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ABSTRACT

An integrated analysis of the petrographic characteristics and
types and distribution of diagenetic alteration in the upper Pa-
leozoic Benxi-Taiyuan, Shanxi, and Xiashihezi Formations pro-
vides insights into the controlling factors on variations in
porosity and permeability in tight sandstones (85% of the sand-
stone samples display porosity values <10% and 90% of the
samples exhibit permeability <1 md).

Diagenetic alteration includes mesogenetic compaction, ce-
mentation by dolomite, ankerite, and quartz, dissolution of feld-
spar, and illitization of smectite. Eodiagenesis includes compaction,
development of smectite, cementation by pore-filling quartz and
disordered kaolinite, and precipitation of calcite and Fe-calcite.
Chlorite and quartz preserve primary pores against damage,
whereas kaolinite, illite—smectite (I/S) mixed layer, and illite
significantly diminish reservoir quality via permeability reduc-
tion. Chlorite and I/S content decrease abruptly as depth in-
creases, whereas the kaolinite content remains elevated at depth
because of the complete destruction of K-feldspar. The trans-
formation from smectite to illite provides silica ions for the
widely distributed quartz overgrowths. As the depositional en-
vironment transformed from fluvial (Xiashihezi) to deltaic
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(Shanxi) and to epicontinental (Taiyuan and Benxi), the disso-
lution effect increased monotonically. Feldspar dissolution is
dominant in the Shanxi Formation, whereas the Benxi and Taiyuan
Formations commonly contain quartz dissolution pores. The
Taiyuan Formation has markedly higher porosities than in the
overlying and underlying formations, caused by strong dissolu-
tion and high silica content. The decrease in porosity in the Benxi
Formation results from the extensive formation of clay minerals
caused by high frequency transgressions in a transitional environment.

INTRODUCTION

The late Carboniferous to early Permian is characterized in
northern China by the presence of extensive coal deposits and
associated coalbed methane accumulations (Tang et al., 2004,
D. Liu et al., 2009; Yao et al., 2009; Li et al., 2017b, 2019). This
interval is largely represented by the Benxi, Taiyuan, Shanxi, and
Xiashihezi Formations (chronological order from base to top)
that were deposited in an epicontinental shelf to delta and fluvial
environment (Li et al., 2016). In recent decades, tight gas res-
ervoirs have been widely developed in the Ordos basin, with
successful development in the lower Permian Xiashihezi For-
mation in the Sulige, Yulin, Daniudi, and Jingbian fields (Zhang
et al., 2009; Zou et al., 2013). With the recent discovery of
substantial gas reserves and attainable high production demon-
strated in sandstones interbedded with coal seams, it is important
to define the characteristic petrographic and petrophysical fea-
tures that support prolific production in these low-permeability
sandstones. Analyzing and comparing different depositional en-
vironments, compositions, and diagenetic and other features
among the formations enables the factors that control reservoir
quality of the Ordos basin to be defined. The release of organic
acids and CO, during the coalification and maturation process of
organic matter can influence the distribution of clay minerals and
the overall diagenetic evolution of a sandstone (Van Keer et al.,
1998; Shuai et al., 2013). As for the eastern Ordos basin, coal
seams occur with sandstones deposited in their overlying or
underlying strata (Li et al., 2017a). Thus, these results may be
referenced both to and among other tight gas reservoirs inter-
bedded with coal-bearing strata to further define and reinforce
key characteristics that indicate prolific production.

Tight sandstone reservoirs generally experience complex
diagenetic histories that progressively changed reservoir
quality (Karim et al., 2010; Zhang et al., 2015; Hansen et al.,
2017; Lai et al., 2017). Reservoir quality is controlled by detrital
composition, depositional environment, sedimentary facies, burial
temperature, pressure, and chemical composition of the pore
water (Taylor et al., 2010; Bjerlykke, 2014). The linkage of
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diagenesis to diagenetic structure and transport prop-
erties is complex but includes the (1) effects of
mechanical compaction during burial history (Taylor
et al., 2010); (2) chemical processes of mineralogical
conversions (Karim et al., 2010; Stroker et al., 2013);
(3) sources of cements and sinks of chemical com-
ponents (Bjerlykke and Jahren, 2012); (4) fluid
chemistry, temperature, and stress experienced dur-
ing evolution (Macaulay et al., 1993; Liu et al., 2014);
and (5) impact of depositional facies and sequence
stratigraphy on diagenetic minerals and their trans-
formations, especially in coastal or deltaic environ-
ments (Morad et al., 2000; El-ghali et al., 2006,
Karim et al., 2010; D. Lv et al., 2017). Despite, or
maybe because of, this long list, many uncertainties
remain in associating these mechanisms with a quan-
titative analysis of the mass transfer process and their
significance in predicting reservoir quality (Yasuhara
et al., 2003; Gier et al., 2008; Bjorlykke, 2014).

A series of petrographic and geochemical studies
have reported on the gas and oil accumulation fea-
tures of the Yanchang (mainly the Chang 7 Member)
in the Triassic and the Xiashihezi (mainly He 8
Member) Formations in the Permian of the Ordos
basin (Yuan et al., 2015; Ma et al., 2018). However,
fewer observations and studies constrain the Benxi,
Taiyuan, and Shanxi Formations despite recent re-
ports of their huge gas potential (Li et al., 2017a). To
better understand the key factors controlling reser-
voir quality (storage and delivery properties), the
primary objectives of the investigation are threefold:
(1) to investigate the diagenetic process of sand-
stones from the Benxi-Taiyuan (deposited in epi-
continental environment), Shanxi (fluvial-deltaic
environment), and Xiashihezi Formations (fluvial
environment); (2) to evaluate the factors controlling
compaction, cementation, and dissolution processes
that affect reservoir quality; and (3) to reconstruct
the diagenetic history while highlighting the key
factors controlling the storage and delivery proper-
ties of the sandstones. The results mainly focus on
the mass balance and mineral alterations influenced
by different sedimentary environments and their
controls on reservoir characteristics. Furthermore,
the diagenetic controls of sandstones interbedded
within coal seams, characterized by the frequently
fluctuating sedimentary environment, are also dis-
cussed, defining a range of issues that must be re-
solved so that index characteristics may be robustly
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defined to aid in the prospecting of prolific gas res-
ervoirs from these environments.

GEOLOGICAL SETTING

The Ordos basin is a large intracontinental basin
located in the central part of the North China plate
and is subdivided into six structural units (the
Yimeng uplift, Jinxi fold, Weibei uplift, Western
thrusted zone, Tianhuan sag, and Yishan slope)
(Ji etal.,, 2010; Yang et al., 2017). The study area is
located in the Jinxi fold in the eastern part of the
Ordos basin (Figure 1). The strata generally strike
north to south and dip to the west as a smooth mono-
cline at angles of 3° to 10° that decrease to less
than 1° upon entering the main part of the basin (Li
et al., 2017b).

