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ARTICLE INFO ABSTRACT

Keywords: Diagenesis is a very important factor to determine the quality of clastic reservoirs, especially in tight sandstone
Tight sandstone reservoir reservoirs. The tight reservoir of Triassic Yanchang Formation in southwestern Ordos Basin is the foremost
Diagenesis

hydrocarbon exploration target. The shallow-water lacustrine delta developed in Chang 8 reservoir of the study
area is distributed in digitate shape, which are mainly composed of distributary channel, continuous mouth bar
and together with natural levee above. The typical tight reservoir of Chang 8 member experienced a complex
diagenetic evolution process, but the relationship among diagenetic alteration, deposits and lithofacies, as well as
their control and influence on reservoir quality is still unclear. In this study, casting thin section, scanning
electron microscope (SEM) and backscatter scanning electron microscope (BSE) combined with energy spectrum
analysis, together with stable isotope analysis, X-ray diffraction analysis, and homogenization temperature test of
fluid inclusions are used to analyze the reservoir characteristics including petrology, lithofacies, history and
intensity of diagenesis. The control and influence of these characteristics on ultimate reservoir quality of digitate
shallow-water lacustrine deltas are further evaluated. The results show that four lithofacies can be identified
(namely, “i”, “ii”, “iii”, “iv”’) with the decrease of grain size and increase of ductile components in the tight
sandstones of digitate shallow-water lacustrine delta, respectively corresponding to preferential development
positions in the deposits. There are similarities and differences on the diagenetic processes among various
lithofacies. The strong mechanical compaction after burial primarily decrease the original pore space in all
lithofacies, and the largest loss of pore space occurs in lithofacies iv sandstones (siltstone with wavy bedding).
The chlorite is mainly in the morphology of pore-lining, but coating and rosette-like chlorite are rare. The ability
to resist compaction in sandstones of lithofacies i and lithofacies ii is enhanced due to the moderate development
of pore-lining chlorite, thus retaining partial pore space. Carbonate cements are abundant in relatively coarser-
grained sandstones close to the sandstone-mudstone interface, and the occurrence of these cements is closely
related to the adjacent mudstone, indicating that Fe and Mg ions necessary for carbonate cementation are most
likely from adjacent mudstone where ions are released by mechanical compaction and subsequent hydrocarbon
generation pressurization during the burial process. Weak carbonate cementation occasionally occurs at the
architectural bounding surface far away from mudstone, which probably related to the transformation of clay
minerals. Five typical diagenetic evolution patterns in digitate shallow-water lacustrine deltaic reservoir are
summarized by considering the diagenetic processes with deposits and lithofacies. From pattern I to pattern V,
the corresponding reservoir quality gradually deteriorates. The results in this study are of great help to deepen
the understanding of diagenetic alteration process and reservoir heterogeneity of tight sandstones, and provide
theoretical basis for exploration and sustainable development of similar lacustrine shallow-water lacustrine delta
reservoirs, especially for bar fingers in shallow-water deltas.
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1. Introduction

With the decline of conventional hydrocarbon productivity, uncon-
ventional reservoirs especially tight reservoirs, characterized by hori-
zontal well drilling and hydraulic fracturing, are becoming increasingly
important substitutes for global oil and gas sustainable supply. Tight oil
reservoirs refer to unconventional oil-bearing rocks with extremely low
porosity and permeability (lower than 10% and 1mD, separately) in
China (Wang et al., 2018).

Tight reservoir of shallow-water lacustrine delta is one of the key
fields of academic research and reservoir development over the years.
According to various classification basis, the shallow-water lacustrine
delta has been divided into different types (Fisk, 1954; Jopling, 1966;
Donaldson, 1974; Postma, 1990; Olariu and Bhattacharya, 2006;
Edmonds and Slingerland, 2010; Edmonds et al., 2011), for instance,
digitate (or bird-foot shaped) and lobate shallow-water lacustrine delta
based on the morphology of sand bodies, distributary channel domi-
nated and distributary bar dominated separately based on the
morphology of sand body framework (Bernard, 1965; Fisher et al., 1969;
Dumars, 2002; Burpee et al., 2015; Xu et al., 2019, 2022). The distri-
bution and characteristics of deposits and lithofacies in different types of
shallow-water lacustrine deltas are different. Digitate (bird-foot shaped)
shallow-water lacustrine delta tight reservoirs are found in many basins
and modern sedimentation in China, including Ordos Basin (Hu et al.,
2008; Chen et al., 2016), Songliao Basin (Zhu et al., 2017), Bohai Bay
Basin (Zhang et al., 2017; Hu et al., 2019; Xu et al., 2019), Ganjiang
delta in Poyang Lake (Wu et al., 2019; Xu et al., 2022), Dongting Lake
(Yin et al., 2012), etc.

