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Summary

Tight oil, present in reservoirs of low porosity and permeability, can be regarded as a kind of unconventional resource. The tightening
process in this kind of reservoir is controlled by the lithology and diagenetic history of the host formation. Upper Triassic Yanchang
Formation siltstones and sandstones are the main reservoirs for hydrocarbon accumulation in the Heshui Oil Field (HOF), southwestern
Ordos Basin. The reservoirs exhibit low porosity, low permeability, and strong heterogeneity. In recent years, numerous drillcores have
been recovered from these units, but the porosity-permeability characteristics and burial history of these silty and sandy reservoirs have
not yet been reported in detail. In this study, an integrated analysis of the lithofacies, diagenesis, and reservoir characteristics of the
siltstones and sandstones was achieved using a combination of core and thin section, grain size, scanning electron microscopy (SEM),
X-ray diffraction (XRD), "°C and §'*0, mercury intrusion capillary pressure (MICP), and porosity and permeability data. Our primary
goals were to quantify the porosity-permeability characteristics of these silty and sandy reservoirs, restore their diagenetic histories,
and examine the paragenetic relationship of reservoir tightness to hydrocarbon accumulation. The silty and sandy reservoirs represent
braided river delta facies consisting of compositionally and texturally immature sediments. In the burial environment, they underwent
complex diagenetic processes that reduced porosity from an initial average of ~38% to the present ~8%. Porosity-destructive processes
included compaction (~—12.5%) and cementation (~ —21%), with increases in porosity related to grain dissolution (~ +2.2%) and tectonic
fractures (~ +1.1%). The reservoirs underwent four diagenetic stages: (1) Penesyngenetic and Eogenetic A Stage (Late Triassic-Early
Jurassic); (2) Eogenetic B Stage (Late Jurassic); (3) Early Mesogenetic A Stage (Early Cretaceous); and (4) Late Mesogenetic A Stage
(Late Cretaceous to recent). Hydrocarbon charging of these reservoirs occurred in three pulses. Existing pore space was partly filled by
hydrocarbons during the Eogenetic B Stage. A second hydrocarbon charging event occurred during the Early Mesogenetic A Stage, when
residual primary intergranular pores and secondary dissolution pores were filled. A third hydrocarbon charging event occurred during
the Late Mesogenetic A Stage, when the reservoirs were tight. Siltstone beds deposited in delta front environments are the main future
exploration targets in the Chang 6 to 8 members. The results of this study provide a useful reference framework for future exploration of
hydrocarbon resources in the Upper Triassic Yanchang Formation of the HOF, as well as potential insights into the evolution of similarly
tight reservoirs in other basins.

Introduction

In the field of oil and gas exploration, conventional resources are declining in importance, and unconventional resources are playing an
increasingly important strategic role (Suboyin et al. 2020; Syed et al. 2021). Tight oil, as a kind of unconventional resource, refers to oil
accumulations in tight reservoirs within which long-distance migration is impossible (Syah et al. 2021). There are two main types of tight
oil occurrences: (1) reservoir intercalations within source rocks, such as the Bakken Shale (Donohue and Barrie 2021), Niobrara Shale
(Uzun and Kazemi 2021), Barnett Shale (Sanguinito et al. 2020), and Eagle Ford Shale (Amosu et al. 2021); and (2) reservoir layers
adjacent to source rocks, including tight sandstones [e.g., Upper Cretaceous of the Piceance Basin, Colorado, USA (Fall et al. 2015);
Upper Carboniferous of the Saxony Basin, Northwest Germany (Busch et al. 2019); and Oligocene of the onshore Central Sarawak,
Borneo (Adepehin et al. 2020)]; and tight carbonates [e.g., Turonian-Campanian Kometan Formation of northern Iraq (Rashid et al.
2015); Eocene of the October Oil Field, Gulf of Suez rift basin, Egypt (Radwan et al. 2021)]. These reservoirs are characterized by low
porosity and low permeability, and they tend to have more complex reservoir formation mechanisms, finer pore throats, higher interstitial
contents, and more difficult exploitation histories than conventional reservoirs (Fraser and Pedersen 2021).

Reservoir sandstones characterized by porosity less than 10% and permeability less than 0.1 md are referred to as tight sandstones (Zou
et al. 2012). The last few decades have yielded significant research devoted to these tight sandstone reservoirs, primarily because of their
known propensity for serving as hydrocarbon carrier beds (Orlov et al. 2021). The porosity-permeability characteristics of tight sandy
reservoirs are controlled by their lithofacies and diagenetic histories (Mehrabi et al. 2021). Depositional facies influence the texture,
mineral composition, and pore configuration of a sedimentary deposit (Sadeghi et al. 2021), and these features are subsequently modified
by diagenesis (Abrajevitch 2020), together influencing reservoir quality (Kassem et al. 2021). Reservoir quality is degraded by destructive
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diagenetic processes such as compaction and cementation, whereas it can be enhanced by constructive diagenetic processes such as grain
dissolution and tectonic fracturing (Ettinger et al. 2021).

The Ordos Basin in northern China is a major area of oil and gas resources (Zou et al. 2019; Hu et al. 2020a). The siltstone and sand-
stone reservoirs of the Upper Triassic Yanchang Formation are the main exploration targets, especially in the HOF (Ji et al. 2009; Zheng
et al. 2019). The reservoirs are largely developed in braided river delta facies (Lin et al. 2008; Wang 2016) and underwent complex dia-
genetic processes (Ma 2017; Gao et al. 2019) that significantly reduced porosity and permeability (now ~8.1% and ~0.08 md, respec-
tively) and generated substantial reservoir heterogeneity (Gao et al. 2019; Zheng et al. 2019). Hydrocarbon exploration and development
of these units have been limited by a poor understanding of their oil-forming and trapping mechanisms (Ran et al. 2016; Cao et al. 2019),
a gap that is addressed by the present study.

The diagenetic processes and history of the Yanchang Formation in the HOF are complex (Ren et al. 2019; Gu et al. 2021). Previous
studies have investigated the diagenetic history of this unit, including compaction, cementation, and dissolution (Lai et al. 2020; Gu et al.
2021) but did not address the issue of tectonic fracturing (Scientific Question I). Tectonic fracturing is a constructive diagenetic process
that has the potential to improve tight reservoir quality. Additionally, the dynamics and interrelationship of compaction and cementation
are major diagenetic modification mechanisms in tight siltstones and sandstones (Dou et al. 2018; Shi et al. 2021). However, published
works have not considered in detail how these factors affected reservoir quality in the Yanchang Formation (Scientific Question II).
Furthermore, basin geotectonic and burial histories play a major role in determining the depth of occurrence of tight siltstones and sand-
stones (Wang et al. 2017; Ren et al. 2019). Because there is no clear understanding of the reservoir evolution of the Yanchang Formation
(Scientific Question IIT), earlier studies have arrived at differing conclusions regarding the relationship between hydrocarbon charging
and reservoir development, with oil accumulation inferred to have been before (Deng et al. 2009), concurrent with (Tian et al. 2011), or
after porosity reduction (Wang et al. 2017). These uncertainties encumber exploration for tight oil in the Yanchang Formation. To address
the three scientific problems above, it is necessary to better understand the timing and mechanisms of porosity development in the tight
siltstones and sandstones of the Upper Triassic Yanchang Formation. Insights gained from this study will facilitate prediction of reservoir
distribution in the HOF.

In the present study, an integrated analysis of lithofacies, diagenesis, and reservoir characteristics of the siltstones and sandstones
within the Chang 6 to 8 members of the Yanchang Formation in the HOF was undertaken based on core and thin-section observations,
grain-size analysis, SEM, XRD, §"*C and '*0 measurements, MICP analysis, and porosity and permeability testing. The aims of this
study were to quantify the porosity-permeability characteristics of these silty and sandy reservoirs, determine their diagenetic histories,
and examine the paragenetic relationship of reservoir tightness to hydrocarbon accumulation. The results of this study provide a useful
reference framework for future exploration of hydrocarbon resources in the Upper Triassic Yanchang Formation of the HOF as well as
potential insights into the evolution of similarly tight reservoirs in other basins.

Geological Setting

The Ordos Basin, with an area of ~2.5x10° km?, is located in North China, covering parts of Gansu, Ningxia, Shanxi, Inner Mongolia,
and Shaanxi provinces (Fig. 1a; Yang et al. 2005; Hu et al. 2020b). It is an intracratonic basin developed on Archean granulite and Lower
Proterozoic greenschist of the North China Craton (Chang et al. 2019). The basin is divided into six structural units—the Yimeng Uplift
to the north, the Weibei Uplift to the south, the Western Edge Overthrust Belt and the Tianhuan Depression to the west, the Jinxi Flexure
Belt to the east, and the Yishan Ramp in the central part of the basin (Yang et al. 2005; Jiang et al. 2012). This study focuses on the HOF,
with an area of ~1.0x10* km? located on the southwestern Yishan Ramp (Figs. 1b and 1¢; Yan et al. 2020).

