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Abstract: Based on field geological surveys of two deep-
water sedimentary outcrops in the Yanchang formation
of the Ordos Basin, X-ray diffraction analysis, elemental
geochemical analysis, and polarizing microscope obser-
vations were conducted to investigate the causes of
various sedimentary structures inside the massive sand
bodies from deep-water debris flow. A genesis model of
deep-water debris-flow sandstone is established: during
the handling of the mass transport complexes in the
basin slope, the soft sandy sedimentary layer with
relatively strong shear resistance tears the soft muddy
sedimentary layer with weak shear resistance and pulls
various clumps inside the muddy layer. Finally, debris-
flow massive sandstones with rich sedimentary struc-
tures are formed. Through argon ion polishing and field
emission scanning electron microscopy, the debris-flow
sandstones mainly develop micron-scale pores, and the
pore radius is mainly distributed in the range of 1-8 pum.
The sedimentary rocks from the semi-deep lake to deep
lake facies only have a small number of nano-scale
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pores, and the pore radius is distributed between 20 and
120 nm.
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1 Introduction

Genetic mechanisms of deep-water sandstones have
attracted considerable attention in both the petroleum
industry and sedimentology research [1-3]. Deep-water
gravity flow deposit processes are extremely complex,
and the evolution of their internal fluid properties is
variable [4]. Current studies can only infer sedimentary
genesis but cannot determine the overall sedimentary
processes and their evolution [5-7], which could limit our
understanding of the genetic mechanisms and distribu-
tion of deep-water sediments. Deep-water gravity flow
deposits include rockslides, slumps, liquefied sediment
flows, sandy debris flows, muddy debris flows, and
turbidites [8,9]. Of these deposits, debris-flow sandstones
have good reservoir properties such as great thickness
and wide distribution that have gradually attracted more
attention [2,6,10-12].

According to the sandy debris flow identification
basis proposed by Shanmugam [13], floating mudstone
clasts are important sedimentary structures that develop
within massive sandstones. However, for the origin and
genesis of floating mudstone clasts, previous studies
including Shanmugam’s own research mostly focused
on the observation and description of sedimentary
phenomena. There are mainly three kinds of under-
standing based on speculation. One is that during the
process of sandy slump and muddy debris flow forma-
tion, debris-flow mudstone in the shallow water area
was drawn into the overlying sandy sediments [14].
Another type is believed to be eroded by the early
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turbidity on the underlying bed of the underlying lake,
engulfing mudstone debris, and subsequently undergoing
fluid conversion, thereby forming a sandy debris flow with
mudstone tearing debris [15-19]. Some other scholars believe
that due to turbidity or storms, the underlying sediments are
strongly eroded, and the underlying unconsolidated or
weakly consolidated sediments are agitated to form agitated
layers of sand and mud [20,21]. The above controversy stems
from the lack of targeted research on debris-flow sandstones,
especially the lack of reliable experimental data. In order to
solve the problems, the author carried out field geological
surveys of two typical deep-water sedimentary outcrops in
the Yanchang formation in the southern Ordos Basin. The
internal sedimentary structures such as mudstone clasts,
clumps, and “mud-coated intraclasts” in debris-flow sand-
stone were systematically investigated. Samples were col-
lected and qualitatively analyzed based on experimental data
such as X-ray diffraction analysis, trace element geochemical
analysis, and polarizing microscope identification. Based on
the experimental data, the deep-water mass transport
deposits were accurately clarified. Sources and origins of
inclusions such as mudstone clasts, clumps in sandstone,
and a deterministic mechanism model have been established.
Nanotechnology has achieved good application effect in oil
and gas industries [22]; in this study, argon ion polishing and
field emission scanning electron microscopy (FESEM) were
used to analyze the pore development characteristics of
debris-flow fine sandstones and other types of rocks in the
deep-water sedimentary system. The deep-water “sweet
spots” reservoirs were identified, and the pore radius scale
range of micro—nano reservoir storage systems was obtained.
The above research has important theoretical and practical
significance for oil and gas exploration in deep-water
micro-nano reservoir storage systems in continental lake
basins.