Different from the conventional bird-foot shallow-water lacustrine
delta simply dominated by distributary channels, Chang 8 reservoir in
Maling oilfield of Ordos Basin includes not only distributary channels on
the delta plain, but also continuous forward elongate compound sand
body in delta front. The compound sand body consists of three different
deposits: continuously distributed mouth bar, upper undercutting dis-
tributary channel and natural levee deposits distributed on both sides of
the channel. This kind of combination of deposits is called “bar finger”,
which is the unique feature of shallow-water lacustrine delta in this
study. Due to the development of the digitate compound sand body in
the front of shallow-water lacustrine delta, the types of lithofacies are
also different from that of the shallow-water lacustrine delta simply
dominated by distributary channels (Li et al., 2017; Deng et al., 2019).
Previous scholars have done much research on the reservoir quality of
shallow water delta only composed of distributary channel and front
mouth bar at the end of the channel, which mainly focused on hetero-
geneity and classification of pore structure (Qiao Juncheng et al., 2020;
Li et al., 2017), diagenetic sequence of diagenetic minerals, influence of
various diagenetic minerals on reservoir quality, etc. Burial history,
tectonic movement, mineral constituent and early mineral cementation
of the original sediments are supposed to be key effect factors of
compaction (Loucks et al., 1984; Chuhan et al., 2000, 2003; Trendell
et al.,, 2012; Fu et al., 2013; Bjgrlykke, 2014). Although predecessors
have studied the diagenesis characteristics of the reservoir in bar fingers
and divided the diagenetic facies of Maling area (Zhang et al., 2004;
Wang et al., 2020), the relationship among diagenesis, deposits, lith-
ofacies and final reservoir quality has not been systematically studied or
reported. In addition, there are few reports on the distribution and
evolution patterns of diagenesis related to deposits and lithofacies of
tight sandstone reservoirs in digitate shallow-water lacustrine delta.

Taking the Upper Triassic Chang 8 tight reservoir in Maling oilfield
of southwestern Ordos Basin as the research object, this study is
designed in order to investigate the divergence of diagenetic alteration
linked to various depositional facies as well as lithofacies in digitate
shallow-water lacustrine delta reservoir, and to explicit the controlling
factors of different diagenetic processes on reservoir quality. For the
sake of characterizing the micro characteristics of diagenetic alteration
of the reservoir, including the duration and sequence of diagenetic
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minerals, material source of diagenetic minerals, strength of different
diagenesis, various techniques and methods are integrated in this study
such as core observation and description, casting thin section fabrication
and examination, observation of scanning electron microscope (SEM)
and backscatter scanning electron microscope (BSE), XRD analysis of
clay minerals, homogenization temperature test of fluid inclusions and
stable carbon isotope analysis. More importantly, the final research re-
sults are expected to provide reference and ideas for international aca-
demic research and hydrocarbon development of similar delta
reservoirs.

2. Geological settings

Ordos Basin, located in north-central China, occupies an area of more
than 25 x 10* km? (Fig. 1). The basin is bounded by four large moun-
tains and its interior has been subdivided into six tectonic units
considering the structural characteristics, namely Yishaan Slope, the
Jinxi Flexure Zones, Yimeng Uplift, Weibei Uplift, the Tianhuan Syn-
cline and the Western Thrusted zone. The basin strata cover the deposits
from Late Proterozoic to Mesozoic (Middle Jurassic, specifically). Before
Mesozoic, the basin was dominated by marine sediments. Ordos basin
entered the development stage of inland lake basin during Mesozoic,
among which the Late Triassic (Yanchang period) was the peak period
(Zhu et al., 2013; Zou et al., 2010).