The North China Craton shifted slowly northward across the Paleo-Northern Hemisphere during the Triassic Period, based on mean
Paleo latitudes of 18.3°N, 21.4°N, and 25.4°N for the Early, Middle, and Late Triassic, respectively (Ji et al. 2008). The climate of this
craton was hot, reflecting its low-latitude location. Climate conditions slowly became more humid, progressing from semi-arid and
strongly oxidizing during the Early Triassic to semi-humid and weakly oxidizing during the Middle Triassic and to humid and relatively
reducing during the Late Triassic, reflecting a shift out of the arid subtropical belt into the wetter temperate zone with time (Li et al. 2020).

The Ordos Basin accumulated marine facies before the Permian (Hu et al. 2020a; Zhao et al. 2020), followed by a shift to transitional
marine-continental facies in the Early Permian and then to purely continental facies in the Middle to Late Triassic (Yang et al. 2019).
Despite the absence of Silurian to Lower Carboniferous strata as well as Upper Cretaceous strata, Paleozoic to Cenozoic formations are
distributed throughout the basin (Wang et al. 2017). The Mesozoic continental facies contain significant oil reserves in siltstone and sand-
stone reservoirs, especially in the Upper Triassic Yanchang Formation, which has a total thickness of 1000 to 1330 m (Fig. 2; Guo et al.
2018). The Yanchang Formation is subdivided into the Chang 1 to 10 members (from top to bottom), recording the development, evolu-
tion, and termination of a large lacustrine basin (He et al. 2019). The Chang 10 to 7 members comprise transgressive deposits from the
early stage of lake development, while the Chang 6 to 1 members comprise highstand to regressive deposits of the latter stages of lake
development (Guo et al. 2014; Zou et al. 2019).

This study focuses on the Chang 6 to 8 members of the Yanchang Formation. The Chang 6 Member, deposited as braided river and
delta front facies, is a mixture of sandstone, siltstone, and shale with aggregate thicknesses of 45+5, 35+15, and 15+5 m, respectively. The
Chang 7 Member, deposited as prodelta to deep-lake facies, is a mixture of sandstone, siltstone, and shale with aggregate thicknesses of
542, 25+5, and 70410 m, respectively. The Chang 8 Member, deposited as braided river and delta front facies, is a mixture of sandstone
and siltstone with aggregate thicknesses of 45+15 and 30+5 m, respectively (Fig. 2; Guo et al. 2014; Zou et al. 2019).

Sampling and Methods

A total of 72 drillcores from the HOF representing more than 1700 m of stratigraphic section were examined in this study (Table S-1 of
the Supplemental Material). Copious descriptions, measurements, and photos were made for each drillcore, from which nine (ZT-16, ZT-
22, ZT-24, ZT-28, ZT-57, ZT-81, NT-87, NT-93, and NT-96) were selected for sample collection and analysis, including thin sections,
grain-size determinations, SEM, XRD, 5'°C and 6'30 measurements, MICP, and porosity and permeability testing (Fig. 1c).

Thin-Section Analysis. A total of 1,053 samples were prepared as thin sections and examined using a standard petrographic microscope
(model: Carl Zeiss Axio Scope Al). These samples were impregnated with blue resin to highlight porosity and stained with Alizarin Red
S and K-ferricyanide for mineral determination. Mineral identification procedures followed the China National Identification for Thin
Section of Rocks Standard of SY/T 5368-2000. Thin-section porosity and mineralogical proportions were calculated by point counting
using a 20x30 grid (n = 600 observations per sample).
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Fig. 1—Regional index map showing the study area. (a) Simplified map of China showing the Ordos Basin (after Yang et al. 2005).
(b) Structural divisions of the Ordos Basin showing the HOF (after Jiang et al. 2012). (c) Simplified map of the HOF showing
drillcore locations (detailed information is given in Table S-1 of the Supplemental Material).
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Fig. 2—Triassic stratigraphy in the Ordos Basin (after Guo et al. 2014; Zou et al. 2019). Geochronology from Cohen et al. (2013) and
Guo et al. (2014). Grain-size classification: Mu = mudstone (<0.0039 mm); S = siltstone (0.0039-0.0625 mm); V = very fine-grained
sandstone (0.0625-0.125 mm); F = fine-grained sandstone (0.125-0.25 mm); Me = medium-grained sandstone (0.25-0.5 mm); C =
coarse-grained sandstone (0.5-1 mm).

Grain-Size Determinations. Grain-size experiments were performed on 808 samples. Before analysis, the samples were disaggregated
by breaking them into small pieces using a mortar and pestle and then dissolving the binding material between individual grains. Each
sample was subjected to pyrolysis at 400°C for no less than 4 hours. Organic matter was removed by adding an excess 6% hydrogen
peroxide solution, after which the sample was moved to an electric water bath where it was stirred and boiled until the reaction was
complete and all evolved carbon dioxide and any remaining oxygen were released. The samples were then placed in an oven at a constant
temperature of 105°C. After natural cooling, the samples were taken out and tested using a laser particle size analysis instrument (model:
Mastersize-2000). Operational procedures followed the China National Analysis Method for Particle Size of Clastic Rocks Standard of
SY/T 5434-2018.
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SEM. A total of 291 freshly broken rock fragments coated with a thin layer of gold were examined using a JEOLJSM-T330 scanning
electron microscope equipped with a back-scattered electron detector. SEM analyses of bulk rock were conducted at 15 to 20 kV
acceleration voltage with beam current of 0.6 nA. Samples were observed at magnifications ranging from 200x to 2000X. SEM was used
to confirm clay mineral identifications as well as to determine pore structure, types of cement, and modes of clay occurrence within the
pore spaces of the study samples.

XRD. A total of 260 samples were examined for whole-rock (bulk) together with clay fraction (less than 2 pm) mineralogy using XRD.
Each sample (~5 g) was crushed and milled in ethanol using a McCrone micronizing mill and then dried in an oven at 60°C. Next,
randomly oriented powders were top-loaded into polymethylmethacrylate containers with shallow circular sample pits. The powder
diffraction patterns were then generated using a D/MAX 2500 X-ray diffractometer with Cu Ka radiation. The generated XRD traces were
studied for mineral phase identification using the search-match module of the evaluation software in conjunction with reference databases
of the International Center for Diffraction Data Powder Diffraction File 2 as well as Crystallography Open Database. Mineral phases were
determined from the Rietveld quantitative XRD refinement method (Xi et al. 2019).

8"°C and 6'30 Measurements. A total of 54 paired 5'"°C and §'*0 measurements were performed. Each sample was ground to powder
with a grain size of less than 90 um and baked at 110°C for 2 hours. For each isotopic analysis, a total of 20 mg of sample powder was
placed in a reaction bottle, and 5 mL orthophosphoric acid with 99% concentration was added. After evacuation of air from the reaction
vessel, the sample and the orthophosphoric acid were mixed to react with each other at a temperature of 75°C for 16 hours. A liquid
nitrogen cold well (=80 to —70°C) was then used to collect the carbon dioxide. After purification, the carbon dioxide was delivered to
a thermal mass spectrometer (model: MAT-252) for analysis. The standard sample GBW04405 was used for monitoring analytical
accuracy. Results are reported in per mille units relative to the V-PDB scale.

MICP. A total of 25 representative samples were examined using a mercury porosimeter (Pore Sizer 9320) for MICP study, following
the China National Rock Capillary Pressure Measurement Standard of GB/T 29171-2012. Using the logarithm of capillary pressure as
ordinate and cumulative mercury saturation as abscess, the relationship curve between capillary pressure and mercury saturation was
drawn on a semilogarithmic coordinate graph. Saturation is 0 to 100% from right to left. Maximum mercury injection saturation (Syga.)
is the mercury saturation corresponding to the peak pressure on the mercury injection curve. Minimum residual mercury saturation
(SyGmin) 1S the mercury saturation corresponding to the minimum pressure on the mercury ejection curve. Displacement pressure (D ) is
the capillary pressure at which mercury starts continuously to enter the maximum throat of the rock sample. Mercury ejection eﬂimency
(W,) is the percentage of the volume of mercury removed from the sample to the total volume of mercury injected before depressurization.

Porosity and Permeability Testing. A total of 502 samples were examined for porosity and permeability. The permeability measurements
were performed on cut plugs (25 mm in diameter and 50 mm in height) using a permeameter (ULTRAPERMTM-200). Sample plugs
were dried in a vacuum at 120°C for 24 to 48 hours. Then, they were put in the permeameter as well as injected with nitrogen at confining
pressures of 0.69 and 2.76 MPa. Next, the same samples were used in porosity determinations using a porosimeter (ULTRAPORE-200A).
The grain volume of each sample was calculated on the basis of Boyle’s law derived from the corresponding pressure as well as volume,
from which the porosity of the grain as well as measured bulk volume was calculated [i.e., porosity = (bulk volume — grain volume) /
bulk volume].