2 Geologic setting

The Ordos Basin is a craton basin in central and northern
China (Figure 1a). The area of the basin is about 25 x
10 km?. The basin can be further divided into six first-order
tectonic units: the Yimeng uplift, the western margin thrust
belt, the Tianhuan depression, the Yishan slope, the Jinxi
fold belt, and the Weibei uplift (Figure 1b). The Upper
Triassic Yanchang formation is its main oil-bearing strata.
The predecessors divided the Yanchang formation from top
to bottom into ten oil-bearing formations [23]. Among them,
Chang 10-Chang 8 is the initial stage of the lake basin
development, Chang 7 is the peak expansion period of the
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lake basin, and Chang 6 is the large-scale constructive delta
pre-filling period [24-26]. A delta deposition system in a
large area of the lake basin is developed in the Chang
7-Chang 65 period. The semi-deep lake-deep lake sediments
were widely developed along the center of the lake basin
[27,28] (Figure 1b). In recent years, nearly one billion tons of
reserves have been discovered for exploration in this area.
The main oil-bearing sand bodies are deep-water massive
sandstones [29-31]. It is of great theoretical and practical
significance to study the source and genesis of the
sedimentary structure in the sandstone.

In this study, two sections of the Shanshui River
(Xunyi County) and Yaoqu (Tongchuan County) were
selected for research in the Weibei uplift belt in the
southern Ordos Basin (Figure 1b). Among them, the
Chang 7 section of the Shanshuihe section is exposed
3km northeast of Xunyi County. The lithology is
composed of multiple sets of gray-black mud shale and
gray-green block fine sandstone, thin layer of fine
sandstone, and dark gray silty mudstone (Figure 2a).
The Chang 7 section of the Yaoqu section is exposed in
Yaoqu Town, Tongchuan County. The sandstone layer in
the profile gradually becomes thinner upward, and the
mudstone increases, reflecting a set of decumbent
sediments that the lake water gradually changes from
shallow to deep. The lithological combination consists of
multiple sets of yellow-gray blocky fine sandstones,
thin-layered fine-grained sandstones, and dark gray silty
mudstones (Figure 2b).

Previous studies demonstrated that the thick mas-
sive sandstones in the two sections represent semi-deep
to deep debris-flow deposition [30,31]. The massive
sandstones (0.5 to 3m thick) are associated with dark
gray mudstone (debris-flow mudstone), thin silty sand-
stone, and gray-black laminated shale. The debris-flow
sandstones have abundant internal depositional struc-
tures and contain floating mudstone clasts, clumps, and
mud-coated intraclasts [32]. The mudstone clasts are
mostly sharp-edged, elongated, and aligned in their long
direction (Figure 3a and b). The clumps are mostly
yellow-brown and spindle-shaped (Figure 3e). The mud-
coated intraclasts have a two-layered structure com-
posed of a spindle or oval-shaped block and a muddy or
silty mud coating less than 3 cm thick (Figure 3a and k).

3 Materials and methods

We systematically sampled floating mudstone clasts,
clumps, and mud-coated intraclasts within the debris-flow
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Figure 1: (a) Location of the Ordos Basin, central China. (b) Ordos Basin tectonic unit and extended lake-delta system map.

sandstones as well as mudstones and clumps within the
associated debris-flow mudstones and laminated mud-
stones. Samples were obtained from both outcrop
sections (Yaoqu and Shanshuihe), which showed fresh
cutting surfaces due to natural collapse and road
construction, and had not been affected by alteration
and weathering, indicating that subsequent analytical
results were reliable.

Trace element geochemistry, X-ray powder diffrac-
tion (XRD), and thin section analyses were carried out to
describe the depositional environment, bulk composi-
tion, and lithological characteristics of the collected
samples. The relationship among the internal sedimen-
tary structures of the massive sandstones, associated
debris-flow mudstones, and laminated mudstones can
be determined to reveal the genetic mechanisms further.