The Ordos basin was an intraplate remnant
cratonic basin during the Triassic to Early Cretaceous
(Lai et al., 2016). During the Cambrian—Early Or-
dovician and Middle Ordovician-Middle Triassic, the
basin changed from a cratonic basin with divergent
margins to one with convergent margins (Yang et al.,
2005; C. Liu et al., 2009). The structures occurring
around the basin generally developed during the
late Yanshanian orogeny (ca. 130-90 Ma) as the
whole basin was uplifted, and the east margin was
uplifted more intensively than the remainder (Gao
et al., 2000; Wang et al., 2008).

The upper Carboniferous sequence developed
directly upon the dolomitic limestone of the Middle
Ordovician, with a hiatus and ensuing erosion occur-
ring during the Late Ordovician to early Carbonifer-
ous (Yang et al,, 2005). Two sets of source rocks
are widely developed in the study area, comprising
thick-bedded coal and dark-colored mudstones in the
Taiyuan and Shanxi Formations (Zhang et al., 2009).
The coal and mudstones are rich in organic matter,
with a thermal maturity of approximately 1.4% vitrinite
reflectance and with type I, to IIl kerogens in the Linxing
area (Li et al., 2016). The coal thicknesses range
from 8 to 18 m (26 to 59 ft) and 4 to 14 m (13 to
50 ft) in the Taiyuan and Shanxi Formations, re-
spectively. Sandstone bodies are interpreted as tidal
bars and distributary channel deposits in the Taiyuan
Formation and fluvial and distributary channel de-
posits in the Shanxi and Xiashihezi Formations (Liu

et al., 2016; N. Xu et al., 2017).
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Tight gas reservoirs are developed in the Benxi,
Taiyuan, Shanxi, and Xiashihezi Formations
(Figure 2). The Benxi and Taiyuan Formations were
deposited in an epicontinental environment, with
rapid sea-level changes occurring on four occasions
because of rapid transgressions and slow regressions
(Li et al., 2015). The Shanxi Formation was de-
posited in a deltaic environment with well-developed,
thick coal seams (Ren et al.,, 2014). During the
deposition of the Xiashihezi Formation, the sea had
completely regressed from northern China, and
the study area was dominated by a fluvial environ-
ment with thick fluvial sandstone bodies (Figure 2).
Large volumes of gas were generated during the Ju-
rassic as the source rocks in the upper Paleozoic
strata became mature in the Early Jurassic and
peak gas generation occurred at the end of the Late

Jurassic (Zhao et al., 2012). Furthermore, another
stage of gas generation occurred during the middle
Cretaceous as magmatic activity occurred in the
southeastern part of the Linxing area where the
Zijinshan pluton was intruded (Figure 3; Li et al,,
2016).

SAMPLES AND METHODOLOGY

Drill cores, well logs, and borehole geochemical and
geophysical test data were obtained from many of
the exploration wells in the study area. The samples
used in this study were obtained from wells over
sampling depth intervals of 1200-2200 m (3937-
7218 ft). A total of 404 samples were used from
the main sandstones from the Benxi, Taiyuan, and
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Shanxi Formations as recovered from 15 gas wells
in the tight sandstones (Figure 1).

More than 250 observations from thin sections
and measurements of reservoir porosity and per-
meability, scanning electronic microscopy (SEM)
analyses, and corresponding well-log data were
collected from the China United Coalbed Meth-
ane Corp., Ltd. The SEM observation was carried
out with the ZEISS EVO MA 15 after the SY/T
5162-1997. All the samples were plated gold and
measured at 25°C and 50% humidity, which was
used to identify the detrital grains, clay minerals,
and different pores. The cylindrical core plugs,
with diameter of 25 mm (0.98 in.) and length of
50 mm (1.97 in.), were adopted for measuring
the porosity and permeability. The porosity and
permeability were tested on an AP-608 automated
permeameter—porosimeter with helium (Adebayo
et al., 2017).

Rock mineralogies and visual pore structures
were analyzed using polished thin sections impreg-
nated with colored epoxy to better define diagenetic
processes. Mineralogy was quantified by point
counting minerals using approximately 200 points
per sample as well as by employing thin-section po-
rosity. The maximum counting errors varied with the
percentages of the constituents from £3.6% at 50%
content to +2.1% at 10% content (Folk, 1974). The
volumetric mineralogical contents of the rock con-
stituents, such as calcite and quartz cements, as
well as pores were measured from the photomi-
crographs of thin sections using an Olympus
microscope equipped with a CL8200-MKS CL
attachment following the method of Wang et al.
(2015). In addition, grain size and sorting were
also determined by measurements of at least 120
grains per thin section. We conducted x-ray dif-
fraction (XRD) analysis using a Rigaku D/MAX-
2500 V/PC powder diffractometer equipped with
Ni-filtered Cu-Ko radiation and scintillation detec-
tor, with the mineral phase evaluated by Clayquan
software (version 2016). Fluid inclusions were
mainly collected from quartz overgrowths and
fractures inside quartz in sandstones of the Benxi,
Taiyuan, Shanxi, and Xiashihezi Formations to
obtain the temperature of homogenization and sa-
linity. All samples were measured with a Linkam
THMS600 at 20°C and 30% humidity, with the
method referenced in Z. Xu et al. (2017).
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RESULTS
Sandstone Composition

Petrographic investigation showed that the sand-
stones are litharenites, feldspathic litharenites, lithic
arkoses, and sublitharenites. The Xiashihezi Forma-
tion is dominated by feldspathic litharenites (75% by
whole-rock volume), followed by litharenites (23%)
with a few lithic arkoses. The Shanxi Formation
is mainly composed of feldspathic litharenites (57%)
and litharenites (35%), with a few lithic arkoses
and sublitharenites. The Taiyuan Formation is do-
minated by litharenites (73%) and includes 22%
feldspathic litharenites and almost 5% quartz-
arenites. The Benxi Formation sandstones can be
classified as litharenites (36%) and sublitharenites
(35%) with a significant amount of feldspathic
litharenites (24%) (Figure 4; Table 1).

The detrital components comprise approximately
45%-65% quartz, which is the most abundant detri-
tal mineral. The quartz content increases slightly from
the Xiashihezi Formation to the Benxi Formation as
the sedimentary environment transited from a fluvial
delta to an epicontinental environment (Li et al.,
2015). The average chert volume is high in the Benxi
Formation, with an average value of 2.1%. Plagioclase
feldspar and K-feldspar are commonly seen in the
Xiashihezi and Shanxi Formations, with average
values of approximately 5% and 10%, respectively.
However, a sharp decrease in feldspar content occurs
from the Taiyuan Formation to the Benxi Formation,
with plagioclase feldspar barely perceptible in the
Benxi Formation.