Results

The lithofacies and reservoir analysis of the study units were based on observations of lithology, bedding, sedimentary textures, and grain
types in cores, thin sections, and SEM as well as mercury injection, grain-size analysis, XRD, 8'°C and 5'*0 measurements, and porosity
and permeability testing. Samples were evaluated using standard descriptive and interpretative criteria. A total of five lithofacies types
were recognized in the study units: siltstones (0.0039-0.0625 mm), very fine-grained sandstones (0.0625—0.125 mm), fine-grained sand-
stones (0.125—0.25 mm), medium-grained sandstones (0.25—0.5 mm), and coarse-grained sandstones (0.5—1 mm).

Reservoir Characteristics. Pore and Pore-Throat Types. The siltstones and sandstones of the Chang 6 to 8 members contain both
primary and secondary porosity. The former pores usually have triangular or irregular shapes and strong oil staining that often appears
at residual intergranular pores (Fig. 3). Moreover, the latter pores are basically generated by the dissolution of feldspar crystals as well
as rock fragments (Figs. 3a, 4a, and 5a). In addition, intercrystalline pores and microfractures can occur (Fig. 5 and Fig. S-1a). Pore
throats are small, look like pipe and sheet, and have an uneven size distribution (Figs. 5 and 6). The mercury saturation parameters of
the study samples show variation as a function of grain size (Table 1 and Table S-2 in the Supplemental Material). The siltstones, very
fine-grained sandstones, fine-grained sandstones, medium-grained sandstones, and coarse-grained sandstones yield saturation profiles
corresponding to peak pressures on the mercury injection curve of 80.4, 82.2, 78.4, 83.2, and 79.3, respectively; minimum pressures on
the mercury ejection curve of 64.3, 61.9, 51.9, 59.4, and 54.7%, respectively; a mercury ejection efficiency of 20.2, 24.8, 32.6, 28.3, and
31.3%, respectively; a displacement pressure of 0.18, 0.30, 0.64, 1.12, and 1.68 MPa, respectively; and pore-throat radii of 3.81, 1.88,
0.85, 0.52, and 0.39 um, respectively (Fig. 7).

Porosity and Permeability. The siltstones and sandstones of the Chang 6 to 8 members have low porosity and low permeability. The
porosity and permeability of the study samples show variation as a function of grain size (Table 2). For siltstones, porosity ranges from
4.0 to 11.5%, with a mean of 8.9%, horizontal permeability ranges from 0.026 to 0.938 md, with a mean of 0.144 md, and a porosity-
permeability correlation of R* = 0.17 (Figs. 8a, 8b, and 8c¢). For very fine-grained sandstones, porosity ranges from 3.5 to 11.2%, with a
mean of 8.3%, horizontal permeability ranges from 0.018 to 0.190 md, with a mean of 0.081 md, and a porosity-permeability correlation
of R? =0.56 (Figs. 8d, 8e, and 8f). For fine-grained sandstones, porosity ranges from 1.7 to 10.7%, with a mean of 8.1%, horizontal per-
meability ranges from 0.014 to 0.142 md, with a mean of 0.062 md, and a porosity-permeability correlation of R* = 0.45 (Figs. 8g, 8h, and
8i). For medium-grained sandstones, porosity ranges from 2.0 to 10.2%, with a mean of 7.7%, horizontal permeability ranges from 0.004
to 0.103 md, with a mean of 0.048 md, and a porosity-permeability correlation of R> = 0.34 (Figs. 8j, 8k, and 8l). For coarse-grained
sandstones, porosity ranges from 2.9 to 9.7%, with a mean of 7.5%, horizontal permeability ranges from 0.004 to 0.078 md, with a mean
of 0.043 md, and a porosity-permeability correlation of R* = 0.34 (Figs. 8m, 8n, and 80).
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Fig. 3—Selected thin-section photographs (plain-polarized light) showing the microscopic features of siltstones and sandstones
with a large amount of oil staining in Chang 6 to 8 members of the Yanchang Formation. (a) Siltstone with intergranular and
dissolution pores containing calcite cement and oil staining, Drillcore ZT-28 at 1821.6 m (Chang 8 Member). (b) Very fine-grained
sandstone with intergranular and dissolution pores containing calcite cements and oil staining, Drillcore ZT-28 at 1385.6 m (Chang
6 Member). (c) Medium-grained sandstone with intergranular and dissolution pores containing calcite cements and oil staining,
Drillcore ZT-28 at 1825.4 m (Chang 8 Member). (d) Coarse-grained sandstone with intergranular and dissolution pores containing
calcite cement and oil staining, Drillcore ZT-28 at 1387.5 m (Chang 6 Member). (e) Medium-grained sandstone with intergranular
and dissolution pores containing calcite cements and oil staining, cracks developed on the surface of quartz grains, Drillcore ZT-
28 at 1818.9 m (Chang 8 Member). () Siltstone with intergranular and dissolution pores containing calcite cements and oil staining,
Drillcore ZT-28 at 1851.5 m (Chang 8 Member). (g) Very fine-grained sandstone with intergranular and dissolution pores containing
calcite cement and oil staining, Drillcore ZT-28 at 1384.3 m (Chang 6 Member). (h) Very fine-grained sandstone with intergranular
and dissolution pores containing calcite cements and oil staining, Drillcore ZT-28 at 1823.3 m (Chang 8 Member). (i) Fine-grained
sandstone showing intergranular and dissolution pores with heavy oil staining, Drillcore ZT-28 at 1883.0 m (Chang 8 Member).
(j) Siltstone showing intergranular pores with heavy oil staining, Drillcore ZT-28 at 1829.3 m (Chang 8 Member). (k) Fine-grained
sandstone with intergranular and dissolution pores containing calcite cements and oil staining, particles are coated by chlorite
cutan, Drillcore ZT-28 at 1881.4 m (Chang 8 Member). (I) Siltstone with intergranular pores, chlorite coating, and oil staining,
Drillcore ZT-28 at 1886.1 m (Chang 8 Member).

The present porosities of the study samples are a product of their complex diagenetic histories. We calculated the initial porosity of
each sample to investigate its porosity history and to quantitatively characterize the tightness of each reservoir layer. Although the initial
porosity cannot be measured directly, it can be estimated using the parameters of primary components. Beard and Weyl (1973) studied the
initial porosity of natural grains by artificial mixtures experimentally and demonstrated that different sorting coefficients have very differ-
ent porosities. Accordingly, Scherer (1987) established the following expression to calculate the initial porosity (¢,) in units of percent
(%):

90 =20.91+22.90/8, (1)

where S represents the Trask sorting coefficient.

The S value of siltstones, very fine-grained sandstones, fine-grained sandstones, medium-grained sandstones, and coarse-grained sand-
stones were set to 1.26+0.5, 1.3140.7, 1.37+0.6, 1.42+0.6, and 1.46+0.9, respectively. Consequently, the calculated initial porosities of
the above five lithofacies are 39.14+0.7%, 38.441.0%, 37.6+0.8%, 37.0+0.7%, and 36.6£1.0%, respectively (Table 3 and Table S-3 in the
Supplemental Material).

Petrographic Data. The coarser siliciclastic beds of the Chang 6 to 8 members are characterized by poor compositional and textural
maturity (Figs. 3 and 4, Fig. S-1 in the Supplemental Material) and exhibit cross-, horizontal-, parallel-, and wavy-bedding sedimentary
structures, including (1) trough and tabular cross-bedding is most common in thick sand bodies (>10 m) (Fig. S-1¢ and S-1d); (2) wavy
and parallel bedding is most common in medium-thick sand bodies (5-10 m) (Figs. S-1e and S-1f); and (3) microwavy and horizontal
laminae are most common in thin sand bodies (<5 m) (Figs. S-1g and S-1h). Based on the Folk classification (Folk et al. 1970), the
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Fig. 4—Selected thin-section photographs (plain-polarized light) showing the microscopic features of siltstones and sandstones
with a little or nonoil staining in Chang 6 to 8 members of the Yanchang Formation. (a) Siltstone with intergranular and dissolution
pores containing calcite cements, Drillcore ZT-16 at 1714.8 m (Chang 8 Member). (b) Medium-grained sandstone, with edges
of quartz grains replaced by calcite, Drillcore ZT-16 at 1714.8 m (Chang 8 Member). (c) Coarse-grained sandstone with quartz
overgrowths, Drillcore ZT-16 at 1703.3 m (Chang 8 Member). (d) Siltstone with intergranular and dissolution pores containing
calcite cements, Drillcore ZT-16 at 1714.8 m (Chang 8 Member). (e) Very fine-grained sandstone with intergranular and dissolution
pores containing calcite cements, Drillcore ZT-16 at 1714.8 m (Chang 8 Member). (f) Fine-grained sandstone with intergranular
pores containing calcite cements, Drillcore ZT-16 at 1703.3 m (Chang 8 Member).