Trace element geochemical analyses were carried
out at the State Key Laboratory of Marine Geology
(Tongji University) using an inductively coupled plasma
mass spectrometer (Thermo Fisher VG-X7). In the test, a
mixed solution of nitric acid (HNO3) and hydrofluoric
acid was used to remove the siliceous and carbonate
minerals in the rock sample. During the measurement
runs, 1 ppb of rhenium (Re) and rhodium (Rh) were used

as internal standards to monitor the instrument stability
dynamically. Measurements were calibrated with blank
samples that followed national standards (GSR-5, GSR-6,
and GSD-9). The relative standard deviation of trace
elements was within 2%.

A certain internal relationship exists between the
crystal structure and the X-ray diffraction pattern, thus,
the X-ray diffraction phenomenon in the crystal is used
to obtain the characteristics of the X-ray signal after
diffraction. Based on the spectrum information, the
object can be determined. This method is the XRD
analysis method [33-35]. The instrument used in this
study for the XRD is Dutch PANalytical (Empyrean).
First, we take 6-10 g of rock sample and coarsely crush
it (grain size is less than 1 mm) and then put the ball mill
to crush the sample to a particle size further below
44 pm. The scanning range is 5-45° (20 angle), and the
scanning step is 0.02°/min. Finally, we apply the K value
method to integrate the various types of diffraction
peaks in the XRD pattern to calculate the relative
percentage content of various minerals.

A fresh rock sample was polished on both sides to a
thickness of 0.03mm to make a thin rock slice. Zeiss
Axio Scope Al is used for the polarizing microscope thin
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Figure 2: Photographs of outcrops in the study area. (a) Panoramic
view of the Shanshuihe outcrop. (b) Panoramic view of the Yaoqu
outcrop. (c) Yaoqu outcrop, the overlying debris-flow sandstone
dragging the underlying muddy-debris-flow sediment.

plate identification. The pores in the cast lamella can be
observed through a microscope. The area occupied by the
pores in the lamella can be counted and then the ratio of
the pore area/total surface area can be estimated.
Hitachi IM4000 argon ion polishing instrument is
used for argon ion polishing analysis. We first cut a rock
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sample into a 1 cm’® cube, grind the cube in a grinder,
and then calibrate under a microscope. After 2-3 h, the
polished surface is plated with gold, and the gold-plated
sample is placed in a scanning electron microscope
sample chamber for analysis. The FESEM method is
based on the principle of secondary electron imaging.
Based on coated films, we observe samples on the
nanometer scale at low voltage to obtain faithful original
appearance and ultra-thin topographic structure infor-
mation on the sample surface [36-38]. ZEISS field
emission scanning electron microscope, which was
scanned separately through secondary electrons and
backscattering, is used in this study for FESEM. The
mineral composition was identified by energy spectrum
analysis.

4 Results and interpretation

4.1 Internal sedimentary structures of the
massive sandstones

4.1.1 Mudstone clasts and intraclast muddy coatings

Many of the samples were collected from mudstone
clasts, muddy coatings of the intraclasts within the
massive sandstones, associated debris-flow mudstones,
and laminated mudstones for trace element geochemical
analysis. The discriminating sedimentary environment
parameters were used to compare and analyze the
genetic relationship among the four different sample
types to provide evidence for the origin of the mudstone
clasts and muddy coatings.