Considering marker beds, sedimentary cycles and lithological asso-
ciation, the Upper Triassic Yanchang Formation is subdivided into 10
oil-bearing intervals from Chang 10 interval at the bottom to Chang 1
interval at the top (Deng et al., 2008; Duan et al., 2008; Yao et al., 2009;
Lai et al., 2016; Zhou et al., 2016) (Fig. 2). The Yanchang Formation
covers a complete cycle of lake evolution in the vertical facies succes-
sion, which can be summarized into three main stages (Zou et al., 2010;
Liu et al., 2013). Chang 10-Chang 7 is the formation period of the lake
basin, and the lake development reaches its climax in Chang 7 period.
Chang 6-Chang 3 is the development period of delta construction, and
the lake basin began to shrink concurrently. The lake basin continued to
shrink and ultimately disappeared during Chang 2-Chang 1. Here the
studied sandstones came from Chang 8 interval, which are in conformity
with the overlying Chang 7 interval and underlying Chang 9 interval.

As a reservoir adjacent to the source rock, the hydrocarbon in Chang
8 sandstones mainly came from the overlying source rock of Chang 7
member. Considering the fractures in the study area are not developed,
the hydrocarbon generated after the maturity of Chang 7 source rock
mainly migrated downward through the pore system of Chang 8;
sandstones due to hydrocarbon-generating pressurization, forming a set
of source-reservoir-seal rock assemblage of “upper-generation and
lower-storage” (Chu et al., 2013).

The burial history shows that the Yanchang Formation experienced
four uplifting processes after burial and reached the maximum burial
depth about 90 Ma ago (Fu et al., 2013) (Fig. 3). The burial depth of
Chang 8 varies from 1400 m to 2800 m, and the thickness is about
85-95 m. According to formation thickness and secondary sedimentary
cycles, the Chang 8 interval is subdivided into Chang 8, and Chang 8;
from bottom to top, of which Chang 8; is the main oil-bearing unit (Yao
et al., 2013). The Chang 8; oil-bearing unit consists of Chang 8%, Chang
8% and Chang 83, and this paper focuses on the third layer Chang 8% in
which sand bodies are the most developed.

The study area — Maling Oilfield, covering an area of approximate 7
x 10% km?, is located in the middle of Maling area, which stretches
across Tianhuan Syncline and Yishaan Slope in southwestern Ordos
Basin (Fig. 1). Chang 8 member in the oilfield is an extremely gentle
west dipping monocline with inclination less than 0.7°, and faults and
folds are almost undeveloped. The study area is mainly controlled by the
southwest provenance and sedimentary system during the formation
and evolution of the studied interval.

Combined with the characteristics of stable sedimentary structure,
large area, shallow water depth and gentle slope, as well as biological
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Fig. 1. (a) Geological background and location of Maling Oilfield. (b) Map showing the distribution of dominant deposits of submember Chang 8, in the study area.

and geochemical indicators, it is considered that the sedimentary envi-
ronment of Chang 8 reservoir in Maling oilfield is a shallow-water delta
system, which mainly consists of four major deposits — distributary
channel, mouth bar, natural levee and interdistributary bay (Yang et al.,
2015). However, it may not be a simple lobate shaped or traditional
bird-foot delta in morphology. In this work, the spatial combination of
distributary channel, mouth bar, natural levee in lower plain and front
of the delta is more like a finger shape, which is called “bar finger” (Fisk,
1954; Donaldson, 1969).

When it comes to reservoir properties, due to the deep burial process
and complex diagenesis, the Chang 8; member is now a tight reservoir
with ultra-low permeability (Wang et al., 2017; Zhu et al., 2017). The
porosity of the reservoir measured by core analysis ranges from 1.5% to
15.9%, with an average of 8.6%, of which most are no more than 12%
(Fig. 4). The permeability varies from 0.001 mD to 15.35 mD, with a
logarithmic average of 0.58 mD, and more than 86% of the samples
display permeability less than 1mD (Fig. 4).