Fig. 5—Selected SEM photographs showing the microscopic features of siltstones and sandstones in Chang 6 to 8 members of the
Yanchang Formation. (a) Feldspar particles are dissolved, forming secondary dissolution pores, 334X, Dillcore NT-87 at 1368.4 m
(Chang 6 Member). (b) Pores filled with chlorite, 1770X, Drillcore ZT-81 at 1794.0 m (Chang 8 Member). (c) Residual intergranular
pores filled with illite clay minerals, 1000X, Drillcore ZT-81 at 1793.3 m (Chang 8 Member). (d) Residual intergranular pores filled
with authigenic quartzes, 300X, Drillcore ZT-81 at 1793.3 m (Chang 8 Member). (e) Residual intergranular pores filled with illite clay
minerals, 775X, Drillcore ZT-81 at 1793.3 m (Chang 8 Member). (f) Residual intergranular pores filled with authigenic quartzes, 400X,
Drillcore ZT-81 at 1794.0 m (Chang 8 Member). (g) Residual intergranular pores filled with authigenic quartzes, 374X, Drillcore ZT-
81 at 1794.0 m (Chang 8 Member). (h) Pores filled with illite clay minerals, 1500X, Drillcore ZT-81 at 1794.0 m (Chang 8 Member). (i)
Pore-throat features of tight sandstones, 250, Drillcore ZT-81 at 1793.3 m (Chang 8 Member).

siltstones and sandstones comprise feldspathic and quartzose litharenites. The detrital component is dominated by quartz (31.2 to 69.4%,
mean 49.7%), feldspar (3.9 to 29.6%, mean 13.5%), and rock fragments (15.7 to 57.9%, mean 36.8%) (Fig. 9a). Rock fragments include
sedimentary rock fragments (28.6 to 75.2%, mean 52.6%), igneous rock fragments (16.8 to 43.4%, mean 33.9%), and metamorphic rock
fragments (2.5 to 29.2%, mean 13.6%) (Fig. 9b). Grains are mostly angular to subrounded (Figs. 3 and 4). Grains exhibit point (Figs. 3i
and 3j), flat (Figs. 3k and 31), and concavo-convex (Figs. 3a, 3d, and 3f) contacts. Feldspar and rock fragments show signs of being
dissolved partly or in whole (Figs. 3a, 3¢ , and 3d). The siltstone and sandstone beds consist dominantly of silt-grained particles (43% of
beds), followed by very fine-grained particles (25%) and fine-grained particles (22%) (Fig. 9¢), and poor grain sorting (39% of beds) is
more common than moderate (35%) or good sorting (26%) (Fig. 9d). Note that further petrographic descriptions (e.g., cement features)
are given in the section Interpretations.
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Fig. 6—Selected SEM photographs showing the microscopic features of siltstones and sandstones in Chang 6 to 8 members of
the Yanchang Formation. (a) Pores filled with authigenic quartz, kaolinite, and illite, 931X, Drillcore NT-87 at 1368.4 m (Chang 6
Member). (b) Dissolution pores filled with authigenic quartz, 551X, Drillcore NT-87 at 1368.4 m (Chang 6 Member). (c) Dissolution
pores filled with illite, 787X, Drillcore NT-87 at 1390.8 m (Chang 6 Member). (d) Dissolution pores filled with authigenic quartz,
483X, Drillcore NT-87 at 1373.3 m (Chang 6 Member). (e) Pores filled with calcite, authigenic albite, and authigenic quartz, 708X,
Drillcore NT-87 at 1373.3 m (Chang 6 Member). (f) Pores filled with filamentous illite clay minerals, 545X, Drillcore NT-87 at 1373.3 m
(Chang 6 Member). (g) Pores filled with authigenic quartz and ferro-calcite, 689X, Drillcore NT-87 at 1379.5 m (Chang 6 Member). (h)
Dissolution pores filled with ankerite, 1586X, Drillcore NT-87 at 1390.8 m (Chang 6 Member). (i) Pores filled with illite clay minerals,
1177X, Drillcore NT-87 at 1379.5 m (Chang 6 Member).

Other Data. Cement Content. Three kinds of cement are recognized in the study units: (1) clay mineral cements, ranging from 38.6
to 67.3% (mean 52.2%; note all cement values are by volume); (2) carbonate cements, ranging from 26.9 to 46.9% (mean 38.6%); and
(3) siliceous cements, ranging from 4.5 to 15.8% (mean 9.2%). For clay mineral cements, a total of four subtypes were recognized: (1a)
kaolinite cement, ranging from 4.7 to 52.5% (mean 33.1%); (1b) chlorite cement, ranging from 18.5 to 46.3% (mean 32.5%); (1c) illite
cement, ranging from 8.0 to 31.4% (mean 19.7%); and (1d) mixed-layer illite/smectite (I/S) cement, ranging from 0.1 to 32.0% (mean
14.7%) (Table S-4 and Fig. S-2 in the Supplemental Material).

0"C, 6"0, and Paleotemperatures. The carbonate cements yield §'°C ranging from —14.9 to —3.9% (mean—9.1%) and §'*0 ranging
from —27.9 to —17.9% (mean —22.6%) (Table 4). To estimate the paleotemperature of diagenetic fluids, Shackleton (1974) established the
following expression:

T=16.9 — 4.38(5c — $w) + 0.1(8c — Sw)>, ©)

where T'is the paleotemperature of the diagenetic fluid in units of °C; dc is the oxygen isotopic ratio of the sample in units of %PDB; and
ow is the oxygen isotopic ratio of the diagenetic fluid in units of %SMOW. The oxygen isotopic compositions vary from —20 to —6%
(SMOW) because Chang 6 to 8 members were deposited in a continental lacustrine setting, which can accumulate meteoric waters with
18O-depleted isotopic compositions (Xi et al. 2015; Yuan et al. 2015). Assuming a meteoric fluid 680 of =7.0£0.6% (SMOW) (Sun et al.

No. Lithofacies Sticmax Stiamin W, D, R
1 Siltstones 80.43 64.25 20.18 0.18 3.81
2 Very fine-grained sandstones 82.22 61.91 2476 0.30 1.88
3 Fine-grained sandstones 78.40 51.92 32.56 0.64 0.85
4 Medium-grained sandstones 83.19 59.38 28.25 1.12 0.52
5 Coarse-grained sandstones 79.26 54.65 3126 1.68 0.39

% _ . .

SHcmax = Mercury saturation corresponding to the peak pressure on the mercury
injection curve, %; Sy, = Mercury saturation corresponding to the minimum pressure
on the mercury ejection curve, %; W, = efficiency of mercury ejection, %; DP =
displacement pressure, MPa; and R = pore-throat radius, ym.

Table 1—The MICP results of reservoirs for five lithofacies in Chang 6 to 8 members
of the Yanchang Formation (detailed information is given in Table S-3 of the
Supplemental Material).
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Fig. 7—Capillary pressure curves of reservoirs for five lithofacies in Chang 6 to 8 members of the Yanchang Formation: (a)
samples from Drillcore ZT-16; (b) samples from Drillcore ZT-24; (c) samples from Drillcore ZT-57; (d) samples from Drillcore ZT-87;
and (e) samples from Drillcore NT-96.

Porosity (%) Permeability (md)

No. Lithofacies Samples Minimum Maximum Mean Minimum Maximum Mean

1 Siltstones N=115 4.02 11.54 8.85 0.0260 0.9383 0.1441

2 Very fine-grained sandstones N =106 3.48 11.21 8.30 0.0184 0.1900 0.0811

3 Fine-grained sandstones N =103 1.66 10.71 8.09 0.0138 0.1415 0.0622

4 Medium-grained sandstones N =93 1.96 10.18 7.67 0.0042 0.1030 0.0483

5 Coarse-grained sandstones N=285 2.92 9.71 7.45 0.0042 0.0777 0.0434
Mean - - 8.12 - - 0.0792

Table 2—Porosity and permeability of reservoirs for five lithofacies in Chang 6 to 8 members of the Yanchang Formation.

2010), the paleotemperature of the diagenetic fluid from which carbonate cements precipitated in this study ranged from 76.5 to 152.2°C
(mean 110.6°C) (Table 4).

Interpretations

Diagenetic Processes. The siltstones and sandstones of the Chang 6 to 8 members experienced complex diagenetic histories after
deposition. The main diagenetic processes were compaction, cementation, dissolution, and tectonic fracturing (Table 5).

Primary Porosity Destruction. Compaction is a ubiquitous feature of the study units, represented by dewatering structures, deforma-
tion, reorientation, and breakage of grains, and dissolution along grain contacts (Figs. 3 and 4). All samples show mechanical and chem-
ical compaction to varying degrees. Three subtypes were recognized based on the degree of compaction: (1) weak compaction, which is
most common in thick sand bodies (>10 m) exhibiting largely unmodified point contacts between grains (Figs. 3i and 3j); (2) moderate
compaction, which is most common in moderately thick sand bodies (5—10 m) exhibiting flat (i.e., rotated or weakly dissolved) grain
contacts (Figs. 3k and 31); and (3) strong compaction, which is most common in thin sand bodies (<5 m) exhibiting frequent concavo-
convex grain contacts (Figs. 3a, 3d, and 3f).

