures in mudstone. 8-33/51. (G) Sliding surface.
7-(3-5)/45. (H) High angle fractures filled with calcite. 1-27/48. (I) Unfilled high-angle S-N-trending fractures. 1-13/48.

5. Discussion

5.1. Ancient Flow Direction of Sandy Debris Flows

As mentioned in the in the earlier part of this paper, the ancient flow direction
reconstruction results are more instructive than the provenance direction for
predicting deep-water sandy debris flow reservoirs. The thick sandstone of the
Chang-6 gravity-flow deposit resulted from tectonic activity in the Qinling area
[18]. The sandy debris flow in the study area is a channel-type gravity flow with
the erosive ability and is similar to the riverside deposit (Figure 5(I)) [46]. Many
load casts, flute casts, and groove casts were formed in the sedimentary stage of
sandy debris flow, providing a solid foundation for reconstructing the ancient
flow direction (Figure 6).

According to these data, we can infer that the ancient flow direction of sandy
debris flows gradually shifts from southwest and southeast to northwest and
west from bottom to top of the core (Figure 4). The first part of the core (2359 -
2341 m) is the interbedded sandstone-mudstone deposition formed by the sandy

debris flow from southwest and southeast and the turbidity flow deposition se-
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parated from the sandy debris flow. The sandstone may be the direct product of
the Middle Indosinian tectonic activity in the Qinling orogenic belt. The second
part of the core (2341 - 2327 m) includes deep lake mudstone, sandy debris flow,
and turbidity flow. Notably, sandy debris flows come from the east and contain
large amounts of lime mudstone lumps with black argillaceous coating, formed
in shallow lake environment and migrated to the deep lake with the sliding of
sandy debris flow [47]. One possible explanation is that the northeast delta
slumped from the east into the Huaqing area. The sandstone provided minor
from southwest provenance. The third part of the core (2327 - 2289 m) mainly
comprises sandy debris flow from the northwest, most likely coming from the
northeast Wuqi delta, and slipped from the north into the Huaqing Oilfield [48].
The sandy debris flow entered the Huaqing area from the northwest by the lake
bottom topography. The western provenance is likely to be the collapse of the
braided river delta in the southwest caused by the strengthening of the Qinling
activity. The sandy debris flow entered the Huaqing oilfield from the west. The
existence of many mica fragments in the core suggests that the braided river del-
ta in the west may be the primary provenance (Figure 5(H)). The crushing of
mudstone interlayer formed lacerated muddy chippings during the transport of
sandy debris flow (Figure 5(B) and Figure 5(G)) [49]. Many lacerated muddy
chippings exist in the upper part of sandy debris flow.

The research result of ancient flow direction is reliable because it is highly
consistent with the sandstone thickness. Among all the ancient flow directions,
sandy debris flow mainly enters the study area from north to west, and turbidity
flow primarily comes from the west. Because southwest provenance has a shorter
migration distance and is conducive to the preservation of mica, many mica in
sandstone also indicates that the slump sandstone may come from braided river
delta front in the southwest of the Huaqing area. So the southwest direction may
be a secondary provenance supply direction (Figure 5(H)). The current study’s
findings do not support the previous research results that ancient flow directions
of sandy debris flow were the northeast in Huaqing Oilfield [11]. At least the
sandy debris flow did not enter the study area directly from the northeast. This
finding was unexpected and suggested that the ancient flow directions of sandy
debris flow should be from the northwest because the northwest is never the fo-
cus of researchers. However, this inconsistency may be due to the topography
beneath the lake.

Load cast and large-scale flute casts had more extensive scale and more ob-
vious mudstone deformation and may be related to more significant sandy de-
bris flow, while the small-scale flute casts and groove casts are more related to
the turbidity current associated with the sandy debris flows, and are also sub-
stantial evidence for the ancient flow direction judgment. The shallow groove
cast and small fuzzy flute casts must combine with the bedding structure to re-
construct ancient flow directions. Sandy debris flows are mostly confined flow,

while turbidity flows are more likely to be offset by isobath flow and become
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unconfined flow [50]. Thus, the directional load cast and large-scale flute casts
were considered more reliable evidence in the comprehensive summary of the
ancient flow direction. The ancient flow directions reconstructed from flute casts
were more precise than those from load casts. Thus, it is essential to consider the

possible bias in our conclusions on the ancient flow directions (Figure 6).

