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Abstract: The Upper Triassic Chang-7 Member of the Ordos Basin contains typical tight sandstone
reservoirs. Reservoir quality is affected by diagenesis, which is a critical factor in tight oil exploration.
In this study, the Chang-7 Member tight sandstones were studied by a variety of experimental
methods, including thin sections, scanning electron microscopy (SEM), and X-ray diffraction (XRD),
to determine the reservoir characteristics and diagenesis and discuss their influences on the reservoir
quality. The Chang-7 Member sandstones are mainly lithic arkose and feldspathic litharenite with
an average porosity and permeability of 7.17% and 0.13 mD, respectively. The pore type is mainly
primary intergranular pores, and the secondary pores are feldspar dissolved pores, which are
relatively developed, with pore radii of 2-20 um. Diagenesis of Chang-7 Member tight reservoirs
mainly includes compaction, quartz cementation, carbonate cementation, clay mineral cementation,
and dissolution. The diagenetic stage develops into Mesodiagenesis A. The average porosity loss from
compaction and cementation of sandstone in the Chang-7 Member is 15.93% and 18.67%, respectively.
With the increase in burial depth, the porosity and permeability of the reservoir gradually decrease.
In mesodiagenesis, the authigenic illite and carbonate cementation compacts the reservoir. The
acid fluid carried by the two stages of oil and gas filling during diagenesis dissolved feldspar and
carbonate cement, which plays a certain role in transforming the tight reservoir.
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1. Introduction

With the reduction of conventional resources and the breakthrough of development
technology, the tight reservoir is the focus of unconventional oil and gas exploration and
development in the world [1-3]. Tight oil reservoirs are generally fine-grained sediments,
which experience complex diagenesis, resulting in the gradual densification of the reservoir
in the process of burial and thermal evolution [4-8]. Therefore, they usually have a poor
reservoir quality, small pore throat radius, low permeability, large diagenetic differences,
and strong heterogeneities [9-11].

Porosity and permeability are important evaluation parameters to assess reservoir
quality [12,13]. The porosity and permeability of tight reservoirs are mainly controlled by
the sedimentary environment and diagenesis; the diagenesis after burial, in particular, is
an important factor affecting reservoir quality. It includes physical and chemical changes
that vary with depth, temperature, pressure, and fluid composition after deposition [12,14].
Diagenesis affecting reservoir quality mainly includes compaction, cementation, and dis-
solution [15-17]. Compaction and cementation often have the effect of pore reduction,
resulting in the reduction in reservoir quality. On the other hand, dissolution can form
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secondary pores with a pore-increasing effect, which leads to the improvement in reser-
voir quality.

China’s tight oil resources are abundant and widely distributed and have become
an important source of increasing oil and gas reserves and production [7,11,18]. The
Ordos Basin is the basin with China’s most abundant tight oil resources. The enrichment
layer is located in the Chang-7 Member of the Triassic Yanchang Formation. The Chang-7
Member is a typical lacustrine tight sandstone reservoir with a complex and changeable
sedimentary environment and strong diagenesis, resulting in a relatively dense reservoir
and strong microheterogeneity. Although many publications have published the results and
understanding of tight sandstone, the formation mechanism of tight sandstone remains to
be explored [19-27]. Previous studies have shown that the main effects of diagenesis on the
quality of the sandstone reservoirs in the Chang-7 Member are as follows: (1) compaction
is the most important factor in reducing the porosity of a tight reservoir, and (2) the raw
materials of carbonate cementation and quartz overgrowth in sandstone come from feldspar
and adjacent mudstone [19-27]. However, the quantitative analysis of reservoir porosity
and permeability is less for diagenesis, especially the cementation of different minerals.

The present research provides different insights into the above questions. It is consid-
ered that the effect of cementation on reservoir porosity and permeability is more important
than compaction. In this study, tight sandstone samples from the Chang-7 Member of the
Ordos Basin were examined by various methods to (1) clarify the reservoir properties and
diagenesis of tight sandstone reservoirs, (2) evaluate the impacts of different diagenetic
processes on the reservoir, and (3) establish the diagenetic evolution model. The purpose of
this article is to provide a theoretical basis and practical guidance for effective exploration
and development of tight sandstone.

2. Geological Setting

The Ordos Basin is a multicycle cratonic basin in Northern China, covering an area of
320,000 km?2 [28-30] (Figure 1). The basin can be divided into six first-order structural units:
the Yimeng uplift in the north, the Weibei uplift in the south, the Jinxi flexure fold belt in
the east, the Yishan slope in the center, the Tianhuan Syncline in the west, and a thrust belt
in the west [29-32] (Figure 1b).