Quartzarenite is rarely observed in the study area,
with the volume percentages of K-feldspar reaching
almost 5% in the Taiyuan and Benxi Formations. This
occurs for various reasons: (1) the study area is close
to the source area of the Yimeng uplift, with a fraction
of the plagioclase and K-feldspar still remaining be-
cause the transport distance was short (C. Lv et al,,
2017); and (2) the sampled cores were recovered from
the thick sandstones (potential reservoirs for tight gas),
and the thin sandstones deposited during the rapid
transgression period (with higher content of quartz-
arenite) were rarely sampled because they were not
potential prolific gas reservoirs. The first reason is also
supported by more than 20% (vol. %) of quartzites in
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all the formations and 10% (vol. %) of igneous rocks
in the Xiashihezi and Shanxi Formations (Table 2).

Sandstone Properties

Porosity and Permeability

Porosity and permeability were measured by helium
porosimetry and permeability experiments. These
data indicate low values for all samples from the dif-
ferent formations. Approximately 85% of the samples
show porosities below 10% (Figure S5A) and more than
90% of the samples have permeabilities below 1 md
(Figure 5B). Similar results were reported by Li et al.
(2016) in which helium-measured porosities ranged
from 1.0% to 4.9% in the study area.

The porosity and permeability distributions of
the different formations are shown in Figure 6. The
Xiashihezi sandstones generally have higher po-
rosity and permeability relative to the other units.
As burial depth increases from 1200 to 2200 m (3937
to 7218 ft), the porosity of the sandstones decreases
within each of the Shanxi, Taiyuan, and Benxi For-
mations (Figure 6A). The permeability shows no
significant change with depth (Figure 6B). The sand-
stones of the Benxi Formation exhibit low porosities
but relatively high permeabilities. Furthermore, it
should be noted that the porosity of the sandstones
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in the Taiyuan Formation is generally higher than
that of the Shanxi Formation.

The porosity and permeability of the sandstones
are not only controlled by their burial depth but also
by complex physical and chemical processes acting
during their deposition and diagenesis. The separate
impacts of compaction, cementation, and dissolution
during diagenesis on porosity and permeability are
discussed in the Diagenetic Mineralogy section.

Pore Types

The Xiashihezi Formation experienced weak com-
paction relative to that of the underlying strata, with
a part of the primary intergranular porosity re-
maining (Figure 7A). Dissolution pores are common
within the intergranular cements (Figure 7B, C). As
burial depth increases, dissolution pores occur on
feldspars and lithic fragments (Figure 7D, E) and also
on detrital grain boundaries (Figure 7F). Both pri-
mary and secondary pores are well developed in the
sandstones of the Xiashihezi Formation, rendering
a relatively higher porosity than that of the other
strata.

The primary pores are difficult to distinguish in
the sandstones of the Shanxi Formation, with quartz
overgrowths widely distributed (Figure 7G). Siderite
and other minerals fill parts of the pores (Figure 7H).
Feldspar dissolution is well developed, with some

LI ET AL 2763
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Figure 4. Rock composition of sandstones from different formations in the Linxing area. (A) Xiashihezi Formation; (B) Shanxi Formation;
(C) Taiyuan Formation; (D) Benxi Formation. The ternary plot refers to the sandstone classification standard of Folk et al. (1970). The green
diamonds represent rock composition plots of different samples. F = feldspar; L = lithic fragments; Q = quartz and chert.

feldspars transformed into kaolinite and other clay
minerals (Figure 7I). The results show that the Shanxi
Formation has undergone strong compaction, with
dissolution effects also having important significance
in the development of porosity.

Quartz overgrowths are also extensively developed
in sandstones of the Taiyuan Formation, partially rep-
resented by mosaic cementation. However, the disso-
lution effect is strong, with lithic and quartz grains
being dissolved (Figure 7J, K). This also explains the
higher apparent porosity of sandstones in the Taiyuan
Formation relative to those from the Shanxi Formation
(Figure 6). Furthermore, fractures are relatively well
developed in the Taiyuan Formation, which may also
contribute to the higher porosity and permeability.

2764

Thin sections from the Benxi Formation show no
large differences in pore compositions (not shown).

Diagenetic Mineralogy

Apparent from the various pore morphologies, the
sandstones have undergone various diagenesis pro-
cesses. Compaction, dissolution, and cementation of
silicates and carbonates and the transformation of
the authigenic clay minerals are apparent.

Compaction
Compaction occurs soon after deposition, and the
continuously deposited material results in water

Diagenetic Sequences of Tight Sandstones in Various Environments
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Table 1. Rock Compositions of Sandstones from Different Formations with Data Plotted in Figure 4

Percentage of Different Rock Types, %

Sample Nos. Formation Quartzarenite Sublitharenite Lithic Arkose Feldspathic Litharenite Litharenite
159 Xiashihezi - - 2 75 23

59 Shanxi - 2 6 57 35

121 Taiyuan 5 - - 22 73

16 Benxi 5 35 - 24 36
Abbreviations: — = not applicable; Nos. = numbers.

discharge of the lower strata, which manifest as the
sediment volume and porosity both reduce (e.g.,
Lundegard, 1992; Ramm, 1992; Fisher et al., 1999).
Compaction generally shows a strong effect at
depths less than 2500 m (<8202 ft), with the in-
tergranular pore volume declining abruptly from
approximately 40% at the surface to approximately
28% at 1500 m (4921 ft) (Paxton et al., 2002). Thus,
the decrease in porosity from depths of 1200 to
1500 m (3937 to 4921 ft) in Figure 6 likely results
from compaction, which is apparent in thin sections
(Figure 8). Significantly, grain intergrowths are ap-
parent on the detrital grains (Figure 8A), with con-
tact edges deformed into concave-convex interfaces.
The small grains and detrital material are tightly
packed, with no spare pores (Figure 8B). The soft
sedimentary rocks have been deformed and reshaped
as the mica in Figure 8C and the argillaceous and
ferrous cements show a directional distribution per-
pendicular to the compaction stress (Figure 8D).

Quartz Cement

Quartz cement commonly occurs as pore-filling cement
with syntaxial overgrowths around detrital quartz
grains. Secondary enlargement around quartz is

observed under polarized light microscopy (Figure
9A, B), with the contours of the original clasts
identified by a remnant clay film left at the edge of the
grains. The optical orientation of the secondary en-
larged side agrees with the original quartz grains. Au-
thigenic quartz occludes intergranular and dissolution
pores, decreasing the porosity and bridging narrow pore
throats (Figure 9C, D). Quartz overgrowth partly oc-
curs together with authigenic clay minerals such as the
illite in Figure 9C and kaolinite in Figure 9D. The
boundaries of the detrital quartz grains and the cements
are typically traced by fluid inclusions, irregular corro-
sion, and clay coatings (Figure 9A, B).