Natural oxidation-reduction reactions play an im-
portant role in controlling migration, symbiosis, and
precipitation of vanadium (V), molybdenum (Mo),
uranium (U), and other valence-variable elements.
These reactions can change the original migration state
of the elements so that different valence states or their
symbiotic elements are separated, resulting in their
redistribution in different environments [39]. For example,
U has a low valence (U**) under reducing conditions
and does not dissolve in an aqueous medium, leading to
sedimentary enrichment. However, in an oxidizing
environment, U shows a high valence (U®") and easily
migrates, resulting in a loss of U in sediments. Thorium
(Th) exhibits significant differences from U. Th only has
one valence state (Th**), which is relatively insoluble
and generally not affected by redox conditions [40].
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Figure 3: Photographs of the typical sedimentary structures and the thin sections. (a) Yaoqu outcrop: floating mudstone clasts and mud-
coated intraclasts in the debris-flow sandstone. (b) Yaoqu outcrop: the mudstone clasts and the debris-flow mudstone. (c) YQ-1: see the
position in (b), silty mudstone with a small amount of carbonized plant debris. No directional structure, plain light. (d) YQ-2: see the
position in (b). Silty mudstone with a small amount of carbonized plant debris. No directional structure, plain light. (e) Yaoqu outcrop:
massive sandstone and associated deep lake—semi deep lake laminated mudstone. (f) YQ-3: see the position in (e). The deep lake—semi
deep lake mudstone with the laminated structure, plain light. (g) Yaoqu outcrop: a clump within the debris-flow sandstone. (h) YQ-4: see
the positon in (g), silty mudstone with a small amount of carbonized plant debris, reflective optics. (i) Yanqu outcrop: a clump within the
debris-flow mudstone. (j) YQ-5: see the positon in (i), silty mudstone with a small amount of carbonized plant debris, slightly directional
structure, reflective optics. (k) Shanshuihe outcrop: a mud-coated intraclast within the debris-flow sandstone. (1) XY-4: see the position in
(k). Anisometric feldspathic litharenite, plain light.
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Besides, diagenesis has little effect on some elements,
such as Th and U, and the reactions are still weak
before shallow metamorphism. Even with changes in
concentrations, the ratios and distribution patterns of
related elements remain parallel [41-44]. Therefore, the
Th/U ratios are commonly used to judge the redox state
of a depositional environment [45,46]. The Th/U ratio
value within 2 indicates an anoxic environment. The
larger the value, the higher the oxidation level. The Th/U
value can even reach 8 under strong oxidation condi-
tions [40]. In addition, the authigenic U content (AU =
Uiotal — Th/3) is generally regarded as an important
indicator of an ancient anoxic environment. Some
researchers determine 86U on the basis of the relationship
between the AU content and the total U content (8U =
2Uotal/ (Utoral + Th/3)). If 86U > 1, it indicates an anoxic
environment and if 86U < 1, it suggests the oxic
environment [47-49].

In this study, the 6U and the Th/U data showed two
general groups (Figure 4): (1) samples from laminated
mudstones of the deep lake-semi deep lake have the
Th/U ratio value smaller than 2 and the 8U value larger
than 1, indicating the anoxic sedimentary environment.
(2) Samples from the mudstone clasts, muddy coatings,
and debris-flow mudstones exhibited higher Th/U ratios
(4-6) and 8U < 1, indicating the oxic sedimentary
environment. The Th/U ratios and 8U from the same
outcrop are similar and distinct from the other outcrop.

Vanadium-to-nickel (V/Ni) ratios were used as a
bottom water redox state indicator where the values
increase as the degree of reduction becomes stronger
[40,41]. Some researchers have used the V/Ni ratios to
study changes in the reducing ability of a water body
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Figure 4: The cross plot of 83U and Th/U values of the mudstone
clasts, mud coating, laminated mudstone, and debris-flow
mudstone.
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which was shown during the evolution of the Chang 7
sub-members (73, 75, and 7;) [50]. Moreover, the V/(V +
Ni) ratios reflect the environmental redox ability
[45,51,52]. The high values (>0.84) indicate the stratifi-
cation of the water body and a strong anaerobic
environment containing H,S in the bottom water.
Intermediate values (0.64-0.82) suggest an anaerobic
environment with weak stratification, and low values
(0.46-0.60) imply a suboxic environment with weakly
stratified water [53].

The V/Ni and V/(V + Ni) data also showed two
general groupings (Figure 5). The samples from lami-
nated mudstones (V/Ni values of >6 and V/(V + Ni)
values of >0.84) reflect a stratified water body with a
strong anaerobic environment. In contrast, the samples
from mudstone clasts, muddy coatings, and debris-flow
mudstones (V/Ni ratios of 1-5 and V/(V + Ni) values of
0.64-0.8) imply an anaerobic water body with weak
stratification. All of the sample ratios from the same
outcrop were similar and distinct from the other outcrop.