Cementation is also ubiquitous in the study units, with three main types recognized: carbonate, clay mineral, and siliceous cements
(Table 5). Clay mineral cements are the most common type (~52% of cements by volume), followed by carbonate (~39%) and siliceous
cements (~9%). Carbonate cements mainly consist of calcite (Fig. 3d), ferro-calcite (Fig. 6g), and ankerite (Fig. 6h). These cements
mainly form mosaic fabrics in the intergranular dislocations and pores of feldspar, thereby filling the pore space (Fig. 3g). Moreover,
thin-section observations by microscopy show that calcite usually replaces the edges of quartz grains (Fig. 4b).
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Fig. 8—Distribution of porosity, permeability, and the relationship between porosity and permeability of siltstones and sandstones
in Chang 6 to 8 members of the Yanchang Formation: (a-c) siltstones, (d-f) very fine-grained sandstones, (g-i) fine-grained
sandstones, (j-1) medium-grained sandstones, and (m-o0) Coarse-grained sandstones.

No. Lithofacies Samples S Cyi Cey Py (O™ [0 Ppc 9, Deo Do Pey Pry Pre

1 Siltstones N=10 126 2090 1.07 242 166 076 759 39.11 26.08 2197 242 349 1.07

2 Very fine-grained N=10 1.31 19.12 1.09 2.53 1.89 0.64 7.20 38.43 24.37 20.22 1.96 3.05 1.09
sandstones

3 Fine-grained N=10 1.37 18.56 1.14 2.89 2.1 0.78 8.18 37.64 24.39 19.70 2.36 3.50 1.14
sandstones

4 Medium-grained N=10 142 1959 1.08 333 238 095 842 3704 2547 2068 255 3.63 1.08
sandstones

5 Coarse-grained N=10 146 2115 123 188 144 044 647 3657 2594 2237 168 290 1.23
sandstones

Mean 1.36 19.87 1.12 2.61 1.90 0.71 7.57 37.77 25.25 20.99 2.19 3.31 1.12

S = Trask sorting coefficient; C; = content of cements within the intergranular pore, %; C_, = content of cements within the dissolution pore, %; @,, = total thin-section porosity,
o = i f ; ) o o =i A ; \ : o. o = ; . 0. P e
%; @, = thin-section porosity of intergranular pore, %; @, = thin-section porosity of dissolution pore, %; ¢, = porosity measured in the core, %; @, = initial porosity, %; @, =
remaining intergranular porosity following compaction, %; ¢, = total porosity loss caused by cementation, %; ¢, = effective porosity increased by dissolution, %; ¢, = total
increase in porosity due to dissolution, %; ¢, = total increase in porosity due to tectonic fracturing, %.

Table 3—Statistics of porosity evolution parameters of reservoirs for five lithofacies in Chang 6 to 8 members of the Yanchang
Formation (detailed information is given in Table S-4 in the Supplemental Material).

Clay mineral cements are primarily composed of kaolinite (~33%), chlorite (~32%), illite (~20%), and mixed-layer I/S (~15%) (Fig.
S-1 and Table S-4 in the Supplemental Material). Illite, kaolinite, and mixed-layer I/S are mainly present in intergranular pores as well
as dissolution vugs of feldspar. Kaolinite cements can show vermicular and accordion morphologies. Illite together with mixed-layer I/S
grains largely originate from smectite. The illite grains commonly have flaky, fibrous, and honeycomb morphologies (Fig. 6a). On the
other hand, authigenic chlorite is a lamellar cement with poor continuity that fills isolated pores or forms grain coatings (Figs. 3i and 5b).

Quartz cements form overgrowths on detrital quartz silt and sand grains (Fig. 4¢) as well as authigenic quartz crystals (Fig. 6e). Quartz
overgrowths on detrital grains fill adjacent intergranular pore spaces. Lines of inclusions mark the contacts between the original detrital
grains and their cement overgrowths (Fig. 4¢). Authigenic quartz crystals having well-formed facets and sharp crystal edges often fill in
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Fig. 9—Rock compositions, rock fragment types, grain-size distributions, and grain sorting in Chang 6 to 8 members of the
Yanchang Formation. (a) Scatter graph exhibiting framework grain compositions: Q = monocrystalline and polycrystalline quartz
(excluding chert); F = monocrystalline feldspar; R = rock fragments (igneous, metamorphic, and sedimentary; including chert); i =
quartzarenite; ii = subfeldsparenite; iii = sublitharenite; iv = feldsparenite; v = lithic feldsparenite; vi = feldspathic litharenite; and
vii = litharenite (Folk et al. 1970). (b) Scatter graph exhibiting compositions of rock fragments: M = metamorphic rock fragments;
| = igneous rock fragments; and S = sedimentary rock fragments (Folk et al. 1970). (c) Column chart showing the distribution of
lithologies related to granularity: S = siltstone (0.0039-0.0625 mm); V = very fine-grained sandstone (0.0625-0.125 mm); F = fine-
grained sandstone (0.125-0.25 mm); M = medium-grained sandstone (0.25-0.5 mm); and C = coarse-grained sandstone (0.5-1 mm).
(d) Column chart showing the grain sorting.

intergranular pores and dissolutions of feldspar (Fig. 6e). Authigenic quartz is generally found in association with illite (Fig. 6a), calcite
(Fig. 6e), authigenic albite (Fig. 6e), and ferro-calcite (Fig. 6g).

Secondary Porosity Creation. Dissolution is a relatively rare diagenetic process in the study units. Selective dissolution of feldspar
crystals and rock fragments mainly takes place along cleavage planes in the form of honeycombs or particle edges, resulting in irregular
(i.e., harbor-like) dissolution pores. Later, calcite cements always fill them (Fig. 3a through 3h). Based on the results of thin-section
observations, the pore-filling carbonate cements were not dissolved.

Tectonic fracturing is not common in the study units, although where present in the HOF it can occur as high-density fracture networks.
Most fractures are high-angle (dip >70°), thin (<1 mm wide), and open (i.e., uncemented) (Fig. S1a). In addition, striations on fault planes
caused by active movement can also be seen in the rock core (Fig. S1b).

Paragenetic History. The reservoirs went through various post-depositional diagenetic transformations, locally up to the level of incip-
ient metamorphism. In this study, a total of four stages of diagenetic alteration were recognized following the China Petroleum Standard
of the Division of Diagenetic Stages in Clastic Rocks (SY/T 5477-2003).

The Penesyngenetic and Eogenetic A Stages are represented by clastic sediments that were buried shallowly (0—-1.5 km), reaching
maximum burial temperatures of 65°C. The sediments are in a loose to semiconsolidated state and exhibit primary intergranular pores
filled with calcite carbonate (Figs. 3a, 3b, and 3c¢) and chlorite clay mineral (Figs. 3k and 31) cements.

The Eogenetic B Stage is represented by clastic sediments that were buried to moderate depths (1.5-2.0 km), reaching maximum burial
temperatures of 65 to 85°C. The sediments are in a semiconsolidated to consolidated state due to weak compaction and modest cementa-
tion (Fig. 3i). The feldspar grains are partially dissolved (Fig. 3j). With the exception of residual primary intergranular pores, some sec-
ondary pores have developed (Figs. 3i and 3j). The minimum paleotemperature of the diagenetic fluid in the study units was 76.5°C
(Table 4), which suggests that the siltstones and sandstones have at least undergone the Eogenetic B Stage.

The Early Mesogenetic A Stage is represented by clastic sediments that were buried deeply (2.0-2.5 km), reaching maximum burial
temperatures of 85 to 140°C. The sediments are mainly in a consolidated state (Figs. 3d, 3e, and 3f). Feldspar grains and rock fragments
were extensively dissolved and developed large secondary pores (Figs. 3d and 5a). Cements of ankerite carbonate (Fig. 6h), clay mineral
[illite and mixed-layer I/S (Figs. Sc¢, Se, and 5h) and kaolinite (Fig. 6a)], and siliceous [quartz overgrowth (Fig. 4¢) and authigenic quartz
crystals (Figs. 5d, 5f, and 5g)] are present. Drilling data indicate that the current depth of the Chang 6 to 8 members in the study area is
2000+£500 m (Figs. 3 through 6). Because denudation since the Late Cretaceous has removed 650+150 m of strata (Liu et al. 2015; Yu
et al. 2017), the Chang 6 to 8 members were buried to a depth of 2000 to 3300 m before uplift. This is consistent with estimated paleo-
temperatures for the diagenetic fluid ranging from 76.5 to 152.2°C (Table 4). These results suggest that some of the siltstones and sand-
stones have undergone Early Mesogenetic A Stage.

The Late Mesogenetic A Stage is represented by clastic sediments that were buried very deeply (>2.5 km), reaching maximum burial
temperatures of 140 to 175°C. The sediments are in a well-consolidated and tight state (low porosity) (Figs. 3a through 3¢, and 8).