The basin was lacustrine during the Late Triassic, and Late Triassic was an important
period in the history of oil genesis in the Ordos Basin [29-31]. The climate gradually
changed from dry to humid, and the lake basin experienced an initial subsidence, expansion,
shrinkage, and subsequent extinction [29-31]. The 10001500 m thick Yanchang Formation
is a set of terrigenous clastic rocks, mainly alluvial fan, fluvial, deltaic, and lacustrine,
in different sedimentary units [29]. The Yanchang Formation can be divided into ten
subunits based on sedimentary cycles, named Chang-10 to Chang-1 from bottom to top,
which record the complete development of a lake: initial formation and development
stage (Chang-10 to Chang-8), peaking stage (Chang-7 to Chang-4+5), and declining stage
(Chang-3 to Chang-1) [28-32] (Figure 1).

The Chang-7 Member can be subdivided into three submembers, named Chang-73,
Chang-7;, and Chang-7;, from bottom to top [29,30]. During the deposition of the Chang-7
Member, the lake expanded significantly, forming semi-deep and deep lake conditions.
A large number of organic-rich sediments are considered as the target of high-quality
hydrocarbon source and tight oil [33]. This provided the basis for the low and ultra-
low permeability of the Yanchang Formation and the large-scale distribution of tight oil
reservoirs within the Ordos Basin [29-31].
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Figure 1. (a) Location of the Ordos Basin, China. (b) The geological background of the Ordos
Basin, the study area, and the sampling well location; (c) lithologic profile of the Chang-7 Member

strata [28-32].

3. Materials and Methods

All of the samples used in this study were taken from conventional cores from the
Chang-7 Member of the Yanchang Formation, Ordos Basin. In addition, the Research
Institute of Exploration and Development of PetroChina Changqing Oilfield Company
provided a data set including sandstone composition data from 563 thin-section samples;
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porosity and permeability testing results from 736 samples; and X-ray diffraction (XRD)
data from 73 clay mineral samples.

3.1. Thin-Section Analysis

Eighty-five thin sections were impregnated with blue epoxy in a vacuum; they were
stained with alizarin red-S and potassium ferricyanide, and carbonate minerals were identi-
fied according to Dickson [34]. The stain standards were 0.1 g alizarin red-S, 0.5 g potassium
ferricyanide, and 0.2% HCL; samples were treated for about 1 min. They were examined
using an Olympus optical microscope equipped with the Image-Pro Plus software.

3.2. Porosity and Permeability Analysis

The porosity and permeability of 215 sandstone samples were tested at room tempera-
ture and humidity. Porosity and permeability experiments were performed on 25 x 25 mm
columnar core plugs using a Micromeritics TriStar II 3020 helium porosity analyzer and
Coretest Systems NDP-605 Ultra-low permeability meter, respectively.

3.3. Scanning Electron Microscopy

Scanning electron microscopy (SEM) was performed on 24 core samples using the
Quanta 250 FEG in the State Key Laboratory of Oil and Gas Reservoir Geology and Ex-
ploitation at the Chengdu University of Technology to identify the morphology of minerals
and pores.

3.4. X-ray Diffractometry

Whole-rock and clay fraction mineralogy were identified using X-ray diffraction
(XRD) on 32 samples. The samples were first powdered using an agate mortar and pestle,
and the sample preparation, analysis, and interpretation procedures used by Moore and
Reynolds [35] and Hillier [36] were adopted. The characterization of whole-rock and clay
fraction (<2 um) was performed using Japan Ultima IV X-ray diffractometer.

4. Results
4.1. Petrology

The lithology of the Chang-7 Member of the Triassic Yanchang Formation in the Ordos
Basin is mainly fine-grained sandstone. According to Folk’s classification scheme [37],
the rock types of the Chang-7 Member are classified as lithic arkoses and feldspathic
litharenites (Figure 2). Quartz (mostly monocrystalline) content ranges from 30.71% to
39.74%. Feldspar contents range from 21.32% to 24.40%. Lithic fragment contents range
from 15.71% to 16.45%, comprising mainly metamorphic rock fragments ranging from
6.92% to 8.02%, sedimentary rock fragments ranging from 4.95% to 5.39%, and volcanic
rock fragments ranging from 2.97% to 3.77%.

The cement is mainly clay mineral and carbonate cement, and the content of siliceous
cement is low. The clay mineral is mainly illite, with a content of 8.89%. Carbonate cements
are mainly dolomite, ankerite, and ferroan calcite.