The Th/U, 8U, V/Ni, and V/(V + Ni) data resulted in
consistent interpretations and similar conclusions. The
results indicated that the mudstone clasts and muddy
coatings have a strong affinity with the debris-flow
mudstones and are quite different from the laminated
mudstones. The Yaoqu section showed stronger reduc-
tion conditions because it was closer to the center of the
paleolake basin (Figure 1b).

Strontium (Sr)-to-barium (Ba) ratios were used to
estimate the paleosalinity. The solubility of Ba com-
pounds is lower than that of Sr compounds, and the
combination of Ba®" and SO,> easily precipitates
insoluble BaSO,. Therefore, nearshore sediments are
enriched in Ba, and Sr is abundant in deeper water
owing to its strong migration ability [45]. Previous
studies concluded that the Sr/Ba ratios are generally >1
in saline lake sediments and brackish water and <1 in
freshwater sediments. The abundance of Sr in saline
water is generally (800-1,000) x 107, while in fresh-
water it is (100-300) x 107 [45,46].

We found that the Sr/Ba values did not exceed 0.6,
and the abundance values of Sr were less than 250 x
10°° (Figure 6), implying that the samples came from a
brackish to freshwater environment. The laminated
mudstone samples showed the highest Sr/Ba values
and Sr abundances (Figure 6), revealing that the
samples originated in a water body with a relatively
higher salinity. In contrast, samples from the mudstone
clasts, muddy coatings, and debris-flow mudstones
showed lower Sr/Ba values (generally <0.5) and Sr
abundances (less than 200 x 107°), indicating the water
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body with a relatively lower salinity. All of the samples
from the same outcrop were similar and distinct from the
other outcrop, with Yaoqu showing a slightly higher
salinity.

The results indicate that the mudstone clasts,
muddy coatings, and debris-flow mudstones were
formed under relatively low salinity, which differs from
the relatively higher salinity suggested by the laminated
mudstones from the deep lake-semi deep lake. Because
Yaoqu was closer to the center of the paleolake (Figure 1b),
its paleosalinity was slightly higher.

The XRD results showed that the compositions of
mudstone clasts and mud coatings were very close to the
associated debris-flow mudstones, which contained
about 50% clay and relatively high dolomite. However,

the composition of laminated mudstones was different,
which are mainly composed of clay (>70%) and a small
amount of feldspar and quartz without dolomite (Table 1
and Figure 7).

The thin section observations showed that the
mudstone clast lithology was predominantly silty mud-
stone and generally contained a small amount of
carbonized plant debris (0.5-6%) and some residual
bio-structure (Figure 3c). This demonstrates that the
mudstone clasts were formed in a shallow water
sedimentary environment, which is consistent with the
elemental geochemistry results. The microscopic fea-
tures of the clasts within debris-flow sandstone were
similar to those of the associated debris-flow mudstones
(Figure 3c and d).
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Table 1: XRD bulk composition analysis of the mudstone clasts, clumps, laminated mudstones, and debris-flow mudstones

Jianbo Liao et al.

Content (%)

Sample no. Sample type

Quartz K-feldspar Plagioclase Calcite Dolomite Siderite Hematite Analcidite Barite Anhydrite Augite Ankerite Clay mineral

50.1

3.3

1.7

1.1

1.7

1.3
5.3

35.8
27

Mudstone clast

XY-1

50.4

2.8

10.5

Debris-flow mudstone
Laminated mudstone

Mudstone clast

XY-2

76.9

17.1
25

XY-3

49.5

7.1
4.2

0.8
3.8

7.4
3.7

6.2

2.8
10.2
2.8
5.6
1.8

1.2
1.6

-1
YQ-2

50.9

0.4

18.3 3.2 0.7

Debris-flow mudstone
Laminated mudstone

73.7

0.4
2.6
0.6

221

YQ-3

40.6

5.8

3.3

0.8

6.8

2.5

1.6

6.4

2

Clump in the sandy-debris-flows

YQ-4

48.2

12.9

9.4

Clump in the muddy-debris-flows 27.1

YQ-5
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4.1.2 Mudstone clumps and mud-coated intraclast inner
cores

The thin section observations and bulk compositions
from the XRD analysis suggested that the mudstone
clumps and inner cores of the mud-coated intraclasts
could be divided into two types: gray-green sandy
clumps and yellow-brown muddy clumps (Figure 3a, g,
k, and 1).