10 2023 SPE Reservoir Evaluation & Engineering

€20z Arenuer 2| uo Jesn Aysienun Buo] oeir teybueys Aq | pd-ed-68zZ1 1L Z-0ds/065650€/Vd-68Z112/81L L.Z 0L /10p/pd-ajonie/3 /610 0n2dsuo)/:dny woly pspeojumoq



No. Drillcore Member 8"Cppg (%)  8'%0ppg (%) T

1 ZT-16  Chang 6 -7.77 -19.04 84.13
2 ZT-16  Chang 6 -6.56 -23.59 117.09
3 ZT-16  Chang7 -9.82 —25.49 132.07
4 ZT-16  Chang7 -8.63 —24.73 125.99
5 ZT-16  Chang 8 -9.40 -22.10 105.84
6 ZT-16  Chang 8 -9.10 -23.80 118.71
7 ZT-22  Chang 6 -8.20 —27.40 147.87
8 ZT-22  Chang 6 -5.50 —26.60 141.16
9 ZT-22  Chang7 -8.00 -21.20 99.26
10  ZT-22  Chang7 -13.60 -23.10 113.34
11 ZT-22  Chang 8 -8.00 —22.30 107.32
12 ZT-22 Chang8 -14.40 -17.90 76.52
13 ZT-24 Chang6 -6.70 -20.18 92.00
14 ZT-24  Chang 6 -5.52 -21.60 102.16
15 ZT-24 Chang7 -3.87 -18.89 83.12
16 ZT-24 Chang7 -9.44 —27.31 147.11
17 ZT-24  Chang 8 -12.00 -20.10 91.44
18  ZT-24  Chang 8 -11.93 -21.78 103.48
19  ZT-28 Chang6 -10.60 —21.43 100.93
20  ZT-28 Chang6 -9.51 -26.20 137.86
21 ZT-28  Chang7 -4.24 -22.55 109.19
22 ZT-28 Chang7 -8.12 -22.88 111.67
23  ZT-28 Chang8 -7.53 —25.75 134.18
24  ZT-28 Chang8 -7.33 -19.19 85.15
25  ZT-57 Chang6 -11.44 -19.00 83.86
26 ZT-57 Chang6 -10.05 —23.53 116.63
27  ZT-57 Chang7 -12.30 -22.70 110.32
28  ZT-57 Chang7 -12.90 -21.60 102.16
29  ZT-57 Chang8 -8.60 —22.40 108.07
30  ZT-57 Chang8 -9.48 —21.13 98.76
31 ZT-81  Chang6 -8.48 -23.22 114.25
32  ZT-81 Chang6 -8.37 -26.10 137.04
33  ZT-81 Chang7 -8.89 -26.58 141.00
34  ZT-81 Chang7 -6.53 -19.40 86.59
35  ZT-81 Chang8 -9.12 -21.38 100.56
3  ZT-81 Chang8 -8.40 -19.49 87.21

37  NT-87 Chang6 -6.56 -21.19 99.19
38  NT-87 Chang6 -8.13 —24.83 126.79
39  NT-87 Chang7 -9.30 -23.30 114.86
40  NT-87 Chang7 -5.70 —24.20 121.82
41 NT-87 Chang 8 -13.40 —27.10 145.34
42 NT-87 Chang8 -14.90 -18.80 82.51

43  NT-93 Chang6 -5.72 -20.30 92.84
44  NT-93 Chang6 -9.84 -27.91 152.21
45  NT-93 Chang7 -11.63 —21.78 103.48
46 NT-93 Chang7 -9.71 —26.40 139.51
47  NT-93 Chang8 -8.12 -22.58 109.41
48  NT-93 Chang8 -9.63 -19.29 85.83
49  NT-96 Chang6 -9.05 -23.83 118.94

Table 4—Isotopic compositions of the carbonate cements and

calculated temperatures for the cements of siltstones and sandstones
in Chang 6 to 8 members of the Yanchang Formation.
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No. Drillcore Member 8"Cppg (%)  8'%0ppg (%) T

50 NT-96  Chang 6 -12.50 -21.60 102.16
51 NT-96 Chang7 -9.38 -21.83 103.85
52 NT-96 Chang7 -8.77 -26.20 137.86
53 NT-96 Chang 8 —6.83 —20.50 94.26
54 NT-96  Chang 8 -9.60 -19.39 86.52
Mean -9.06 —22.64 110.58

T = temperature, °C; 6I805M0w = -7+0.

Table 4 (continued)—Isotopic compositions of the carbonate cements
and calculated temperatures for the cements of siltstones and
sandstones in Chang 6 to 8 members of the Yanchang Formation.

Residual primary intergranular pores as well as secondary pores are filled with ferro-calcite cements (Fig. 6g). In this study, the estimated
maximum burial depth is 3300 m (Figs. 3 through 6) and the maximum paleotemperature of the diagenetic fluid is 152.2°C (Table 4),
which indicates that some of the siltstones and sandstones have experienced Late Mesogenetic A Stage.

Discussion

Depositional Controls on Silty and Sandy Reservoirs. The sedimentary environment regulates the initial distribution of deposited
grains and therefore affects evolutionary features during burial diagenesis (Hu et al. 2017; Wang et al. 2017; Hu et al. 2021). The
distribution of sand bodies within the Chang 6 to 8 members was controlled by their deposition in braided river delta facies (Wang 2016).
The main provenance area for detrital material was the ancient Qingyang Land. This paleoland was located on the southwestern margin
of the Yishan Ramp, which formed in the Middle Cambrian and disappeared in the Late Cretaceous. It covered an area of about 3.2x10°
km? during the Late Triassic and was ~15-40 km from the HOF (Fig. 1b; Dou et al. 2017).

The braided river delta facies of the study units influenced their rock textures (Figs. 3 through 4) and mineral compositions (Figs. 9a
and 9b) as well as the primary pore systems of the siltstones and sandstones (Figs. 5 through 6). These units exhibit low compositional
maturity [i.e., high contents of feldspar (Figs. 3a and 9a) and rock debris (Figs. 3b and 9a)] and low textural maturity [i.e., mostly angu-
lar to subrounded grains (Figs. 3 and 4) and moderate to poor grain sorting (Fig. 9d)]. These features are an indication of proximal detrital
sediment sources and a limited transport distance before final deposition.

Diagenetic Controls on Reservoir Porosity Evolution. Diagenesis controls the porosity evolution and tightness of silty and sandy
reservoirs (Zhou et al. 2019; Zvirtes et al. 2020; Dong et al. 2022). Different compositions of carbonate cement can be applied to further
constrain when cementation occurred (Liang et al. 2018; Han et al. 2020). The relatively low 8'°C values (-9.06+5.84) suggest that carbon
was sourced primarily from the decarboxylation of organic matter (Table 4; Ketzer et al. 2003), while the low 8'%0 values (—22.64+5.27)
reveal that high-temperature conditions may have developed in the siltstones and sandstones of the Chang 6 to 8 members during burial
(Table 4; Algeo et al. 1992).

Compaction is generally the main diagenetic process governing porosity reduction (Adepehin et al. 2020). Microscopic observations
demonstrate that siltstones and sandstones within the Chang 6 to 8 members exhibit moderate to strong compaction, resulting in an irre-
versible porosity loss (Figs. 3 and 4). These siltstones and sandstones show low-maturity mineral compositions, relatively fine granular-
ity, and poor to moderate sorting (Figs. 9¢ and 9d), which contribute to moderate to strong compaction. The Chang 6 to 8 members were
buried to a maximum depth of 2650+650 m before uplift (Liu et al. 2015; Yu et al. 2017). Moreover, long-term deep burial is likely to
have contributed to moderate to strong compaction of these siltstones and sandstones. The degree of porosity loss due to mechanical
compaction increases as temperature increases for long periods of time (Worden et al. 2018). During the Cretaceous, the paleogeothermal
gradient of the Yanchang Formation reached 4.0°C/100 m (Xu et al. 2017). This may be attributed to the continuous subsidence and ther-
mal events originating from magmatic activities in the deep lithosphere. This relatively high geothermal gradient may have promoted
porosity reduction within the reservoir layers of the Chang 6 to 8 members. The remaining intergranular porosity after compaction was
mainly filled by cements. Compaction-related porosity changes can be mathematically expressed as:

Peco = Ceit+ (Pti((Ppc/(/’tp)’ (3)
Diagenetic Processes Subtypes Abundance
1. Compaction - Ubiquitous
2. Cementation 2.1 Carbonate cementation Ubiquitous

2.2 Clay mineral cementation  Ubiquitous

2.3 Siliceous cementation Ubiquitous
3. Dissolution - Rare
4. Tectonic fracturing - Not common

Table 5—Diagenetic processes and their abundance of siltstones and
sandstones in Chang 6 to 8 members of the Yanchang Formation
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where ¢, represents the remaining intergranular porosity following compaction; C,, represents the content of cements within intergranu-
lar pores; ¢, represents the thin-section porosity of intergranular pores; ¢ . represents the porosity measured in the core; and ¢, represents
total thin-section porosity, all in units of %. For the study units, the calculated value of ¢ is 25.3+0.9%, and the porosity loss caused by
compaction is ~12.5+1.3% (Table 3). The above results demonstrate that compaction is a key diagenetic process influencing reservoir
tightness.