Grain shape in the Chang-7 Member tight oil reservoir ranges from subangular to
subrounded. Grains are moderately sorted and mineralogically immature with low textu-
ral maturity.
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Figure 2. Ternary diagram showing the framework grain composition of the Chang-7 Member
sandstones in the Ordos Basin [37].

4.2. Reservoir Properties
(1) Porosity and permeability

Overall, the reservoir properties in the Chang-7 Member sandstones are quite poor
(Figure 3). Porosity of core samples ranges from 0.5% to 12.3%, with an average of 7.17%.
Permeability ranges from 0.02 mD to 1.82 mD, with an average of 0.13 mD. About 97.73%

of the permeability values are lower than 1 mD, while the values greater than 1 mD are
micro fractures.
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Figure 3. Core porosity vs. core permeability cross-plots for the Chang-7 Member sandstones in the
Ordos Basin.

(2) Pore types and pore-throat characteristics

The pore types of the Chang-7 Member tight sandstones in the Ordos Basin are
mainly intergranular pores, followed by feldspar-dissolved pores and rock-fragment-
dissolved pores, and a small amount of intergranular dissolved pores and microfractures.
Intergranular pores account for 57.57% of the total pores (Figure 4a); dissolved pores
account for 40.48% of the total pores (Figure 4b-h), and other pores account for about 1.95%
(Figure 4i). The pore throat scale of the sandstone reservoir in the Chang-7 Member is small.
The pore radius is distributed 220 pm, being mainly concentrated in the range of 2-8 um.
The throat radius is distributed between 25 and 250 nm, being mainly concentrated in the
range of 20-150 nm.
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Figure 4. Pore types of the Chang-7 Member in Ordos Basin: (a) N229, 1710.14 m, intergranular
pores; (b) L337, 2284.3 m, feldspar-dissolved pore; (c) Z255, 1748.4, melodic pore; (d) Z230, 1743.9 m,
melodic pore; (e) L304, 2489.6 m, intergranular dissolved pore; (f) N229, 1710.14 m, intergranular
dissolved pore; (g) M27, 2745 m, debris solution pore; (h) N229, 1737.98 m, debris solution pore;
(i) L272, 2497.42 m, microcrack.

4.3. Diagenetic Events and Characteristics
(1) Compaction

Compaction is an important reason for the decrease in reservoir quality in the early
stage of diagenesis [12,38,39]. The lithology of the Chang-7 Member is mainly lithic arkose
and feldspathic lithic sandstone, and the content of feldspar and plastic rock debris with
weak compaction resistance is high.

Compaction changes the contact relationship between particles and the directional
arrangement of debris particles (Figure 5a). The contact relationship changes from point
contact to line contact and then to concave-convex contact (Figure 5b). Plastic compo-
nents, such as plastic rock fragments and mica, are extruded and deformed (Figure 5c,e).
Diagenetic minerals will rupture along the weak surface under pressure beyond their
bearing capacity. Quartz is prone to wedge cracks (Figure 5d), and feldspar breaks along
the cleavage plane or directly perpendicular to the cleavage plane (Figure 5f).
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Figure 5. Compaction and quartz cementation of the Chang-7 Member in the Ordos Basin (Q: quartz;
F: feldspar). (a) Z187, 1589.0 m, directional arrangement of clastic particles; (b) X270, 2042.97 m,
concave—convex contact; (¢) L190, 2259.24 m, mica-bending deformation; (d) N105, 1521.9 m, quartz
particle breakage; (e) X318, 2020.8 m, mica fracture; (f) Y474, 2221.3 m, feldspar fracture; (g) N229,
1685.58 m, quartz overgrowth; (h) Z225, 1774.5 m, quartz overgrowth; (i) L337, 2284.3 m, authigenic-
quartz-filled pores.

(2) Cementation

Cementation is the most important type of chemical diagenesis in the tight sandstone
reservoir of the Chang-7 Member in the Ordos Basin. Ions with different crystallization
habits in diagenetic fluid form different types of authigenic diagenetic minerals under the
comprehensive control of the nucleation mechanism and growth process to fill the reservoir
space [40,41]. The cementation of the Chang-7 Member tight sandstone reservoir mainly
includes siliceous cementation, carbonate cementation, and clay mineral cementation.

(a) Siliceous cementation

Siliceous cementation is mainly characterized by the overgrowth of quartz and authi-
genic quartz. In the early stage of diagenesis, silica mainly comes from the precipitation
of SiO; in pore water, and the silica cement is mostly overgrown as quartz (Figure 5g,h).
The siliceous cement in middle and late diagenesis mainly comes from the dissolution of
feldspar and rock debris particles. Authigenic quartz is often filled in the pores in hexagonal
biconical and crystal column shapes (Figure 5i).