Clay Minerals Cement

Clay minerals, including kaolinite, illite, chlorite, and
minor amounts of Fe-rich clays, generally coat the
surfaces of particles or are seen as authigenic shapes
infilling the pores. The authigenic clay minerals are
mainly kaolinite, chlorite, illite, and illite—smectite
(I/S). The euhedral shape of the kaolinite shows
booklet and helminthoid filling in the intergranular
and dissolved pores that are enveloped by, and thus
predate, quartz overgrowths (Figure 10A, B). As the
burial depth increases, the surface of the kaolinite

Table 2. Statistical Table of the Relative Contents of Clastic Components of the Upper Paleozoic Sandstone in the Linxing Area

Detrital Components, %

Sample Nos. Formation Q C Pf K-f Rs Ri Rm Qd Mica Hm Sum.
165 Xiashihezi 455 0.7 5.6 10.7 0.4 10.2 2.1 23 1.1 0 100
65 Shanxi 475 1.2 46 10.1 0.2 11.2 1.3 22.7 1.2 0 100
135 Taiyuan 50.8 1.2 3.5 5.2 0.6 74 1.1 29.7 0.3 0 100
16 Benxi 65.1 2.1 0.7 6.2 0 22 1.4 22.1 0.3 0 100

Abbreviations: C = chert; Hm = heavy mineral; K-f = K-feldspar; Nos. = numbers; Pf = plagioclase feldspar; Q = quartz; Qd = quartzite debris; Ri = igneous rock; Rm =

metamorphic rock; Rs = sedimentary rock; Sum. = summary.
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Figure 5. The helium-derived (A) porosity and (B) permeability distributions of different ranges.

is covered with hairlike illite, indicating that the
kaolinite is transforming into illite (Figure 10D, E).
Chlorite has a good idiomorphic degree (in the shape
of a rose petal) and is attached to the surfaces of
the clastic particles. Microcrystalline Fe-rich chlorite
rims are found around the detrital feldspar grains
(Figure 10J). The surface of the authigenic quartz
also grows with chlorite, showing that the chlorite
postdates the overgrowth of quartz (Figure 10I).

In the shallow strata, the illite is generally flaky and
attached to grain surfaces (Figure 10E), but as depth
increases, the illite occurs as fibrous pore-lining crys-
tals, together with Fe-calcite (Figure 10F) and authi-
genic quartz (Figure 10I). The I/S layering is a product
of smectite transforming into illite and occurs as
honeycomb filling-in of the pores (Figure 10C). As
depth increases, the I/S layers gradually transform
into illite, and the smectite in the I/S mixed layer
decreases gradually until completely exhausted.

The total volume content of clay minerals is high
in the study area and comprises sedimentary clay de-
posits and authigenic clay minerals generated during
diagenesis. The total clay mineral content increases
with increasing burial depth; however, the content
of different clay minerals (kaolinite, illite, chlorite,
and 1/S) shows different trends (Figure 11). With
increasing burial depth, the relative content of
kaolinite shows a trend that increases, decreases, then
increase (Figure 11A), whereas the volume contents
of chlorite and I/S mixed layers decrease consistently
with increasing depth (Figure 11B). The top of the
Xiashihezi Formation exhibits the highest content of
illite and decreases gradually as burial depth increases
(Figure 11C). The I/S mixed layer decreases from
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75% to 15%, indicating a gradual transition from a
disordered layering to an ordered mixed layer. This
phenomenon indicates that the tight sandstones of
the Taiyuan Formation entered a mesodiagenetic stage.

Carbonate Cement

Carbonate cements are volumetrically predominant,
including calcite, Fe-calcite, and ankerite, as well as
a small amount of siderite. Calcite and Fe-calcite
are generally present as rhomboids or mosaic shapes
infilling the pores (Figure 9E, G). The Fe-calcite can
be seen deposited within the dissolved feldspar and
on the edges of quartz overgrowths (Figure 9E, L).
The calcite, which is microcrystalline to sparry, grows
over, envelops, and therefore postdates the quartz
overgrowths in the large intergranular pores (Figure
9H). Ankerite occurs as sparry and coarse-crystalline
cement and partly or completely infill the large in-
tergranular pores (Figure 9F). Siderite intraclasts are
massive and developed with crystallites (Figure 9K).
Other siderite intraclasts are rounded and overgrown
by euhedral siderite cements and partly or completely
fill the intergranular pores (Figure 9I).

Other Cements

Pyrite is a minor cement that was observed in thin
sections and in cores. The formation of pyrite requires
certain amounts of sulfur, which is most readily
supplied by a flux of H,S derived from the break-
down of sulfur-bearing organic material during the
early phases of maturation of organic matter in
a reducing environment (Al-Ramadan et al., 2005;
Karim et al, 2010). Pyrite is not only seen in the
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Taiyuan and Benxi Formations, which were deposited
in an epicontinental environment, but also in the
Shanxi Formation, which represents a fluvial-deltaic
environment. Pyrite framboids fill intergranular pores
or occur over the carbonate cements (Figure 9J), which
probably formed during early and late stages, as ap-
parent in other studies (El-ghali et al., 2006; Xi et al.,
2015a). Ferruginous cements are apparent as micro-
scopic black mineral grains, such as ferruginous clay
strips (Figure 91) and mud crystal siderite (Figure 9K).

Dissolution

Apart from the sandstones in the Xiashihezi For-
mation, most of the sandstones present no primary
intergranular pores; the pores mainly comprise sec-
ondary pores generated during the dissolution pro-
cess (Table 4). The dissolution is confined mainly to
feldspars (Figure 12A, B) and lithic fragments but
also to cements (e.g., calcite dissolution in Figure 12C).
Furthermore, as the burial depths increase, the quartz
also shows dissolution (Figure 12D), with illite occur-
ring on quartz grains.
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Figure 12B shows an ongoing process of feldspar
dissolution, whereas the feldspar in Figure 12A has
been generally dissolved and is transforming into
kaolinite. The surface porosity (by volume) evaluated
from microscopy ranges between 3% and 4%. The
Shanxi Formation presents the lowest value (3.07%),
and the Taiyuan Formation presents the highest
(4.23%) (Table 4). The dissolution of feldspar is ac-
companied by the formation of clay minerals and is
commonly accompanied by microcrystalline kaolinite
and quartz overgrowths. The illite and authigenic
quartz are generally generated in deeper strata, locally
with visible chlorite filling of dissolution pores.