3. Samples and methods

In this study, 187 m cores from 30 wells of Chang 8 tight reservoir
were observed and detailed described (location of the wells were
marked in Fig. 1). 117 broken core samples from 10 wells were
collected, 45 of which were also taken as core column samples concur-
rently. All core sections have been depth-normalized by comparing
gamma curves.

117 samples were analyzed by X’pert MPD X-ray diffractometer with
Cu-Ka radiation and operated separately at 100 mA and 40 kV to
determine the types, relative and absolute contents of clay minerals and
the ratio of illite to montmorillonite (I/S).

A total of 82 core plug samples and some broken samples were used
for manufacturing casting thin sections and SEM/BSE samples. For
purpose of identifying the pores and carbonate minerals more clearly

under the microscope, blue epoxy resin and Alizarin Red S dye were
injected during preparation of casting thin sections. The petrographic
characteristics (mineral composition and content, grain size, sorting
coefficient, roundness, matrix content), pore structure characteristics
(pore morphology and percentage of total rock volume), morphology
and contact relationship of diagenetic minerals in pores can be identified
through observation and point count of 300 points in each sample under
optical polarization microscope (Olympus BH2). In order to observe
under microscope more clearly and reduce the influence of surface
roughness, samples for SEM prefer to be that of fresh broken section with
gold sprayed, and the BSE samples were polished by Arion milling
through the use of the Leica EM TIC 3X Ion Beam Milling system.

16 samples from carbonate cemented sandstones and adjacent
mudstones from 6 wells were selected for testing stable carbon and
oxygen isotope, which can be used to determine the source of carbonate
minerals. Carbon dioxide gas was released during the acidification
process of samples, which can be used to gain the data of carbon and
oxygen isotope, and the results are expressed in standard & notation
according to the V-VPD (Vienna PeeDee Belemnite) standards.

8 thicker sections were made to analyze the petrological character-
istics and measure the homogenization temperature of mineral fluid
inclusions. The homogenization temperature was measured under Leica
microscope on LINKAM THSMG 600 cooling-heating stage. The exper-
imental conditions included that a heating rate of 10 °C per minute at
temperature lower and higher than 60 °C respectively, and the accuracy
of the measured results was +1 °C.

4. Results and interpretation
4.1. Petrography

On the basis of drill cores observation and statistical analysis of
casting thin sections, the rock types of Chang 8 reservoir are mainly
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Fig. 2. Simplified stratigraphic column showing the lithology, thickness and sequence of Upper Triassic Yanchang Formation (modified from Zhou et al., 2016).

lithic arkose (63.5%), followed by feldspathic litharenite (27.6%). The
average framework proportion is Qs gFss.3R27.9 according to Folk’s
classification scheme (Folk, 1968), and the compositional maturity is
generally low (Fig. 5). Quartz is the major detrital component, with a
relative content ranging from 18% to 57%. The content of feldspar is in
the range of 12% and 61%, mainly comprised of plagioclase and
K-feldspar. Additionally, the detrital components contain lithic frag-
ments, ranging from 9% to 46%, which are composed of metamorphic
rock fragments (avg. 14%), volcanic rock fragments (avg. 9%) and rare
sedimentary rock fragments (less than 3%). Furthermore, mica accounts

for 5.2% of the total rock volume in Chang 83 tight sandstones, including
muscovite and a small amount of biotite.

Grain size of detrital particles varies from medium-grained
(0.02-0.5 mm) to silt-grained (0.01-0.1 mm) sand. These sandstones
are mostly characterized by moderate-good sorting and subangular
grain shape, hence their textural maturity is medium. The grain-contacts
are mainly linear contacts and some concave-convex contacts due to
high content of plastic minerals such as mica and some soft rock
fragments.
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4.2. Lithofacies

Generally, the reservoir quality varies with lithofacies, and the dis-
tribution of lithfacies is controlled by deposits. In accordance with the
characteristics of grain size and content of ductile components observed
by thin sections, together with sedimentary structures observed from
cores, four main lithofacies were identified in bar fingers of shallow-
water lacustrine delta in Chang 8; tight sandstone reservoir (Table 1).