Qiao et al. reported the origin of sandy clumps
within the lacustrine mudstones and associated them
with paleo-earthquakes [54]. In the interbedded sedi-
ments of the delta front, the sand and mud are both
water-rich and unconsolidated. The overlying sand,
which has a higher density, is pressed into the under-
lying soft mud to form the bed load structures. Load cast
structures were very common in the Yaoqu and
Shanshuihe strata from the Chang 7 to Chang 65 of
Late Triassic age. During the period of deposition of this
interval, seismicity was high and seismites frequently
developed. Some components of Chang 7 to Chang 6;
were easy to separate from the parent rocks to form
various ball and pillow structures under the action of
earthquakes and gravity slides. Zheng et al. found that
sandstone spheroids in the Baibao area of the Ordos
Basin had fallen into the mudstones of the Chang 6
Member [55], and Li et al. found many sandy ball and
pillow structures in drill cores from the Yanchang
formation [21]. These results showed that sandy ball
and pillow structures generally developed in the
Yanchang formation.

Based on the thin section observations, the petro-
physical characteristics of the sandy cores of the mud-
coated intraclasts were extremely similar to the sur-
rounding rocks (debris-flow sandstone). The lithology
was in equigranular feldspathic litharenite (Figure 3l),
and their composition and quartz, feldspar, and detrital
contents were similar (Table 2). These results indicate
that the sandy cores originated from the surrounding or
adjacent rock.

A small amount of argillaceous, dolomitic, or iron
clumps exists in muddy sediment of shallow lakes or
delta fronts, which is a common phenomenon in
continental basin sediments [56]. The comprehensive
analysis of the argillaceous clumps by using the thin
sections and XRD showed that the components and
fabric characteristics of the clumps in debris-flow
mudstones and massive sandstones were similar
(Figures 3h, j, 8 and Table 1). The lithology was slightly
oriented silty mudstone with a small amount of
carbonized plant debris (Figure 3h and j), which is
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Figure 7:

consistent with the sedimentary characteristics of
shallow water environments.

4.2 Genetic mechanism of deep-water
massive sandstones

For the origin and genesis of deep-water massive
sandstones, previous studies research mostly focused on
the observation and description of sedimentary phe-
nomena. The establishment of the genetic model is mainly
based on speculation (Figure 9b and c). Shanmugam
believes that mudstone clasts are important sedimentary
structure developed in a large number of sandstones and
has established a deep-water sandstone deposition and
transportation model (Figure 9c). However, he did not
explain the origin of the mudstone clasts in the debris-flow
sandstone. Therefore, his model is not perfect to explain
the origin of massive sandstones in deep water. Ito
believes that turbidity currents erode the sediments of the
underlying bed and can be converted into mudstone
clasts-rich debris flows and established a sedimentary
evolution model (Figure 9b). However, the experimental
data of this study obviously do not support such a
deposition model. The trace element parameters indicated
that the floating mudstone clasts, clumps, and mud
coatings of the intraclasts within deep-water massive

35 40

2Theta (?

XRD curves of mudstone clasts, the debris-flow mudstone, and the semi-deep lake laminated mudstone.

sandstones were formed in normal shallow water environ-
ments with relatively high oxidation and low paleosalinity.
They showed a strong affinity with associated debris-flow
mudstones, but not with the associated laminated mud-
stones (underlying sediment). Furthermore, lithologic
compositions showed that the terrigenous clastic and
clay mineral contents of the mudstone clasts, clumps,
and mud coatings were similar to the associated debris-
flow mudstones. In contrast, the clay mineral contents of
laminated mudstones were significantly higher.

The clumps and inner cores of the mud-coated
intraclasts within the debris-flow sandstone consisted of
gray-green sandy clumps and yellow-brown muddy
clumps. These clumps were quite developed in the
muddy debris-flow sediments associated with the sand-
stones. Internal clumps of debris-flow sandstones, the
whole rock composition and petrological characteristics
of the core in the “mud-coated intraclasts” structure are
similar to those contained in debris-flow mudstones. We
suggest that the massive sandstone provides drag for
sliding sediments and the muddy clumps within the
muddy debris flows tended to move toward the massive
sandstone layers (Figure 2c).