DISCUSSION
Diagenetic Controls on Reservoir Quality
Impacts of Clay Minerals on Pores

Positive Impacts—Different kinds of minerals show
different effects on pore evolution throughout the
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Figure 6. (A) Porosity and (B) permeability variations with depth for samples collected from different formations in the study area. The

dashed blue line represents the brief variation trend. C,b = Benxi Formation; C,t =

Xiashihezi Formation.
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Xiashihezi and Shangshihezi Formations

Shanxi Formation

Taiyuan Formation

(gj

Figure 7. Pore types of the tight sandstone reservoirs. All the sections were selected from well T2, which is located in the southwestern
part of the study area, and the depths are marked. (A) interpores; (B) dissolution pores; (C) interpores and dissolution pores; (D)
feldspar dissolution pore; (E) lithic dissolution pores; (F) grain edge dissolution pore; (G) quartz overgrowth; (H) siderite; (I-L) dis-

solution pores.

entire diagenetic process (Ece et al., 2013; Zhu et al.,
2016). Several studies have reported that previ-
ously formed chlorite rims developed on quartz
grains preserve porosity in sandstones, as reported from
the overpressured reservoirs of the Mississauga For-
mation of the Venture and Thebaud fields (Gould,
2007). Chlorite formed during the eodiagenesis
stage is generally a film wrapped around the edges

of grains. This diagenesis both reduces the in-
tergranular porosity as a cement but enhances the
stability between particles, which reduces the
damage caused by compaction on intergranular
pores and acts to stem further reduction in porosity.
This partly explains the existence of residual in-
tergranular pores in the tight reservoirs of the
Xiashihezi Formation.
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Figure 8. Characteristics of compaction in the study area. (A)
Grains contacted in a concave-convex structure; (B) strong
compaction of quartz grains, small grains, and lithic fragments
closely compacted; (C) volcanic rocks, grains compacted and
deformed, metasomatic Fe-calcite in lithic fragments, and pore
infillings; (D) silty structure, quartz, feldspar, and argillaceous
siderites. L = well name; P;s = Shanxi Formation; P,x = Xiashihezi
Formation; T = well name.
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We found that silica cement has a similar effect.
In the Taiyuan Formation, quartz secondary enlarge-
ments and authigenic quartz particles are well
developed, and the framework particles are mo-
saicked. The silica cementation enhances the strength
of the skeleton of sandstone particles, which leads
to the preservation of intergranular pores in the
tight reservoirs of the Taiyuan Formation. This
partly explains why the porosity of the Taiyuan
Formation is higher than that of the Shanxi For-
mation. Furthermore, siderite cement inhibits the
formation of quartz overgrowths and thus contributes
to the preservation of porosity (as noted by Rossi

et al., 2001 and Karim et al., 2010).

Negative Impacts— Although the chlorite and quartz
show some positive effects in preserving intergranular
porosity, most of the clay minerals show a negative
effect on porosity and permeability. Overall, the
porosity and permeability of tight sandstones de-
crease with the increase of the clay mineral content.
Low-porosity sandstones are generally cemented by
quartz overgrowths and by kaolinite and carbonate
cements (including siderite), which significantly de-
crease porosity (Jansa and Urrea, 1990).

The kaolinite cements are generally present as
hexagonal crystals, and the aggregates are generally
vermicular and accordionlike. They are formed in
acidic diagenetic environments and reduce reservoir
porosity (Zhu et al., 2008). Chlorite cements, mainly
generated in the late stages of diagenesis, are gener-
ally leaflike and filamentous and generally grow
along grain surfaces; these greatly reduce the perme-
ability of the reservoir (Cao et al., 2018). Pyrite
cementation mainly develops in strong reducing en-
vironments, which are causally related to the distri-
bution of organic matter or hydrocarbons (Worden
etal., 2003). The pyrite cements in the study area are
generally formed in the late stages of basin evolution
and have regular octahedral shapes (under SEM).

Impact of Dissolution on Pores—Dissolution is an im-
portant diagenesis process that typically increases
both porosity and permeability and, as such, improves
reservoir quality (de Melo et al, 2015; Ma et al,,
2017). During the maturation of organic matter (coal
and dark shales) in the Taiyuan Formation, a large
amount of organic acid is generated during the
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Figure 9. Silicate, ferruginous, and carbonate cements in the tight sandstone. (A) Quartz (Q) overgrowth (Qa) with observed original
boundary; (B) dissolution pores and quartz secondary enlargement; (C) pore-filling authigenic quartz that is euhedral crystallized; (D)
authigenic quartz occurred with booklike kaolinite; (E) Fe-calcite filling intergranular pores; (F) sparry and coarse-crystalline ankerite filling
in intergranular pores; (G) microcrystalline calcite and sparry calcite; (H) calcite filling intercrystalline pores; (I) siderite filling in in-
tergranular pores; (J) cluster pyrite shown as a black mineral grain; (K) massive siderite clasts; (L) Fe-calcite filling in dissolution pores.
C,t = Taiyuan Formation; L = well name; P;s = Shanxi Formation; P,x = Xiashihezi Formation.

coalification and thermal evolution process, together
with CO, (Li et al., 2017b). These acids react with the
limestones in the Taiyuan Formation and result in
dissolution of feldspars, lithic fragments, and cements,
creating secondary pores (Table 4).

Dissolution by organic acids also exerts a largely
negative effect on reservoir porosity, permeability,
and therefore quality. The early-deposited calcite and

chlorite cements can enhance the skeletal strength
and stiffness of sandstones (Wang et al., 2017), but
their dissolution can obviate this positive effect in
resisting compaction, resulting in increased dam-
age to residual intergranular pores. Furthermore,
after dissolution, the quartz particles remain exposed
and are subject to a wide range of possible developments
for secondary enlargement (Lai et al., 2017).
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Figure 10. Clay minerals in the tight sandstone imaged by scanning electronic microscopy. (A, B) Euhedral kaolinite in intergranular
and dissolved pores; (C) honeycomb illite-smectite mixed layers; (D, E) kaolinite connected to hairlike illite; (F) fibrous illite occurring as crystals
with Fe-calcite; (G, H) illite filling in dissolution fracture; (1) fibrous illite formed after authigenic quartz; (J) microcrystalline chlorite rims found
around the feldspar grains; (K) flaky chlorite occurring together with secondary albite; (L) chlorite in the shape of a rose petal. C;t = Taiyuan
Formation; L = well name; P,s = Shanxi Formation; P,s = Shangshihezi Formation; P,x = Xiashihezi Formation; T = well name.

The Transformation of Diagenetic Clay Minerals and Its
Correlation with Porosity—The porosity of the tight
sandstone reservoir is strongly influenced by the ef-
fects of compaction, cementation, and dissolution
(Rahman and Worden, 2016). The original porosity
is reduced by compaction and cementation, and the
dissolution of the grain skeleton or framework
increases the porosity of the reservoir to a certain
extent. As the diagenetic process proceeds, the
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pore combinations comprising the reservoir progress
from single primary intergranular pores to combina-
tions of primary pores, then secondary pores, then
intercrystalline pores in clay minerals. The final dis-
position of pore types comprises secondary pores and
intercrystalline pores in clay minerals as present in the
study area.