(b) Carbonate cementation

Carbonate cement is an authigenic mineral of high content in the tight sandstone
reservoir of the Chang-7 Member, mainly including calcite, ferroan calcite, dolomite,
and ankerite.

Calcite cement is mainly embedded cementation and pore-filling cementation. The
pore-filling calcite crystal size is 10200 pm (Figure 6a). Under the scanning electron
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microscope, the crystal form of calcite is a euhedral rhombohedron, and the cleavage on
the surface of the calcite crystal is developed (Figure 6b). Some calcite cement can be seen
to transition from red to purple from the center to the edge of the cement, reflecting the
increase in iron ion content at the edge of calcite to form ferroan calcite [42] (Figure 6c).

Figure 6. Carbonate cementation of the Chang-7 Member in the Ordos Basin (Q: quartz; Ca: calcite; Fc:
ferroan calcite; Dol: dolomite; Ank: ankerite). (a) M27, 2745 m, calcite-filled pores; (b) Y474, 2221.3 m,
inlaid cemented calcite; (c) X291, 2020.8 m, cementation of calcite and ferroan calcite; (d) 1337, 2284.3
m, ferroan-calcite-filled pores; (e) Z230, 1743.9 m, ferroan-calcite-filled pores; (f) N142, 1687.8 m,
dolomite; (g) X288, 2116.4 m, ankerite-filled pores; (h) L304, 2489.6 m, ankerite-filled pores; (i) L285,
2172.7 m, cementation of ferroan calcite and ankerite.

Ferroan calcite mainly fills pores (Figure 6d). Under the scanning electron micro-
scope, the crystal size of ferroan calcite is about 10 um. The crystal shape is a self-shaped
rhombohedron (Figure 6e), which is significantly smaller than the size of the calcite crystal.

Dolomite is mainly characterized by a discrete granular rhombohedron with a crystal
size of 20-100 pum (Figure 6f). It mainly grows in primary pores.

Ankerite is mainly characterized by a euhedral rhombohedron, and dispersed or
aggregated ankerite can fill primary and secondary pores (Figure 6g). In addition, some
irregular ankerite fills the residual space between early carbonate cement and clastic
particles. The rhombohedral crystal form of ankerite is very apparent under a scanning
electron microscope (Figure 6h).

Ferroan calcite, dolomite, and associated calcite often metasomatism with sedimentary
particles. Metasomatism occurs along the edge or cleavage of particles. At the same time,
metasomatism also occurs among the three minerals (Figure 6i).

(c) Clay mineral cementation

According to the XRD and SEM analyses, the clay minerals in the Chang-7 Member
of the Ordos Basin are relatively developed, mainly including illite, illite-smectite (I/S),
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kaolinite, chlorite, and their transition types, of which the content of illite is the highest,
followed by 1/S mixed layer minerals (Table 1).

Table 1. Petrophysical characteristics and XRD analysis data of tight sandstones in well C96 of the
Chang-7 Member.