These results show that the mudstone clasts,
clumps, and mud-coated intraclasts within debris-flow
sandstones originated from the associated debris-flow
mudstones not from bed erosion or storm scouring the
underlying sediment.
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N § § The deep water sandstone transportation and
E £ g' é deposition process can be divided into the following four
n| = c o stages: the stage of interbedded delta-front sandstone and
_g g £ mudstone (Stage 1), the stage of forming the mass flow
E _§° é E E E complex (Stage 2), the depositional stage of the mass flow
» complex (Stage 3), and the depositional stage of the
= NS turbidite flow (Stage 4) (Figure 9a). In the delta front, rapid
= = deposition drove the slope edge to reach an angle of slope
3 failure. With a trigger from an external force, the soft
é 29 sediment was then transported to the deeper basin, where
° the soft mud layer with weak shear resistance in the mass-
- flow complex was washed into the sand layer that has
:; relatively strong shear resistance. This formed the direction-
g © © ally arranged mudstone clasts (mainly distributed at the top
v e e and bottom of a single sand layer), mud-coated intraclasts,
% and clumps, resulting in the development of the massive
S = sandstones with these special sedimentary structures at the
@ foot of the subaqueous slope or at the bottom of the basin.
'_é - © Formation of the massive sandstones retained the features
o SRS of mass transport deposition, and sand—mud layers within
g e o the soft sediment partly exchanged material and finally
= = 3 formed a lithological mixture under shear stress.
[
E
E 8 S
2 Y s 4.3 Significance of exploration
E f%
g ';" § g " o During the formation and evolution of the sandy debris
E SEI|O8 flow, the coarse debris deposits in the delta front of
s 2 shallow water can be intermittently transported to the
§ g “ o deep water. Then, the secondary sedimentation can be
; IS] - performed at the foot of the sedimentary slope and even
£ 0 = in the deep lake plain to form the sedimentation
@ 5 between siltstone and mud shale. Polarized light micro-
g _:’-=° g 2 scopy, argon ion polishing, and FESEM were applied to
E %” g @ 3 2 study the pore development characteristics of silty
E 8 sandstone and other types of rocks in deep water
S g ] sedimentary systems due to sandy debris flow. The
E £ g ® < results show that during the process of moving the
2 §_ a = o sandy muddy soft sediments from the delta front to
%5 E g the deep lake area, although a certain degree of litho-
é ; % @ logical mixing occurs between the sandy and muddy soft
g g ': - - sediments under the shear stress effect, this mixing
g 4 t ® < effect is insufficient. The coarse-grained siltstones still
; 2 & Ra have residual intergranular pores and feldspar dissolved
§,, . % © < pores showing good storage properties. According to
g é g = é o scanning electron microscopy (SEM) observations, silty
.'EE &2 £z 2 sandstone-derived silty sandstones have micron-sized
& ° pores (Figure 10a and b), and the pore radius is mainly
2 g . < distributed between 1 and 8pm (Figure 11). The
= ;2 X% sedimentary lithofacies in the semi-deep lake-deep lake
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Figure 8: XRD curves of the clumps within the sandy-debris-flows sediment and muddy-debris-flows sediment in Yanqu outcrop.
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Figure 9: Transport and deposition diagram of deep-water sandstone. (a) The model of this study, (b) the model of Ito, 2008, and (c) the
model of Shanmugam, 2013.