Different clay mineral transformations have pro-
ceeded in the different formations with different
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Figure 11. Relative contents of different clay minerals with increasing depth. (A) Kaolinite; (B) illite; (C) chlorite; (D) illite/smectite

mixed layers. Dashed red lines represent brief variation trends.

impacts on the terminal porosity and perme-
ability (Wang et al., 2017). In the Shanxi and
Taiyuan Formations, for example, the feldspar
surfaces are easily dissolved, and these forma-
tions evolve with relatively well-developed dis-
solved pores (Figure 13A). As time progresses, part
of the feldspar and grain cements are completely
transformed into kaolinite, which obstruct the pores
and pore throats (Figure 13B). The kaolinites of the
Shanxi Formation (Figure 13C) exhibit euhedral
crystalline, booklet, and six plate forms with well-
developed intergranular pores. In most of the
samples, however, kaolinite (tending to illite) fills
in the intergranular pores with euhedral quartz
overgrowths, and the porosity is substantially de-
creased (Figure 13D).

The sandstones in the Taiyuan Formation show
a relatively higher degree of diagenesis, with platy ka-
olinite infilling the intergranular pores and with well-
developed intercrystalline pores (Figure 14A). Part of
the kaolinite is dissolved, with pores being more de-
veloped (Figure 14B), which, to some extent, explains
the relatively high porosity of the sandstones of the
Taiyuan Formation (Figure 6). The kaolinite is
transforming into illite, with hairlike illite filling the
pores and with quartz overgrowths (Figure 14C).
Part of the illite retains a honeycomb structure, in-
dicating that it has been transformed from smectite
(Figure 14D).

Timing of Diagenetic Processes

It is difficult to determine the exact timing of the various
diagenetic processes, but the sequence of diagenetic
events can be established from the lithofacies structure
and stratigraphic burial history (Mansurbeg et al., 2008).
Indices associated with the classification of diagenesis
process associated with clastic rocks include (1) the
structural characteristics and pore types of the sand-
stones and the contact relationships between the parti-
cles; (2) the formation sequences and distribution of
authigenic minerals; (3) the combination of clay min-
erals; (4) the paleo temperature (recovered from the
homogenization temperatures of fluid inclusions ob-
served mainly in the fractures of quartz); (5) the degree
of conversion of clay minerals in the I/S mixed layers;
and (6) the maturity of organic matter, together with
other factors (Zhu et al., 2008; Schmitt et al., 2015).

Eodiagenesis

The tight sandstone reservoir in the study area has
experienced mesodiagenesis, but the type and ex-
tent of eodiagenesis directly influenced the devel-
opment of later diagenesis as well as the ensuing
reservoir properties (El-ghali et al., 2006). The eo-
diagenesis mainly involved the mechanical compac-
tion of detrital particles, cementation of siderite and
clay minerals, and dissolution of the unstable detrital
particles (Figure 15).
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Figure 12. Dissolution pores in the tight sandstones. (A)
Feldspar dissolution, partly replaced by kaolinite; (B) feldspar
dissolution pores, observed ongoing dissolution process,
and quartz overgrowth caused by the pressure solution (pointed
at by the arrows); (C) calcite dissolution pores and poorly
crystallized chlorite; (D) quartz showing a kind of dissolution
and illite on quartz grains. C,b = Benxi Formation; L = well
name; P;s = Shanxi Formation; P,s = Shangshihezi Formation.
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As the sedimentation and burial depth increased,
increased overburden pressure gradually compacted
the assemblage and rearranged the particles, with the
excess pore water expelled (Bjerlykke, 2014). Thin
sections enable the observation of directional align-
ments of the framework of particles and deforma-
tion of mica and nonrigid particles (Mansurbeg et al.,
2008). The contacts between the particles compris-
ing the structural framework also gradually change
from point contacts into line contacts, resulting in
reductions of intergranular porosity (Hakimi et al.,
2012, 2013). In the Xiashihezi and Shanxi Forma-
tions, the contacts between particles in the tight
reservoir are mostly from planar to concave-convex,
with commonly seen directional alignments of feld-
spars and extrusion deformations of nonrigid lithic
fragments such as mica (Figure 8). All of the above
observations indicate that mechanical compaction
has significantly damaged or reduced the porosity of
the tight reservoir (Figure 15).

Mesodiagenesis

The mesogenetic minerals are controlled by the trap-
ping of basinal fluid and influenced by the presence of
hydrocarbons, together with temperature, pressure,
and the characteristics of lithofacies, including any
basinal inversions (Karim et al., 2010).

Pyrite and siderite are both present in the mesogenic
stage (Figure 16; Karim et al., 2010), with chlorite
widely presented as chlorite rims and fibrous pore-
filling chlorite. Studies have shown that the disso-
lution of siderite is a source of Fe for chlorite (lijima
and Matsumato, 1982), and the conversion of
berthierine to chlorite occurs at temperatures
above 70°C-100°C (Worden and Morad, 2009).
Furthermore, chlorite rims evolve into fibrous
pore-filling illite (Figure 10L), which are meso-
genetic minerals. The pore-filling chlorite and illite
are precipitated later than the quartz overgrowths
but postdate the carbonate cements. The chlorite
content decreases linearly as depth increases in this
study area (Figure 11C). The chloritization of kao-
linite may occur at 165°C-250°C (Boles and Franks,
1979) or 100°C (Curtis et al., 1985), as recognized
from different basins. But the variations in chlorite
and kaolinite contents show no correlation here (Fig-
ure 11A, C). The Benxi Formation shows quite lim-
ited chlorite content, which may result from the
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Figure 13. Influence of clay minerals on pore structure development in the Shanxi Formation. (A) Surface of feldspar being dissolved;
(B) part of the feldspar and cements have been completely transformed into kaolinite; (C) the kaolinite shows quite good euhedral
crystalline, booklet, and hexagon shapes, with well-developed intergranular pores; (D) kaolinite (transforming to illite) fills in the in-

tergranular pores, with euhedral quartz overgrowths. L = well name.

acidic environment resulting from the coalification
process. Furthermore, siderite is readily dissolved
by the CO, generated during the early coalification
process (Li et al., 2017b) and increases the concentra-
tion of Fe?" in the basin fluids.

A total of 36 fluid inclusion samples from the
sandstones and limestones were tested to constrain
temperature variations during diagenesis, including
the time of hydrocarbon generation and the neces-
sary temperatures of mineral precipitation (Hendry
et al., 2000; Rahman and Worden, 2016). The fluid
inclusion data indicate that there are two major phases
of hydrocarbon generation, with the corresponding
temperatures of peak hydrocarbon generation at
approximately 125°C-135°C and 160°C, respec-
tively (Figure 16). The first stage of hydrocarbon

2774

generation was caused by magmatism concurrent with
the Yanshanian movement, and the second stage of
hydrocarbon generation was mainly caused by the
maximum burial depth (Gao et al., 2018).