(i) Medium-fine grained, cross-bedded sandstones with extremely
low content of ductile components

Sandstones of this lithofacies are medium-fine grained and charac-
terized by parallel bedding, cross bedding of wedge-shape or trough-
shape. Samples of this kind of sandstone are relatively well sorted
with low content of ductile components (such as soft rock fragments,
biotite, muscovite, etc) and matrix (avg. 10% and 18%, respectively).
This lithofacies is ubiquitous in the main part of distributary channels
(except for the top) in upper delta plain, as well as the bottom of dis-
tributary channel of the bar finger in the lower plain and front of the
delta, with a thickness ranging from 2 m to 8 m (®, ® in Fig. 6a; and @
in Fig. 6b). In addition, carbonate cementation usually occurred in
lithofacies i sandstones near the sandstone-mudstone interface (® in
Fig. 6a).

(ii) Fine-grained, massive to parallel bedded sandstones with rela-
tively low content of ductile components

Sandstones of this kind of lithofacies are considered to be fine-
grained and relatively moderately-well sorted with massive bedding
developed, and ductile components are rare with a content of averaging
16%. Lithofacies ii were sampled more frequently in cores and casting
thin sections than lithofacies i, and usually appears at the top of dis-
tributary channels in the upper plain, mouth bar and the main part of
channel (except for the bottom) of bar fingers in the lower plain and
front of the delta, with a thickness interval of 1 m—6 m (® in Fig. 6a; @
in Fig. 6b; @, @, ® and @ in Fig. 6¢).

Table 1
Lithofacies classification of Chang 8, tight sandstones in Maling area.

Marine and Petroleum Geology 144 (2022) 105839

(iii) Coarse siltstones to fine-grained sandstones with medium content
of ductile component

Relatively finer grain (coarse silt to fine-grained) and inconspicuous
bedding developed are the typical characteristics of sandstones of lith-
ofacies iii owing to the weak hydrodynamic conditions, and they are
relatively moderately sorted with medium content of ductile compo-
nents (avg. 25%) compared with the above two lithofacies. The edge of
distributary channel is the main place for the occurrence of such lith-
ofacies (@ in Fig. 6a; and @ in Fig. 6b).

(iv) Siltstones with ripple lamination and high content of ductile
components

Unlike the other three lithofacies, lithofacies iv possessed the finest
grain size which is siltstones and high content of matrix and ductile
components (>35% and >30%, respectively). This lithofacies mainly
occurs in the natural levee deposits, where ripple lamination are occa-
sionally seen (® in Fig. 6a; ® in Fig. 6b; and @, ® in Fig. 6¢).

4.3. Types and characteristics of diagenesis

The occurrence of diagenesis not only changed the arrangement of
detrital particles and the attachment of cements, but also affected the
changes of primary pores and secondary pores that greatly determined
the ultimate petrophysics of reservoirs. The analysis data of casting thin
sections, SEM and XRD show that the Chang 8 reservoir has experienced
serious diagenetic alteration since buried, marked by mechanical
compaction, complex cementation and dissolution of eutectic minerals.
The influence of various diagenesis on reservoir petrophysics differs a
lot.

4.3.1. Mechanical compaction

The observation of casting thin sections shows that Chang 8 reservoir
has undergone relatively strong compaction, which is mainly manifested
by the strong bending and deformation of ductile minerals such as
argillaceous debris and mica in sandstones (Fig. 7a), as well as the

Lithofacies  Petrography and sedimentary structures Developmental position Core Photomicrographs of casting thin
photographs sections
i Mid-fine grained, cross-bedded, extremely low content Main part of distributary channel
of ductile components
ii Fine grained, massive-bedded, relatively low content of  Top of distributary channel and mouth bar
ductile components of bar fingers
iii Coarse silt to fine grained, medium content of ductile Edge of distributary channel
component
iv Siltstones, ripple lamination, high content of ductile Natural levee

components
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Fig. 7. The micrographs of casting thin sections showing different mechanical compaction characteristics in Chang 8 tight reservoir. (a) bending deformation of
muscovite sheet (PPL, well W30d, 2641.4 m). (b) Crushing of rigid particles due to compaction (PPL, well W30, 2639.2 m). (c) compaction fracture and linear to
concave-convex contact between quartz grains (XPL, well N168, 2484.24 m). (d) directional arrangement of minerals (PPL, well W30, 2638.38 m).

fracture of rigid minerals such as detrital quartz and feldspars (Fig. 7b).
The detrital grains show a tendency of directional array locally after
strong compaction, and the contacts between them is mainly linear or
concave-convex (Fig. 7c and d). Compaction resulted in dense grain
arrangement and reduction of primary intergranular pores, which
greatly reduced original pore space of the reservoir.