Cementation also strongly influences reservoir porosity (Worden et al. 2018). Total cement content is independent of total thin-section
porosity, reflecting a complex relationship between these parameters. Total thin-section porosity increases as total cement content
increases up to ~8%, and then it declines as total cement content exceeds ~8% (Fig. S-3a in the Supplemental Material). The formation
of partial cements stabilizes grain packing, thereby retarding further compaction and preserving a degree of porosity (Weibel et al. 2019).
The development of a certain amount of cement (up to ~8%) within the Chang 6 to 8 members increased the resistance of the sediments
to further compression, thereby slowing compaction. However, as the amount of cement within the connective pore space increased fur-
ther (e.g., to > ~8%), movement of formation waters (including those rich in organic acids) was reduced, thereby limiting the dissolution
of labile grains and formation of reservoir porosity. Furthermore, the amounts of some cement types exhibit inverse relationships with
total thin-section porosity values (Figs. S-3b through S-3f), indicating that certain types of cement do not necessarily preserve porosity.
Specifically, reservoir quality is effectively reduced by (1) carbonate cements that form blocky or mosaic aggregates that occlude large
pores; (2) kaolinite cements with vermicular and accordion morphologies that fill primary and secondary pores, as well as pore throats;
(3) fibrous and flaky illite grains that fill pores and pore throats, which are especially detrimental to reservoir quality due to their microp-
orous nature; and (4) chlorite and quartz cements that commonly narrow the diameter of pore throats. Categorization of cements into two
main types (i.e., intergranular pore and dissolution pore) allows cement-related porosity loss (¢,,) to be expressed as:

¢ce = Cei + Ceq, 4)

where C,; and C_; denote the cement content of intergranular and dissolution pores, respectively, in units of %. For the study units, the
calculated value of ¢, is 21.0£1.4% (Table 3), indicating that cementation strongly reduced porosity. Cementation is thus an important
diagenetic process contributing to reservoir tightness in the Chang 6 to 8 members of the Yanchang Formation.

Dissolution of soluble mineral particles is the main diagenetic process that generates secondary porosity, thereby enhancing reservoir
performance (Valencia and Laya 2020). Feldspars are thermodynamically unstable in the burial environment and are thus commonly the
main mineral subject to dissolution and secondary pore formation, although rock fragments can be unstable as well (Limarino et al. 2017).
Secondary pores formed through dissolution of feldspars as well as rock fragments can be occluded with later carbonate cements (Figs. 3h
and 3i), thereby limiting the effectiveness of secondary porosity development. Hence, the effective porosity enhanced by dissolution (¢,,)
is the existing secondary porosity because late cementation does not entirely fill in such pores. So, variation of dissolution-induced poros-
ity (¢,,) can be expressed as:

01d = Ped + Ceds Q)
Ced = (P1s | 1p) Gpe> (6)

where ¢, is the thin-section porosity of dissolution pores in units of %. For the study units, the calculated values of ¢,, and ¢,, are
2.2+0.5% and 3.3+0.4%, respectively (Table 3).

Tectonic movements produce fractures that can promote hydrocarbon storage and migration (Liang et al. 2016). The Yanshan and
Himalayan movements played a vital role in the development of fractures in the Chang 6 to 8 members. The Yanshan Movement was
associated with four small-scale uplifts during the Jurassic-Cretaceous and the Himalayan Movement with one large-scale uplift during
the Paleogene-Quaternary (Fu et al. 2021). The increases in porosity due to tectonic fracturing (¢,,) can be defined as:

Pte = (Ppc—((ﬂco— Pce T (ped)- (7)

For the study units, the calculated value of ¢, is 1.1+0.1%.

Paragenetic History of Reservoir Development. The process of reservoir “tightening” (i.e., loss of porosity and permeability) is due
to the evolution of porosity together with rock fabrics as burial depth increases and the diagenetic environment changes (Braathen et al.
2018; Gharechelou et al. 2020). To clarify the correlation between porosity evolution and diagenetic sequence, cements can be divided
into predissolution as well as post-dissolution cement. The former includes chlorite, micritic calcite, and illite. The post-dissolution
cements include quartz overgrowth, authigenic kaolinite, authigenic quartz, ferro-calcite, and ankerite. Petrographic relationships (i.e.,
sequencing of different features in thin sections) constrain the dating of events to one of the four stages of diagenetic alteration. Grain
coatings of thin chlorite are surrounded by micritic calcite cements. Ferro-calcite cements fill secondary dissolution pores (Figs. 4a
through 4d). These features suggest that chlorite coatings were produced earliest and then micritic calcite cement, dissolution of detrital
feldspars together with rock fragments, and ferro-calcite cements. Quartz overgrowths surround the grain coatings of thin chlorite with
poor continuity, and they in turn can be surrounded by ferro-calcite cements (Fig. 4e). These features reveal that chlorite coatings were
produced earliest, and then quartz overgrowths followed by ferro-calcite cements. By combining data for burial-thermal conditions
(Wang et al. 2017; Zhang et al. 2019), the tightening process of the Chang 6 to 8 members is here considered in the context of four
diagenetic stages: (1) Penesyngenetic and Eogenetic A Stage (Late Triassic-Early Jurassic); (2) Eogenetic B Stage (Late Jurassic); (3)
Early Mesogenetic A Stage (Early Cretaceous); and (4) Late Mesogenetic A Stage (Late Cretaceous to Recent) (Fig. 10). The ages of the
diagenetic stages given here are based on petrographic constraints in the context of the burial-depth history of the Yanchang Formation
(Wang et al. 2017; Zhang et al. 2019) and should be regarded only as approximate.

1. Penesyngenetic and Eogenetic A Stage: During this stage, the burial depth of the Chang 6 to 8 members was approximately 0
to 1.5 km. The mechanical compaction together with early chlorite cementation (Fig. 31), as main diagenetic events, triggered
porosity changes (Zhang et al. 2019). The siltstones and sandstones in the Chang 6 to 8 members exhibit highly ductile rock frag-
ments (Fig. 9a) and moderate to poorly grain sorting (Fig. 9d), resulting in significant compaction during the early burial stage.
Concurrently, overburden pressure intensified mechanical compaction, bringing grains closer together as well as turning unconsol-
idated sediments to semiconsolidated rocks (Fig. 10).

2. Eogenetic B Stage: Reservoir tightening continued through a combination of mechanical along with chemical compaction as well
as early cementation [mainly micritic calcite (Figs. 3a through 3h)] at burial depths of approximately 1.5 to 2.0 km (Zhang et al.
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Fig. 10—Comprehensive interpretation diagram for tightening mechanism and processes of siltstones and sandstones in Chang
6 to 8 members of the Yanchang Formation. Burial and thermal evolution history from Wang et al. (2017) and Zhang et al. (2019).
Hydrocarbon accumulation episodes from Xi et al. (2008) and Fu et al. (2013): T; = Upper Triassic; J, = Lower Jurassic; J, = Middle
Jurassic; J; = Upper Jurassic; K, = Lower Cretaceous; K, = Upper Cretaceous; P = Paleogene; N = Neogene; Q = Quaternary; and
Ro = vitrinite reflectance.

2019). With the increased buried depth, the intensity of mechanical compaction diagenetic process became heavier as well. The
remaining porosity consisted dominantly of primary pores (Fig. 10).

3. Early Mesogenetic A Stage: During this stage, the diagenetic process of mechanical compaction largely ceased. The main diagenet-
ic processes included dissolution of feldspar particles (Figs. 3a and 5a) and rock fragments (Figs. 3b and 3g) under the influence of
organic acid-rich fluids. Moreover, the degree of dissolution was bound up with the migration pathways of organic acid-rich fluids
along with the degree of preservation of primary porosity. The organic acids were enriched as well as migrated into the reservoirs
of the Chang 6 to 8 members primarily by high-permeability carrier beds, dissolving soluble particles (feldspar as well as rock
fragments) and producing secondary pores (Figs. 3a, 3b and 5a), as the maturity of source rocks in the Chang 7 Member increased
(Fig. 10; Liu et al. 2019; Chen et al. 2020).

4. Late Mesogenetic A Stage: During this stage, the main diagenetic processes included late cementation of authigenic quartz (Figs. 5d,
5f, and 5g), authigenic kaolinite (Fig. 6a), and ferro-calcite (Fig. 6g). Secondary pores were now abundant except for some residual
primary porosity (Figs. 5a, 5g, and 5i). Meanwhile, fractures produced by Yanshan and Himalayan movements increased porosity
by ~1.1% (Fig. 10; Fu et al. 2021).