The mesogenetic carbonate cements include
ankerite, Fe-calcite, and calcite. The carbonate ce-
ments are correlated with the CO; generated during
the decarboxylation of organic matter in coal or the
dark shales in the coal-bearing strata and corre-
sponding abundant Ca®*, Mg®", and Fe®" ions in the
formation water because the strata are less perme-
able for large ions than for CH, or CO; (Karim et al.,
2010). Methane generated in the early stages of
hydrocarbon maturation produce dissolved Fe from
iron oxides and hydroxides until the iron oxides are
exhausted. Ankerite and illite are generated at
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Figure 14. Influence of clay minerals on pore structure development in the Taiyuan Formation. (A) Platy kaolinite fills in the in-
tergranular pores and intercrystalline pores developed; (B) the kaolinite is dissolved with more developed pores; (C) part of the kaolinite
tends to be illite, and the transformation is in an initial stage; (D) hairlike illite infilling the pore with an overgrowth of quartz and quite
limited pore spaces and the illite showing a honeycomb structure (transformed from smectite). L = well name.

temperatures greater than 120°C (Hendry et al.,
2000) and participate in mesogenetic processes
(Figure 15). What cannot be neglected is the ef-
fect of dissolution, with the Benxi and Taiyuan
Formations having sandstones with quartz grains that
are actively dissolved, resulting in a slightly increased
permeability of the Taiyuan Formation. However,
the porosity of the Benxi Formation does not show as
large an increase as that in the Taiyuan Formation,
which may be because of the greater effect of com-
paction and higher contents of kaolinite and illite
(47% and 36%, respectively, from the XRD data in
Table 3).

Key Clay Minerals Associated Different Diagenetic Process
The diagenetic evolution of the strata together with
its correlation with resulting pore structure was
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restored (Figure 16) from thin sections, SEM images
the distribution and structural relationships of
the diagenetic authigenic minerals and data on
sedimentary burial history. From this analysis, it
is clear that the eodiagenesis process includes
compaction, the development of smectite, the
development of chlorite rims, the precipitation of
subhedral microquartz and pore-filling authigenic
quartz, the crystallization of disordered kaolinite,
and precipitation of calcite and Fe-calcite. The
mesogenesis process includes compaction, the
precipitation of dolomite and ankerite, the pre-
cipitation of quartz cements (i.e., pore-filling
amygdaloidal-shaped quartz and quartz over-
growths), the precipitation of ordered kaolinite
and kaolinite to dickite transformations, the partial
dissolution and replacement of feldspar, and smectite-
to-illite reactions.
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Compaction effect:

Quartz (red),debris (pink) and feldspars(light orange)
compacted as a solid sedimentary rock by pressure from
overlying strata; the siderite (orange) and carbonate
(yellow) show an effect of cementation.

Pores are mainly of intergranular pores (white).

Quartz overgrowth of first stage, chlorite film occurred:

As the burial depth increases, the compaction effect increases
and the volcanic debris and mica are being dissolved and first
enlargement of quartz happened. Part of the quartz is
surrounded by the film shaped chlorite (blue) formed by the
dissolution of iron-rich sediments, which stop the overgrowth
of quartz to some extent.

Primary pores decrease due to cementation.

Feldspar, calcite dissolution,
quartz overgrowth for the second time,
authigenic kaolinite cementation:

The dissolution of feldspar and calcite accelerate the second
overgrowth of quartz. The dissolved feldspar starts changing
into kaolinite (green) by acidic fluid erosion,

The pore volume decreases further.

The stage can be seen in Xiashihezi and Shanxi Formations.

Illite, ferrocalcite and ankerite cementation:

Kaolinite transformed into smectite and illite (purple), which
makes the composition of clays much more complicated.

The primary pores generally disappeared at this stage.

The stage can be seen in Shanxi and Taiyuan Formations.

Higher degree of dissolution, with quartz dissolution:

As the temperature and pressure increases, the quartz started
to be dissolved, and part of the dissolution along debris
contact joints.

The pore volume shows a kind of increase.

The stage mainly happened in Taiyuan Formation.

a» | o C P - [ »
Quartz Feldspar Lithic fragments Pore Kaolinite Ilite Calcite Siderite
2776 Diagenetic Sequences of Tight Sandstones in Various Environments

Downloaded from https://pubs.geoscienceworld.org/aapgbull/article-pdf/103/11/2757/4845758/bltn18062.pdf
bv Pennsvivania State Univ Serials Dept user



Time, temperature, and pressure ———»

S 0.5% R,
Infiltrated clays I

Mechanical compaction |

Maximum bu

1.0% R,

ssssnnnnEnnnn
ssshumsmmnmnn

Siderite cementation |

Smectite precipitation |

1/S coﬁtéﬁ;.

Diagenetic events

1Quartz cementation

| Feldspar dissolution

| Carbonate cementa

Acid environment

- Ka$inite I-J;;gi.pitation and ;;;l

Illite precipitation a

Chlorite precipitaii-o

Pore types

|Intergranular pores
SEEEEEEEEEEN EEEENEEEEEEES

Organiclacids released
Dis_s_o_l.u_ti_o_q:PgEgg from feldsEar and dt_:t_
D

lntracrystalline pores from clay mineral
LN IEESEEREENEREREEEERN S

Pores wiih quartz and carbonate ceme

Fuql!e_r

Frequency
e

(=

90 120

Fluid inclusion temperature/°C

150 180

Eogenesis

Mesogenesis A

MesogenesisB

Figure 16. Paragenetic sequence and pore evolution deduced from the paragenetic relationship in tight sandstones from all the
studied wells. Solid blue lines represent probable timing based on observed diagenetic and mineralization phases. Dashed blue
lines represent inferred or or not well-constrained diagenetic and mineralization phases. I/S = illite-smectite; R, = vitrinite

reflectance.

The Influence of Depositional
Environment on Diagenetic Process

The diageneses of strata vary by sedimentary envi-
ronments (Lai et al., 2015; Vincent et al., 2015). The

environments can be divided into fresh-to-semibrackish
and acidic (mainly in coal-bearing strata) and alkaline
waters (Vassilev et al., 2010). The upper parts of the
study area represented by the Xiashihezi Forma-
tion are fluvial and consider a fresh-to-semibrackish

Figure 15. A generalized model for the evolution of minerals and pores observed in the tight sandstones. (A) Quartz, lithic fragments,
and feldspars compacted by overlying strata, and pores are primarily intergranular pores; (B) volcanic debris and mica begin to be
dissolved and release siliceous material to form quartz secondary enlargements. Chlorite rims occur around quartz grains during the
stage, which stop the overgrowth of quartz to some degree. Intergranular pores decrease gradually because of lasting compaction and
cementation; (C) further dissolution on feldspar accelerates the second quartz overgrowth. Volcanic debris and feldspar are partially
replaced by kaolinite, and the pores decrease significantly; (D) kaolinite transformed into smectite and illite, and the original pores have
almost disappeared; (E) quartz begins to be dissolved, and the dissolution pores increase, which turns out to be the present phenomenon.
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environment. However, the coal-bearing strata from
the Benxi Formation to the base of the Shanxi For-
mation belong to an acidic water environment.