5.2. Fracture Genesis

An initial objective of the core orientation was to identify the direction of tiny
natural fractures. Prior studies have noted the importance of natural fractures in
tight reservoirs development in the Ordos Basin. Several reports have shown that
the fracture direction is mainly NWW spreading in Chang-6 Member. The frac-
ture might result from different stress fields in Yanshanian and Himalayan pe-
riods or local plastic deformation of shale [21] [23] [28]. The western margin of
the Ordos Basin experienced N-S compression in Indosinian, NW-SE compres-
sion in Yanshanian, and NNE-SSW compression in Himalayan [51]. The frac-
ture orientations include NE-SW, NNE-SSW, NW-SE, and NNW-SSE. Some
NE-SW-trending fractures were developed in the N-S compression environment
in the Indosinian period [52]. The NW-SE-trending fractures formed in the Yan-
shanian period, while the N-S-trending fractures formed in the Himalayan period
[31].

After repeatedly comparing our fracture orientation results with previous re-
search results, the results of fracture orientation are shown in Figure 10. A small
amount of NE-SW-trending fractures formed in Indosinian, and mudstone slid-

ing surface and NEE-SWW-trending fractures were formed in Yanshanian [25].

r Legend
N
Compression direction

Indosinian {
Fractures

- i
=> Compression direction
—— Fractures

Yanshanian{ ~ . An undeveloped fracture
\ in a conjugate fracture

Sliding direction of slip

surface of mudstone

=> Compression direction

Himalayan{ — Fractures

NN An undeveloped fracture

\ 1n a conjugate fracture

Figure 10. The extrusion direction and fracture direction in different structural periods of Huaqing Oilfield, Ordos Basin.
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The high angle NEE-SWW-trending fractures at the bottom of the coring sec-
tion have the most significant influence on the seepage capacity of the reservoir
because they not only disconnect the core but also cause the leakage of drilling
fluid (Figure 5(B)). This finding is consistent with Fan et al (2016), who suggest
that the NE-SW-trending fractures dominate seepage flow direction.

The density of horizontal fractures gradually increases during the transforma-
tion from massive sandstone to sand-shale interbed, and mudstone slippage oc-
curs where the most significant fracture density of horizontal fractures (Figure
9(G)). The horizontal fractures developed in the central massive sandstone sec-
tion are more like shear fractures under shear stress than diagenetic fractures.
This explanation contradicts previous studies, which have suggested that the ho-
rizontal fractures developed in the central massive sandstone section are diage-
netic [53]. In the flow process of sandy debris flow, there was shear stress in any
internal layer, so near-horizontal low angle fractures were formed in the massive
sandstone (Figure 9(D)) [49]. The low angle and horizontal fractures are more
developed in mudstone because of the different shear strength between sand-
stone and mudstone (Figure 9(F)). Under the NW-SE compression in Yanshanian,
the strike of the large fracture is not consistent with the NEE-SWW-trending
fracture in the core section where the mudstone slip surface develops. A possible
explanation for this might be that the detachment of rock strata along the mud-
stone surface and the deformation of rock strata offset the component of NW-
trending compressive stress along the NW direction.

The E-W component of NW-SE compressive stress along high-angle cracks
forms E-W-trending fractures, even SEE-NWW-trending cracks. This explanation
agrees with Zhao’s [24] findings, showing that fracture strike in vertical strata is also
affected by mudstone slippage. The formation period of the E-W-trending fracture
is also consistent with those of Tian [30], who declared that E-W-trending frac-
tures of the Yanchang Formation were mainly formed at terminal Jurassic-Early
Cretaceous, that is, the Yanshanian period. During the Himalayan period, the
NNE-SSW compression formed nearly N-S-trending fractures, similar to Jiyuan
Oilfield in northwestern Huaqing Oilfield [54].