Samples Well Depth Whole Rock Mineral (%) Authigenic Clay Minerals (%) Por;)sity Permeability
(m) Q Pla PF Ca Dol Sid Clay I /s K Ch  US(S) (%) (mD)
1 C9% 1964.82 3875  6.96 1.76 / 1614 218 3286 5443 2604 567 13.86 20 5.3 0.053
2 C96 1965.59 46.28 21.08 18.34 227 4.14 0.64 7.25 48.8 25.53 6.11 19.57 15 8.4 0.107
3 C96 1973.27 63.29 1345 4.32 212 4.59 0.87 1135 4897 2311 5.71 22.2 20 57 1.544
4 C96 1981 55.45 6.42 4.02 6.77 7.19 / 1216 49.22 34.7 / 16.08 20 0.6 0.02
5 C96 1992.29 2696 1048 2.82 / 13.33 1.61 448 55.8 27.51 4.24 12.45 20 7.4 0.094
6 C9%6 199342 6586 1775  3.06 0.67 2.75 0.76 9.15 5445 23.36 / 22.18 20 9 0.136
7 C96 1996.15 5411  13.64 5.69 1.97 518 2.01 174 55.75  24.63 4.9 14.71 20 4.8 0.064
8 C96 1997.39 41.87  13.08 2.84 0.92 10.14 1.27 29.89  54.02  28.68 4.12 13.18 20 7.6 0.09
9 C96 1997.69  63.66 16.13  6.18 148 2.13 1.03 941 5326 2616 504 1555 15 8.8 0.15
10 C96 1998.64  63.37 1352 548 2.29 5.32 0.88 9.13 5564 2272 7.02 1462 15 9.3 0.136
11 C9% 2000.69 65.6 1339  5.64 1.18 2.92 0.9 1037 558  24.26 / 19.95 15 8.8 0.163
12 C9%6 2001.42 68.19 1221 4.14 1.57 3.22 0.94 9.73 59.97 2211 / 17.93 15 9 0.142
13 C96 2002.1 35.5 14 3.07 / 7.54 1.02 38.87 5545 2745 3.19 13.91 20 6.6 0.066
14 C96 2003.25 68.28  14.19 2.68 1.26 297 1.09 9.53 61.42 1642 / 22.15 15 10.6 0.174
15 C96 200538 5813 22.06  3.54 0.58 5.01 0.67 10 6152 2126 496 1227 15 72 0.137
16 C9% 2006.6 66.51 1569  5.46 121 2.22 1.05 786 6756  7.16 617  19.11 15 10.1 0.128
17 C96 2008.9 5798 1743  10.76 1.03 2.09 0.66 10.05 5586  26.57 / 17.57 15 6.7 0.102
18 C96 2010.04 5555 18.68  7.81 112 4.7 / 1214  63.14 2255 368  10.62 15 3.2 0.058
19 C9%6 2013.02 67.05 13.18 433 1.04 244 0.77 11.19 53.4 26.42 5.43 14.74 15 7.7 0.077
20 C9% 2014.58 5699 214 4.49 1.18 2.86 131 1177 5369 2824 451 1357 20 6.8 0.081
21 C96 2016.86 55.29 1417 19.75 1.13 2.3 0.76 6.6 59.68  17.38 8.91 14.03 15 10.3 0.129
22 C96 2018.3 63.92 14.3 6.62 1.15 3.19 0.88 9.93 60.06  16.09 6.29 17.55 20 7.7 0.139
23 C96 2019.79 68.2 13.09 4.16 1.23 247 0.94 9.92 60.84  18.09 5.82 15.25 15 8.8 0.155
24 C96 2021.34 61.74  18.37 6.18 0.88 3.06 0.81 8.97 63.81  15.97 58 14.41 15 8.1 0.139
25 C9%6 2022.77 6453 10.78  8.55 3.15 2.33 1.18 9.48 611  19.15 / 19.75 20 7.1 0.081
26 C9%6 2024.24 64.69 10.3 58 1.16 541 1.34 11.3 61.06  18.93 5 15.01 20 7 0.078
27 C96 2026.85 57.92 7.36 3.54 9.1 5.5 / 10.25 62.8 19.38 / 17.83 15 43 0.034
28 C96 2028.99 62.89 16.24 2.94 1.14 5.09 1.45 1025 6518  14.56 6.39 13.88 15 8.5 0.078
29 C96 2033.45 56.09  17.62 5.83 1.44 5.94 1.42 11.67 6642 16.12 7.25 10.21 20 7.6 0.075
30 C9% 2034.95 5635 1525  3.66 0.88 5.15 15 1721 591 2654 3.67  10.68 20 2.4 1.677
31 C96 2039.32 60.63  16.57 5.65 14 3.37 1.39 11 60.1 21.99 4.14 13.77 20 5.6 0.048
32 C9%6 2072.5 6412 1571 5.87 0.81 3.86 0.73 8.89 67.08 13.15 / 19.77 20 8.7 0.084

Q: quartz; Pla: plagioclase; PF: potassium feldspar; Ca: calcite; Dol: dolomite; Sid: siderite; I: illite; I/S: mixed-layer
illite/smectite; K: kaolinite; Ch: chlorite; “/” represents no data.

SEM observations showed that illite is mainly filamentous and honeycomb-shaped
(Figure 7a) and distributed in intragranular pores (Figure 7b). 1/S is mainly characterized
by lamellar crystals (Figure 7c). With the transformation of smectite to illite, the edges of
lamellar minerals curl, and the size of single crystals is between 5 and 10 pum.

Kaolinite is generally a pseudo-hexagonal crystal, and the aggregates are mostly in
the form of vermicular-stacked and booklet-shaped (Figure 7d,e). Single crystal size is
5-10 um. They are distributed in the intergranular primary pores and feldspar dissolution
pores (Figure 7f).