4.3.2. Cementation

According to the observation of thin sections, SEM and BSE micro-
graphs, the composition of cements in Chang 8 reservoir is complex. The
main cements mainly consist of carbonate cements (avg. 53%), authi-
genic clay minerals cements (avg. 37%) and siliceous cements (avg.
10%). On the one hand, cementation generally damages original and
secondary pore, thus increasing the intensity of heterogeneity. In some
cases, cements may improve the compressive resistance of detrital grains
and provide the material basis of later dissolution.

4.3.2.1. Carbonate cementation. In the Chang 8; strata of Maling Oil-
field, carbonate cements are the most destructive cement type, which
are widely distributed. The volume fraction of carbonate cements varies
from 1% to 61.8%, with an average of 8.96%, which is much higher than
other cements. Carbonate cements mainly consist of calcite and ferro-
calcite, followed by dolomite and ferrodolomite, and occasionally with
siderite. Calcite cements normally formed in the early diagenetic stage,
filling the intergranular pores as argillaceous or microcrystalline forms,
and were dyed bright red in casting thin sections (Fig. 8a). Ferrocar-
bonate cements, including ferrocalcite and ferrodolomite, generally
formed later than carbonate cements. Ferrocalcite often cemented the
pores in the form of continuous crystals, which was purplish red in

casting thin sections (Fig. 8b and c) whereas most of the ferrodolomite
occurred with mosaic crystals’ form and was colorless (Fig. 8d). Ferro-
calcite and ferrodolomite not only cemented intergranular pores and
early formed calcite, but also replaced feldspar and rock fragments
(Fig. 8c), thus forming isolated irregular debris particles. Carbonate
cements, which dominated by calcite and ferrocalcite, often filled
intergranular and intragranular pores, leading to the decrease of effec-
tive pores and throats, which is one of the important factors causing
Chang 8 sandstone tight.

4.3.2.2. Authigenic clay minerals cementation. Except for carbonate
cementation, clay mineral cementation is another type of most widely
distributed cementation, occupying 3%-15% of the total rock volume
and averaging 14%. Four main types of authigenic clay minerals were
revealed by SEM observation and XRD analysis: chlorite, kaolinite, illite-
smectite mixed-layer (I/S) and illite (Fig. 9). Among them chlorite is the
most widespread composition (35%-68% and averaging 53% of the
total clay volume), followed by kaolinite and I/S mixed-layer (relatively
8%-46% averaging 23%, and 3%-22% averaging 15% of the total clay
volume, respectively). Illite is the rarest, accounting for 0.5%-15%
(with a mean of 9%) of the clay minerals and it’s almost absent in SEM
and BSE images.

Authigenic chlorite observed by SEM and BSE mainly occurred in
three different morphologies: (i) fine-sized coated chlorite growing
parallel to the surface of detrital grains such as detrital quartz, with a
thickness generally less than 2 pm (Fig. 10a), (ii) continuous or
discontinuous coarse-sized pore-lining chlorite growing perpendicular
to the surface of detrital grains, ranging in thickness from 2 to 10 pm,
and invisible at the contacts between detrital grains (Fig. 10a and b), (iii)
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Fig. 8. The micrographs of casting thin sections showing carbonate cementation characteristics in Chang 8 tight reservoir. (a) Equine denticulate bright-red calcite
cements filling intergranular pores (PPL, well N216, 2550.35 m). (b) purplish red ferrocalcite cements filling intergranular pore (PPL, well W159, 2572.15 m). (c)
purplish red ferrocalcite cements filling intergranular pore and intragranular dissolution pore (PPL, well W30, 2666.2 m). (d) Ferrodolomite filling intergranular pore
(SEM, well W25, 2601.9 m). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 9. Proportion of different clay minerals in Chang 8 reservoir.

rosette-like chlorite partially filling primary pore and secondary disso-
lution pore (Fig. 10c). Among the three morphologies pore-lining
chlorite is the most common, which can exist alone or superimposed
on the coated chlorite. According to the results of electron probe
microanalysis (EPMA), the chlorite in the study area is rich in iron
(Fig. 11).