Notably, these high-inclination coring may be somewhat limited in fracture
orientation when the formation is inclined, the core is broken, and the poorly
matched core section. In addition, the research results of fractures are based on
the relationship between fracture direction and cutting and combined with pre-
vious understanding. Thus, there are some deficiencies in the research conclu-
sions of fracture stages due to the lack of data on cement inclusions and cement
dating. Therefore, a further study focusing on the combination of fracture orien-

tation of high-inclination core and cement aging is suggested.

5.3. Significance of High-Inclination Coring

High-inclination coring has many advantages and excellent utilization space. The

present results are significant in at least two critical respects of paleocurrent re-
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construction and fracture orientation. The present study suggests that vertical
coring is used to determine the coring horizon, and the high-inclination coring
is used to reconstruct the ancient flow direction. The combination of the two
guides the exploration and rolling development of deep-water sandy debris flow
tight reservoirs to significantly reduce the number of exploration wells. The an-
cient flow direction predicted by this high-inclination coring is successful be-
cause it is consistent with the law of sandstone distribution determined by hun-
dreds of exploration wells. Even there is a possibility to provide more accurate
distribution direction for different layers of sandstone.

It is worth noting that there are few bedding structures and single bedding
structures in massive sandstone and mudstone of deep lacustrine sandy debris
flow. Before high-inclination coring, the coring section should refer to the ver-
tical coring of nearby exploration wells or evaluation wells. The coring section
should be screened according to different research purposes. The sand-mud in-
terbedded area is the best core location because it might retain information
about ancient flow direction. The massive sandstone area is the best core loca-
tion for reservoir fracture study because it is the main oil-bearing area in most
cases.

There is no noticeable increase in technical difficulty and coring cost for high-
inclination wells relative to vertical coring. However, it provides an excellent da-
ta foundation for the scrolling development and the deployment of the flooding
well network. In addition, high-inclination coring can provide 3 - 4 times the
long core data of vertical coring at the same depth and take the change of hori-
zontal permeability in the vertical direction. It is of great significance for the
oil-water flooding experiments of ultra-low permeability reservoirs. Although
high-inclination coring cannot wholly replace vertical coring of exploration wells
and evaluation wells, combining high-angle coring and vertical coring can sig-
nificantly reduce the number of exploration wells and evaluation wells. There is
also enormous room for further progress with this method in the exploration
and scrolling development of tight sandstone reservoirs.

The slight dip angle of the Yanchang Formation in Ordos Basin makes the
horizontal bedding not deviate too much from the horizontal plane; the tight li-
thology makes the core not easy to rupture, which is conducive to rock splicing.
Therefore, the Yanchang Formation is very suitable for high slope coring orien-
tation. The reconstruction of ancient flow direction is relatively accurate, and
fracture orientation also has a relatively small error. High-inclination coring is
worthy of promotion in areas where tight deep-water reservoirs are developed

with slight dip angles and weak tectonic activity.

6. Conclusions

1) High-inclination coring is an essential means for core orientation. Relatively
accurate microfracture direction and ancient flow direction can be obtained after

core orientation, which has guiding significance for the exploration and scrolling
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development of deep-water tight sandstone reservoirs.

2) The ancient flow direction of sandy debris flow in the Huaqing area gradu-
ally shifts from southwest and southeast to northwest and west from bottom to
the top of the core. Massive sandstone of sandy debris flow, which probably
comes from the Wugqi Delta, mainly enters the study area from the northwest.
Turbidity flow likely to come from Southwest provenance primarily slipped into
the Huaqing region from the west.

3) A small amount of NE-SW-trending fractures were formed in the Indosi-
nian period. The horizontal and low-angle fractures in massive sandstone are
shear fractures formed in sand debris flow collapse. Mudstone sliding surface
and NEE-SWW-trending fractures were formed in the Yanshanian period. Dur-
ing the Himalayan period, the compression from the southwest resulted in a de-

velopment fracture of conjugate fracture, forming nearly N-S-trending fractures.
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