Loose kaolinite aggregates can provide many intergranular micropores, expand pore
space, and improve pore connectivity (Figure 7d). However, as the degree of diagenetic
evolution deepens with the increase in burial depth, the edge of some kaolinite aggregates
undergo illiteization, forming filamentary illite (Figure 7e).

Chlorite rosettes cover the surface of detrital grains (mainly quartz and feldspar) and
form grain coatings (Figure 7g—i). In the early stage of diagenesis, chlorite mostly covers
the surface of clastic particles in a blade shape and needle shape (Figure 7g). In the middle
stage of diagenesis, chlorite often fills the pores or adheres to the particle surface in leaf,
petal, and pile ball shapes (Figure 7h).
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‘ Al
Figure 7. Clay mineral cementation of the Chang-7 Member in the Ordos Basin (I: illite; I/S: mixed-
layer illite/smectite; K: kaolinite; Ch: chlorite). (a) L304, 2489.6 m, filamentous illite-filled pores;
(b) L190, 2230.8 m, illite-filled pores; (c¢) N105, 1521.9 m, I/S; (d) M27, 2745 m, booklet kaolinite;
(e) M27, 2745 m, booklet kaolinite and illitization; (f) M53, 2445.65 m, kaolinite fills the pores, and the

clastic surface is covered with chlorite; (g) M27, 2745 m, blade chlorite; (h) CY1, 2032.9 m, autogenous
chlorite-filled pores; (i) Y319, 2237.6 m, clastic surface is covered with chlorite.

(3) Dissolution

The dissolution mainly show feldspar dissolution and carbonate cement dissolution
in the study area.

The partial to total dissolution of feldspar is very common in the Chang-7 Member
tight sandstone. Typical dissolution features include hollowed-out particle residues formed
by partial dissolution of feldspar (Figure 8a). Molding pores are formed by the complete
dissolution of feldspar particles (Figure 8b). Harbor-like dissolution pores form along
the edge of feldspar (Figure 8c). Grid corrosion pores form along with feldspar cleavage
fractures (Figure 8d).
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Figure 8. Dissolution of the Chang-7 Member in the Ordos Basin. (a) L190, 2267.8 m, hollowed-out
particle residues formed by partial dissolution of feldspar; (b) Z255, 1748.4 m, melodic pores; (c) X62,
1838.82 m, harbor-like dissolution pores; (d) L338, 2329.3 m, grid corrosion pores; (e) Z255, 1774.5 m,
ankerite boundary is corroded; (f) M27, 2745 m, calcite particle boundary is corroded.

The dissolution of carbonate cement exists in some reservoirs in the study area. The
dissolution of calcite, ferroan calcite, and ankerite can be seen, which have significant
dissolution petrographic characteristics (Figure 8e,f).

5. Discussion
5.1. Paragenetic Sequence of Diagenesis

The vitrinite reflectance (Ro) values of the Chang-7 Member sandstones range from
0.7% to 1.07% [22,25,27]. XRD results of sandstone samples from the Chang-7 Member show
that the mass fraction of smectite in I/S is between 15% to 20% (Table 1). According to the
discrimination standard of I/S for diagenetic temperature [43] and fluid inclusion tempera-
ture, the maximum paleogeothermal temperature of the Chang-7 Member is 120 °C~140 °C.

Previous simulation results on the evolution of burial history and temperature his-
tory of the Chang-7 Member show that the stratum of the Chang-7 Member reached the
maximum paleoburial depth of more than 2000 m in the Cretaceous period [22,25,27].
Furthermore, according to the division mark of a diagenetic stage of clastic rock (SY/T
5163-2010) [44], the sandstone reservoir of the Chang-7 Member is Mesodiagenesis A.

The diagenetic evolution sequence of sandstone was established by analyzing the
relationship between the diagenetic minerals and diagenetic stages of the Chang-7 Member
tight sandstones in the study area (Figure 9).
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Figure 9. Burial, thermal, and the major diagenetic sequence of the Chang-7 Member in the Ordos
Basin [22,25,27].
(1)

Eodiagenesis

In Eodiagenesis A (normal temperature up to 65 °C, more than 159 Ma), the buried
depth of the stratum is about 0-1100 m. Diagenesis is dominated by compaction, cemen-
tation, the directional arrangement of clastic particles (Figure 5a), and the deformation of
plastic particles (Figure 5¢). The chlorite film on the surface of quartz and feldspar particles
slows down the compaction strength to a certain extent, and the leaching of atmospheric
fresh water alters some debris particles, but the degree is low.