Kaolinite is mainly derived from feldspar, and the
transformation of kaolinite to illite cannot proceed in
the absence of potassium ions because the present
K-feldspar content is low for all the formations (Table 2).
The kaolinite contents are lowest in the Taiyuan
Formation in contrast to the high illite content
(Figure 17B). The presence of grain-coating illite,
with hairlike and honeycomblike crystals with
spiny terminations, indicates a diagenetic origin
through the transformation of depositional or in-
filtrated clays (Figure 14D; Morad et al., 2000).
The increased content of illite is from the Xiashihezi
to the Shanxi and Taiyuan Formations and is
partly dominated by the I/S transformations, as
indicated by the converse trend of I/S and kao-
linite contents (Figure 17B). Furthermore, the illi-
tization process requires a source of potassium,
which in this case is probably supplied from the
alteration of feldspars as apparent from the de-
creasing K-feldspar contents (Figure 17A; Eh-
renberg, 1993; Morad et al., 2000). By inference,
the alteration of feldspar, generation of illite, and
creation of secondary pores may have been co-
incident, which would partly explain the rela-
tively high porosity of the Taiyuan Formation
sandstones (Figure 17C, D).

The average kaolinite content is especially high
in the Benxi Formation (47% of all the clay minerals)
because of the (1) feldspar alteration resulting from
the influx of organic-derived CO, (Rahman and
Worden, 2016) as the Benxi Formation is deposited
as thin coal seams and high-organic carbonaceous
mudstones (Li et al,, 2016); (2) unstable illite and
chlorite in an acidic environment that is converted into

Table 3. Distribution of Clay Minerals from X-Ray Diffraction Data

stable kaolinite; and (3) reality that the Benxi Forma-
tion was deposited directly on the weathering crust
over approximately 130 m.y. from the Late Ordovician
to early Carboniferous (Yang et al., 2005), with more
weathered rock fragments transformed into kaolinite
(Figure 17B; Table 3).

During the transformation of smectite to illite
and congruent with pressure solution at stylolites,
large quantities of silica were provided for quartz
overgrowths (e.g., Figure 9B). These would promote
the development of authigenic quartz overgrowths
(decreasing porosity and permeability) in the Shanxi
and Taiyuan Formations (Xi et al., 2015b; Ma et al.,
2017). As the environment transformed from fluvial
(Xiashihezi Formation) to deltaic (Shanxi For-
mation) and then to epicontinental (Taiyuan and
Benxi Formations), the dissolution effects gradually
increased. As a result, the Shanxi Formation would
have mainly experienced feldspar dissolution, with
the Benxi and Taiyuan Formations developing
quartz dissolution pores (Figure 7J). Furthermore,
the decrease in chlorite and the I/S layers is
also controlled by the acids that are generated
during coalification and the gas generation process
(Figure 17B).

CONCLUSIONS

1. As the environment transformed from fluvial
(Xiashihezi Formation) to deltaic (Shanxi For-
mation) and then to epicontinental (Taiyuan and
Benxi Formations), dissolution effects mono-
tonically increased. Congruent with this transi-
tion are observations that the Shanxi Formation
mainly contains feldspar dissolution pores,
whereas the Benxi and Taiyuan Formations contain

Clay Mineral Content, %

Sample Nos. Formation Kaolinite lllite Chlorite /S C/S I of I/S Cof ¢/S
241 Pox 23 20 29 24 4 70 19
41 P:s 20 50 18 11 0 54 5
104 Gt 13 78 4 5 0 17 1
18 Gb 47 36 8 0 61 0

Abbreviations: C of C/S = chlorite content of chlorite/smectite; C/S = chlorite/smectite mixed layer; C,b = Benxi Formation; C,t = Taiyuan Formation; | of I/S = illite content of
illite-smectite; I/S = illite—smectite mixed layer; Nos. = numbers; P;s = Shanxi Formation; P,x = Xiashihezi Formation.
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Table 4. The Pores Recognized from the Section Photographs

Intergranular Dissolved Intergranular Dissolved Particle Dissolved Cementation
Formations Pores, % Pores, % Pores, % Pores, % Plane Porosity, %
Xiashihezi 0.83 1.26 1.29 0.44 3.82
Shanxi 0.13 0.69 1.71 0.54 3.07
Taiyuan 0.26 1.56 1.87 0.55 423
Benxi 0.16 1.63 0.63 0.68 3.11

The pores of different types were summed over the entire volume.

quartz dissolution pores. The feldspars and grain
cements are partly transformed into kaolinite
and are broadly distributed together with euhedral
quartz overgrowths, which substantially de-
crease the porosity in the Shanxi Formation.

2. The eodiagenetic process includes compaction,
the development of smectite, the precipitation
of subhedral microquartz and associated pore
filling by authigenic quartz, the crystallization
of disordered kaolinite, and the precipitation of
calcite and Fe-calcite. Mesogenesis includes the
precipitation of dolomite and ankerite, quartz
cementation, the dissolution and replacement
of feldspar, and smectite-to-illite reactions.

. The Xiashihezi Formation shows homogeneously
distributed illite, chlorite, I/S, and chlorite, with
the smectite and chlorite transformed from vol-
canic debris, sedimentary rocks, and micas altered
into chlorite. The smectite appears mainly in the
form of I/S mixed layers and decreases as depth
increases with a transformation into honeycomb

(A)

and sheet illite in the Shanxi, Taiyuan, and Benxi
Formations. Because the K-feldspar content was
limited with insufficient potassium ions being
supplied, the transformation of kaolinite to il-
lite was interrupted, resulting in higher con-
tents of kaolinite in the Taiyuan and Benxi
Formations.

. The Xiashihezi Formation experienced rela-
tively weak compaction and dissolution effects,
largely retaining the original intergranular pores
and developing additional dissolved intergranular
pores. The Shanxi Formation commonly exhibits
quartz overgrowths, with widely distributed and
well-developed feldspar dissolution pores. The
Taiyuan Formation has a higher porosity than
the overlying sandstones in the Shanxi Forma-
tion, mainly caused by the higher content of solid
quartz and the relatively strong dissolution ef-
fect. The Benxi Formation shows the lowest
porosity, mainly because of the higher clay
content.

(B) (€) (D)
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Figure 17. Average values of sandstone compositions and physical parameters of different formations. (A) Rock compositions; (B) clay
mineral compositions; (C) porosity variations; (D) permeability variations. Chl = chlorite; F = feldspar; | = illite; I/S = illite-smectite mixed

layer; K = kaolinite; L = lithic fragments; Q = quartz.
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