Authigenic kaolinite is the second most abundant clay mineral in
Chang 8; oil-bearing, with proportion in the total content of clay min-
erals varies from 9% to 42% (avg. 18%). The authigenic single crystal of
kaolinite is pseudo-hexagonal plates, while the aggregates are in the

form of book-like or vermicular stacks filling pores (Fig. 10d), and
authigenic quartz is occasionally coexisted with them (Fig. 12a). The
combination of individual kaolinite is relatively loose, thus a certain
amount of intercrystalline micropores are often developed. The forma-
tion of kaolinite is closely tied to the dissolution of feldspar, and
kaolinite is well developed in the place where feldspar strongly dis-
solved (Fig. 10e).

1/S mixed layer constitutes 12%-30% of the total clay minerals, with
an average of 19.9%. I/S often appears in the form of lining cement on
the surface of detrital grains, occasionally in the form of pore filling, and
partially transformed into flaky illite (Fig. 10f). Authigenic illite ac-
counts for 3%-22% of the total clay minerals (avg. 9.2%) and appears
around the surface of detrital grains or irregular flaky in the intergran-
ular pores, but rarely grows in the form of bridging.

4.3.2.3. Siliceous cementation. Siliceous cementation is another com-
mon cementation besides carbonate cements, and its volume fraction
ranges from 15% to 20%, with an average of 17%. Siliceous cementation
occurs in the form of authigenic quartz and quartz overgrowth, of which
the former is relatively developed closely related to strong compaction
and dissolution. The strong compaction and early carbonate cementa-
tion greatly reduced the intergranular volume, so that there was not
enough space for quartz to grow along the surface of detrital quartz
grains. The authigenic euhedral quartz crystals usually precipitated after
strong compaction, distributing as hexagonal columns in intergranular
pores and partial intragranular dissolution pores, perpendicular to
detrital grains (Fig. 12b). In addition, euhedral quartz crystals are often
associated with other diagenetic minerals, such as chlorite, kaolinite, I/S
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Fig. 10. Micrographs showing microscopic characteristics of authigenic clay mineral cements in Chang 8 tight reservoir. (a) pore-lining chlorite growing perpen-
dicular to detrital grain surface (SEM, well W42, 2668.17 m). (b) pore-lining chlorite on the surface of detrital grains at the edge of pores and undeveloped pore-
lining chlorite at the grains contact (PPL, well W30, 2654.9 m). (c) rosette-like chlorite filling primary pore space (SEM, well W117, 2517.7 m). (d) book-like
authigenic kaolinite crystals filling intergranular pore (SEM, well N248, 2447.9 m). (e) authigenic kaolinite filling intragranular pore of dissolved feldspar (BSE,
well N168, 2483.2 m). (f) irregular flaky I/S mixed layer growing along the grain surface and filling intergranular pore (SEM, well W117, 2517.7 m).

mixed layer and ferrocalcite (Fig. 12a and c). By means of casting thin
sections, images of SEM and BSE, it is believed that widely developed
siliceous cements in the study area not only filled the pores, but also
blocked the throat, resulting in the destruction of petrophysics
ultimately.

4.3.3. Hydrocarbon emplacement and dissolution

The observation of cores and casting thin sections of Chang 8; tight
sandstones shows that oil stains which probably came from the over-
lying source rock of Chang 7 member are developed in some wells
(Fig. 12d), indicating the existence of hydrocarbon emplacement. The
effects of hydrocarbon emplacement on reservoir are reflected in two
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aspects (Nedkvitne et al., 1993; Higgs et al., 2007; Neveux et al., 2014):
(i) fluids containing large amounts of organic acids enter the pore sys-
tem, which changes the geochemical environment of rocks and the
wettability of formation water, inhibiting quartz overgrowth and for-
mation of authigenic illite in the inorganic diagenetic environment, thus
weakening the mechanical diagenesis and chemical diagenesis. (ii) The
unstable components such as feldspar are easy to be dissolved in acidic
fluid environment, that is, hydrocarbon emplacement promotes the
occurrence of dissolution.