In Eodiagenesis B (65 °C to 85 °C, 159 Ma to 120 Ma), the buried depth of the stratum
is about 1100-1500 m. Cementation becomes the main diagenesis. Smectite begins to
transform into kaolinite and I/S. In clay mineral transformation, S5iO, and Ca?* are released
to form siliceous cement. At about 125 Ma, it experiences phase I oil injection, and the
diagenetic fluid containing organic acid transforms the sandstone reservoir by dissolution.
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Concurrently, organic acids inhibit early calcite cementation and can produce feldspar-
dissolved pores.

(2) Mesodiagenesis

In Mesodiagenesis (more than 85 °C, 120 Ma after), the Chang-7 Member experiences
rapid settlement, with a burial depth of more than 1500 m, and the impact of compaction
on the reservoir was reduced. With the gradual increase of paleogeothermal temperature,
kaolinite and smectite are completely transformed into I/S and illite. At the same time, SiO,
and Ca?* are released to participate in cementation to form quartz cement and carbonate
cement to fill pores (Figure 5g,h and Figure 6). Fe?* released from the transformation of
clay minerals intrudes into carbonate cement to form iron-bearing carbonate cement. At
about 105 Ma, it experiences phase II oil injection, and the invasion of organic acid locally
transforms the reservoir quality, resulting in the dissolution of feldspar and carbonate
cement and a large number of secondary solution pores (Figure 8).

Through the above research, the diagenetic sequence of the Chang-7 Member was
determined to be as follows: compaction — chlorite film, dissolution of debris particles and
calcite cementation — quartz overgrowth, I/S and kaolinite formation — phase I oil and
gas injection — dissolution of feldspar and debris particles, authigenic illite formation —
quartz overgrowth, precipitation of iron-bearing carbonate cement — phase II oil and gas
injection — dissolution of feldspar and carbonate cement. Since the formation of authigenic
minerals and particle dissolution require a certain period, the above diagenetic phenomena
will overlap.

5.2. Diagenetic Control on Reservoir Quality

Different diagenetic alterations mainly control the reservoir quality evolution of the
Chang-7 Member sandstones during burial, such as compaction, cementation, and dissolu-
tion. Compaction and cementation are the main reasons for the densification of sandstone
in the Chang-7 Member.

(1) Impact of compaction

Compaction is an important mechanism for reducing the primary porosity of the
Chang-7 Member sandstones. The lithology of the Chang-7 Member is mainly lithic arkose
and feldspathic lithic sandstone, and the content of feldspar and plastic rock debris with
weak compaction resistance is high. The research shows that the particles with weak
anti-compaction ability are conducive to enhancing the effect of compaction [22,45-47].

Compaction is related to the burial depth of the stratum. According to the relationship
between the physical properties and depth of the sandstone reservoir in the Chang-7
Member of well C96 (Figure 10), the physical properties of the reservoir tend to decrease
gradually with the increase in burial depth. However, below 2060 m, the physical properties
increase suddenly, indicating that the influence of compaction on the physical properties
of sandstone decreases, which is largely affected by other forms of diagenesis, such as
cementation and dissolution. The increase in cement precipitation and solution pores
changes the law that the physical properties of a reservoir decrease with the increase
in depth.
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Figure 10. Relationship between depth and physical properties of well C96 in the Chang-7 Member.

(2) Impact of cementation

The cement type of the Chang-7 Member in the Ordos Basin is mainly clay and
carbonate minerals, followed by quartz cement. The Chang-7 Member has frequent volcanic
activity, and the reservoir is rich in pyroclastic, tuff, and matrix, which provide a material
basis for the formation of clay minerals [28,29,31]. Athigh temperatures, smectite illitization
leads to high illite content. Other substances formed in the transformation process are
important carbonate cement and quartz cement sources.

The authigenic illite in the Chang-7 Member fills the pores in bridging and filament
shapes and forms a network when distributed intensively, which has a destructive effect
on the reservoir throat. According to the correlation diagram between illite content and
physical properties (Figure 11a,b), with the increase in illite content, porosity and perme-
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ability show a gradually decreasing trend, showing a negative correlation. In particular,
it has a great impact on permeability. The filamentous authigenic illite is easily washed
and broken by high-speed fluid to block the throat, which directly reduces the permeability
of the reservoir and reduces the number and radii of effective pores and throats in the
reservoir [48]. Therefore, with the increase in illite content, the decreasing permeability
trend is more apparent.
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Figure 11. Cross-plot of the relationship between the abundance of illite cement and carbonate
cement and physical properties. (a): Cross-plot of illite cement and porosity. (b): Cross-plot of illite
cement and permeability. (c): Cross-plot of carbonate cement content and porosity. (d): Cross-plot of
carbonate cement content and permeability.