Summary of Porosity Evolution and Hydrocarbon Charging of Yanchang Formation

The source, reservoir, and cap rocks (SRC association; Snedden et al. 2020) for a petroleum system are well-developed in the Chang 4 to
8 members of the Yanchang Formation. The primary source rocks are shales of the Chang 7 Member having a cumulative thickness of
70+10 m. These shales are mainly characterized by Type I together with Type II, kerogen with a mean total organic carbon of 2.2% as
well as a mean vitrinite reflectance (Ro) of 0.72% (Wang et al. 2017; Xu et al. 2017). The primary reservoir rocks are siltstone and
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sandstone within the Chang 6 to 8 members having a cumulative thickness of 18515 m (80+15 m in Chang 6 Member; 30+5 m in Chang
7 Member; and 75+15 m in Chang 8 Member), exhibiting low porosity (mean 8.1%) and low permeability (mean 0.079 md) (Fig. 8;
Table 2). The cap rocks are mudstones of the Chang 4 to 5 members having a cumulative thickness of 7445 m (Fig. 2; Guo et al. 2014;
Zou et al. 2019).

There were three periods of hydrocarbon accumulation in the HOF (Fu et al. 2013; Ding et al. 2019). During the Jurassic, the Chang
6 to 8 members experienced rapid subsidence and a slow temperature increase (subsidence rate = 57.0 m/Myr; temperature rise = 1.3°C/
Myr; and geothermal gradient = 2.3°C/100 m). The first period of hydrocarbon charging (193—152 Ma, peaked at ~162 Ma) was initiated
at temperatures of ~85°C and resulted in limited filling of reservoirs (Ding et al. 2019). During the Early Cretaceous, the rate of tempera-
ture increase began to accelerate (subsidence rate = 37.5 m/Myr; temperature rise = 1.5°C/Myr; and geothermal gradient = 4.0°C/100 m).
The second period of hydrocarbon charging (142—120 Ma) represents the main reservoir-filling event. By ~126 Ma, the maximum tem-
perature was 165.0°C and Ro was >1.0%, resulting in large-scale maturation and expulsion of hydrocarbons from source rocks (Ding et al.
2019). Since the Late Cretaceous (~96 Ma), the Ordos Basin has experienced polycyclic tectonic uplift with extension faulting around the
basin margins, leading to remobilization of earlier hydrocarbon deposits and, thus, the third charging period, which peaked at ~48 Ma
(Ding et al. 2019). Evidence of hydrocarbon remobilization is provided by coal-bearing sandstones of Lower-Middle Jurassic age that are
bleached and were locally baked through coal combustion and strongly metamorphosed green sandstones of Middle Jurassic age in the
southern Yimeng Uplift of the Ordos Basin (Fig. 1b; Tan et al. 2017). Based on the relationship between reservoir development and
hydrocarbon charging described above, we infer that hydrocarbon accumulation was concurrent with porosity reduction (Fig. 10).

Application of Study Findings to Hydrocarbon Exploration

Reference Framework for Future Exploration of Hydrocarbon Resources in the HOF. Siltstone beds deposited in the delta front
environment are the main future exploration targets in the Chang 6 to 8 members of the Upper Triassic Yanchang Formation of the
HOF. The results of porosity, permeability, and MICP suggest that siltstone reservoirs (porosity 8.9%; permeability 0.144 md; and
pore-throat radius 3.8 um) are of the best quality, followed by very fine-grained sandstones (porosity 8.3%; permeability 0.081 md; and
pore-throat radius 1.9 pm) and fine-grained sandstones (porosity 8.1%; permeability 0.062 md; pore-throat radius 0.9 um). Medium-
grained sandstones (porosity 7.7%; permeability 0.048 md; and pore-throat radius 0.5 pm) and coarse-grained sandstones (porosity 7.5%;
permeability 0.043 md; pore-throat radius 0.4 um) exhibit the worst reservoir quality (Figs. 7 and 8; Tables 1 and 2).

With regard to sedimentary facies of the Yanchang Formation, the highest quality reservoirs should be located in the delta plain area
(e.g., Drillcore ZT-28) because of the development of braided channels (Li et al. 2017; Yang et al. 2021). However, the medium- and
coarse-grained sandstones deposited in braided channels exhibit low textural maturity and poor sorting, and compaction during the
Penesyngenetic through Eogenetic B stages resulted in substantial loss of porosity from their original value of 36.8% (Table 3; Wang et al.
2017), resulting in low-quality reservoirs (Figs. 8j through 8o). In contrast, the siltstones located in the delta front area have a relatively
high textural maturity, moderate to good sorting, and an original porosity of 39.1% that was reduced to a more limited degree by burial
compaction (Table 3; Wang et al. 2017), resulting in relatively high-quality reservoirs (Figs. 8a, 8b, and 8c).

Furthermore, compared with other lithofacies, siltstones are located closer to the mudstone source rocks of the Yanchang Formation,
and they make up the largest proportion of deposits by thickness (43%) (Figs. 2 and 9c), providing substantial volume for hydrocarbon
accumulation. Therefore, the main future exploration targets should be siltstone beds in the delta front area, such as those in Drillcore
ZT-16 at depths of 1443.1 to 1714.8 m (with a total thickness of 121.8 m) as well as in Drillcore NT-93 at depths of 1613.6 to 1884.1 m
(with a total thickness of 108.3 m) (Fig. 1¢).

Potential Applications to Tight Reservoirs in Other Basins. Nowadays, tight oil resources are found in most parts of the world (Zhang
etal. 2017, 2018; Fraser and Pedersen 2021). The exploration and development of tight oil in the United States and Canada has advanced
considerably, and the resulting increase in production has reversed the long-term trend of declining oil production in those countries.

One such tight oil play is the Bakken Formation in the Williston Basin (Milliken et al. 2020), which consists of marine clastic deposits
(Browne et al. 2020). The Bakken Formation can be divided into three parts: A lower member composed of black shales with a maximum
thickness of 15 m; a middle member composed of gray, very fine-grained and fine-grained sandstones, dolomitic sandstones, and silt-
stones, with a maximum thickness of 26 m; and an upper member composed of black shales with a maximum thickness of 8§ m (Novak
and Egenhoff 2019; Abdi et al. 2021). The mineral content consists of siliceous clastic minerals (quartz and feldspar) ranging from 30 to
60%, carbonate minerals (calcite and dolomite) ranging from 30 to 80%, and clay minerals (illite, montmorillonite, chlorite, and kaolinite)
ranging from 10 to 30% (Barnes et al. 2020; Milliken et al. 2020). The lower and upper members are organic-rich source rocks character-
ized by Type I and Type II kerogen, with a mean total organic carbon of 11.3% and a mean Ro of 0.8% (Halabura et al. 2007; Abdi et al.
2021). Porosity in the tight reservoirs consists of residual intergranular pores, dissolution pores, and locally developed fractures, which
are formed mainly in the dolomite-argillaceous siltstones of the middle member (Milliken et al. 2020). Porosity ranges from 5 to 10%,
permeability ranges from 0.01 to 0.10 md, and pore-throat radii range from 0.01 to 0.50 pm (Milliken et al. 2020). The Bakken Formation
of the Williston Basin thus has strong similarities to the Chang 6 to 8 members of the Yanchang Formation in the Ordos Basin with regard
to lithologies, formation properties, and stratal patterns. The present study may therefore provide insights into the evolution of similarly
tight reservoirs in other basins.

Conclusions

The Chang 6 to 8 members of the Upper Triassic Yanchang Formation in the HOF, southwestern Ordos Basin, record development of silty
and sandy reservoirs suitable for hydrocarbon accumulation. The reservoirs are present in braided river delta plain and delta front facies
that accumulated sediments of low compositional and textural maturity. In the burial environment, they underwent a complex diagenetic
history that reduced porosity from an initial average of ~38% to the present ~8%. Porosity-destructive processes included compaction (~
—12.5%) and cementation (~ 21 %), with increases in porosity related to grain dissolution (~ +2.2%) and tectonic fracturing (~ +1.1%).

The reservoirs of the Chang 6 to 8 members underwent four post-depositional diagenetic stages: (1) Penesyngenetic and Eogenetic A
Stage (Late Triassic-Early Jurassic); (2) Eogenetic B Stage (Late Jurassic); (3) Early Mesogenetic A Stage (Early Cretaceous); and (4)
Late Mesogenetic A Stage (Late Cretaceous to Recent). Hydrocarbon charging of these reservoirs occurred in three pulses. Ambient pore
space was partly filled by hydrocarbons during the Eogenetic B Stage. A second hydrocarbon charging event occurred during the Early
Mesogenetic A Stage, when residual primary intergranular pores as well as secondary dissolution pores were filled. A third hydrocarbon
charging event occurred during the Late Mesogenetic A Stage, when the reservoirs were tight. Siltstone beds deposited in delta front
environments are the main future exploration targets in the Chang 6 to 8 members. The results of this study provide a useful reference
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framework for future exploration of hydrocarbon resources in the Upper Triassic Yanchang Formation of the HOF as well as potential
insights into the evolution of similarly tight reservoirs in other basins.
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