only developed a small number of nano-scale pores heterogeneous multi-porous medium formed by this
(Figure 10c and d), and the pore radius was distributed Kkind of reservoir is also relatively complex, with the
between 20 and 120nm (Figure 11). Controlled by progress of oil and gas development technology, such as
multiple periods of geological events, debris-flow sand- the new progress in porous medium fluid flow [57,58],
stone of different periods can be stacked on top of each this kind of oil and gas resource has great exploitation
other and interconnected in the horizontal direction. potential and considerable commercial value.
Therefore, the sedimentary thickness is large and the

distribution range is wide. Debris-flow sandstone has

formed a “sweet spot” reservoir in the deep water

sedimentary system. In addition, it is close to the lake 5 Conclusions

basin hydrocarbon generation center, which is condu-

cive to preferential capture of oil and gas. Although the 1. Based on field geological surveys of two deep-water
storage performance of this type of reservoir is generally sedimentary outcrops in the Yanchang formation of
not as good as that of river-delta reservoirs, and the the Ordos Basin, X-ray diffraction analysis, elemental
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Figure 10: Characteristics of lithological pore development in deep-water sedimentary systems. (a) Debris-flow sandstone. The
intergranular residual pores and feldspar dissolved pores are developed. (b) Intergranular residual pores in debris-flow sandstone under
FESEM. (c) Siliceous shale. Intergranular pores and intercrystalline pores of clay minerals. The pore size is 20 nm. (d) Siliceous mudstone.
Intergranular pores between brittle particles. The pore size is 200 nm.
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Figure 11: The distribution ratio of pore radii of different lithologies in the deep-water sedimentary system.

geochemical analysis, and polarizing microscope sand bodies from deep-water massive sandstones.
observations were conducted to investigate the causes The results show that the Th/U values of the
of various sedimentary structures inside the massive mudstone clasts within the massive sandstones and
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the mud coatings in the “mud-coated intraclasts”
structure are distributed between 4 and 6, and 8U <1.
The V/Ni values are distributed from 1 to 5 and the V/
(V + Ni) values range from 0.64 to 0.84. The Sr/Ba
ratio is less than 0.5, and the Sr abundance is less
than 200 ppm. The aforementioned parameters in-
dicated a low salinity and partial oxidizing paleo-
water body. The geochemical characteristics of the
sedimentary structure inside the debris-flow sand-
stone are similar to the associated debris-flow
mudstone and completely different from the semi-
deep lake facies layered mudstone. Internal clumps of
debris-flow sandstones, the whole rock composition,
and petrological characteristics of the core in the
“mud-coated intraclasts” structure are similar to
those contained in debris-flow mudstones. The
various sedimentary structures in the debris-flow
sandstone are derived from the associated argillac-
eous debris-flow mudstone, which is not related to
the erosion of the underlying lake basin by turbidity,
storm erosion, and erosion of underlying sediments.

2. For the origin and genesis of deep-water massive
sandstones, previous studies research mostly focused
on the observation and description of sedimentary
phenomena. The establishment of the genetic model
is mainly based on speculation. In this study, through
the support of experimental data, the source and
evolution of various sedimentary structures such as
mudstone clasts and clumps inside the massive
sandstones of deep-water sandy debris flow were
qualitatively studied, the deterministic model is
established. In the delta front slope area, due to the
rapid accumulation of sediments, the slope will
continue to increase. When the angle of repose is
reached, it will cause sandy and muddy soft sediment
interbedding to move from the slope area under the
effect of gravity to the deep lake plain (the secondary
transportation). During the gravity transportation
process, the mass transport complex is gradually
evolved. The sandy layer with relatively strong shear
resistance in the mass transport complex tears the
muddy layer with weaker shear resistance and pulls
various clumps inside the muddy layer to form deep-
water massive sandstones with a special sedimentary
structure.

3. Based on the deep understanding of the genetic
mechanism of deep-water massive sandstones, the
development law of micro-nano reservoir is dis-
cussed. Through argon ion polishing and FESEM,
the debris-flow sandstones mainly develop micron-
scale pores, and the pore radius is mainly distributed

Genetic mechanisms of deep-water massive sandstones in continental lake basins and their significance
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in the range of 1-8 pm. The sedimentary rocks from
the semi-deep lake to deep lake facies only have a
small number of nano-scale pores, and the pore
radius is distributed between 20 and 120 nm. The
storage performance of debris-flow sandstones is
much higher than other rock types. In addition, the
sedimentary thickness is large. Therefore, debris-flow
sandstones form a “sweet spot” reservoir in the deep-
water sedimentary system, which is close to the lake
basin hydrocarbon generation center and has huge
exploration potential.
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