Carbonate cement is extremely sensitive to the acidity and alkalinity of diagenetic
fluid and is easy to dissolve and precipitate repeatedly. Therefore, it is a good mineral
indicator of the pH change of the diagenetic environment [49]. Carbonate cementation is an
important factor in pore loss in middle and late diagenesis. The number of residual pores
of tight sandstones after strong compaction is small and will be gradually filled with the
formation of carbonate cement.

According to the correlation diagram between the carbonate cement content and
physical properties (Figure 11c,d), with the increase in carbonate cement content, porosity
and permeability tend to decrease gradually, showing a negative correlation. This is
because carbonate cement occupies the secondary pore space and destroys the sandstone
pore system, resulting in decreasing reservoir physical properties [22,25,27].

The chart proposed by Houseknecht [50] is used to evaluate the relative importance of
compaction and cementation in reducing porosity. The compaction porosity loss (COPL)
and cementation porosity loss (CEPL) are statistically calculated through thin section
observation. From the relationship between COPL and CEPL (Figure 12), it can be seen that
cementation and compaction are of roughly the same importance in porosity failure. The
statistical calculation results show that the average compaction porosity loss of sandstone
in the Chang-7 Member is 15.93%, and the average cementation porosity loss is 18.67%.
This shows that the effect of compaction on pore failure of the Chang-7 Member sandstone
is slightly less than that of cementation.
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Figure 12. Cross-plot of COPL vs. CEPL [50].

®)

Impact of dissolution

Dissolution is the main way to increase secondary pores and improve reservoir physi-
cal properties. Dissolution in the Chang-7 Member in the Ordos Basin includes feldspar
dissolution, rock debris dissolution, and carbonate cement dissolution.

The Chang-7 Member is the most important oil generation period in the Ordos Basin.
Organic acids can directly enter the adjacent sandstone to dissolve and transform the
reservoir. It is evident through the relationship between the proportion of dissolved pores
and the physical properties of the reservoir (Figure 13) that the number of dissolved pores
is positively correlated with the porosity and permeability of the reservoir. The higher the
content of dissolved pores, the greater the porosity and permeability.
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5.3. Diagenetic Evolution Model

According to the analysis of the source of the main authigenic minerals (carbonate
cement and quartz overgrowth) and the effect of different diagenetic histories on reservoir
quality, the diagenetic evolutionary model of the Chang-7 Member sandstones in the Or-dos
Basin is established (Figure 14). The tight sandstone reservoir of the Chang-7 Member in the
Ordos Basin experienced rapid and tight compaction and early diagenetic cementation, and
the reservoir quality significantly worsened. After two stages of oil and gas filling, some
clastic particles were dissolved under the action of organic acid to improve the reservoir
quality. At the same time, the material formed by dissolution also provided a material
source for cementation.
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Figure 14. Schematic diagram showing the diagenetic evolution of tight sandstones in the Chang-7
Member of Ordos Basin [27].

6. Conclusions

(1) The rock types of the Chang-7 Member in the Ordos Basin are lithic arkose and
feldspathic lithic sandstone. The average porosity and permeability of the reservoir are
7.17% and 0.13 mD, respectively, which is typical of a tight reservoir. The pore types are
primary and secondary pore, and the pore radius is distributed between 2um and 20 pm.

(2) The diagenesis of the Chang-7 Member tight sandstone reservoir mainly includes
compaction, quartz cementation, carbonate cementation, clay mineral cementation, and
dissolution. Authigenic quartz, clays (illite and kaolinite), and carbonates (calcite, ferroan
calcite, and ankerite) are the major pore-occluding cements.

(3) The relative time of the main diagenetic events and the mineral transformation
pathway of the Chang-7 Member in the Ordos Basin show that the tight sandstone is in
the middle diagenetic stage. The diagenetic sequence is as follows: compaction — chlorite
film, dissolution of debris particles and calcite cementation — quartz overgrowth, I/S
and kaolinite formation — phase I o0il and gas injection — dissolution of feldspar and
debris particles, authigenic illite formation — quartz overgrowth, precipitation of iron-
bearing carbonate cement — phase II oil and gas injection — dissolution of feldspar and
carbonate cement.

(4) The average porosity loss of compacted and cemented tight sandstone in the Chang-
7 Member is 15.93% and 18.67%, respectively. The loss of sedimentary porosity caused
by cementation is greater than that caused by compaction. The pore structure is mainly
controlled by authigenic minerals. Dissolution is not only improving the reservoir porosity
and permeability, but also providing a material source for cementation.
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