As acidic fluids flow into the pore system of the reservoir, the un-
stable components are usually dissolved and then mixed intergranular
pores as well as intragranular dissolution pores formed (Chen et al.,
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Fig. 11. Micrographs illustrating the characteristics of authigenic chlorite and kaolinite: (a) microscopic morphology under BSE (Well N248, 2447.9 m). (b) EDS
analysis of the point marked by the red cross in Fig. 11a. (¢) EDS analysis of the point marked by the yellow cross in Fig. 11a. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

2017; Liu et al., 2020). The observation of casting thin sections and SEM
micrographs shows that the dissolution of detrital feldspar is generally
most evident among unstable components (Fig. 12e), while the disso-
lution of rock fragments is rare. The dissolution of feldspar occurred in
two ways: on the one hand, acid fluid flowed into the residual inter-
granular pores, dissolving the edge of detrital feldspar, thus forming
mixed intergranular pores. On the other hand, acid fluid selectively
dissolved feldspar along cleavage cracks, forming faveolate intra-
granular dissolution pores and occasionally moldic pores (in the case of
complete dissolution of detrital feldspar) (Fig. 12f). Due to hydrocarbon
emplacement and relatively strong dissolution in the study area,
together with well-developed intergranular and intragranular dissolu-
tion pores, a reservoir with partially relatively high permeability (sweet
spot) under the background of regional low permeability thus formed.

4.4. Diagenetic sequence and stages

For purpose of ascertaining current diagenetic stage and the relative
timing and duration of major diagenetic process in the Chang 8, reser-
voir, characteristics of authigenic minerals, organic maturity, paleo-
geotherm, burial history curve and homogenization temperature (Th) of
fluid inclusions were figured out in this study. As Chang 8; oil-bearing
interval is adjacent to and below the source rock of Chang 7 member,
the core analysis results of Chang 8 reservoir show that the vitrinite
reflectance (Ro) of representative mudstone samples ranges from 0.62%
to 1.25% (avg. 0.95%), and the homogenization temperature in quartz
and carbonate cements is mainly distributed between 60 °C to 70 °C and
100 °C-130 °C (Fig. 13). In conclusion, the Chang 8, sandstones have
experienced three incremental stages of diagenetic evolution, succes-
sively Eodiagenesis A, Eodiagenesis B and present Mesodiagenesis A,
referring to the Chinese standard for classification schemes of sandstone
diagenesis “SY/T5477-2003” (Yue et al., 2018).

It is difficult to determine the exact occurrence and duration of all
diagenetic processes in those sandstones which have undergone
complicated diagenetic alteration since buried. Nevertheless, the con-
tacts and sequence of representative diagenetic minerals are identified
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by means of casting thin sections, SEM and BSE images, and the diage-
netic sequence has been summarized in Fig. 14:

(i) Point contact is more common between the particles of sandstone
cemented mainly by calcite, suggesting that calcite cementation
may coexist with early compaction.

(ii) Authigenic kaolinite fills intergranular pores with chlorite lining,
and occasionally filled with intragranular dissolved pores of
feldspar, suggesting that authigenic kaolinite was formed later
than chlorite lining and feldspar dissolution.

(iii) Authigenic quartz crystals are distributed on the surface of
chlorite lining, indicating that its formation time is later than
chlorite lining.

(iv) Fe-calcite can be seen filling dissolution pore of feldspar, indi-
cating that its formation is not earlier than that of feldspar
dissolution.

(v) 1/S mixed layer grows on the surface of chlorite lining, which
indicates that its formation is later than chlorite.

5. Discussion
5.1. Main factors controlling reservoir quality of tight reservoirs

5.1.1. Depositional settings and lithofacies

Found impacts of macro sedimentary settings on reservoir quality,
which is mainly manifested in deposits and lithofacies. Taking well
W105 as an example, there are certain differences in petrophysics
among different deposits and lithofacies (Fig. 15). The petrophysical
values of lithofacies iv or levee deposit are generally low, while the
values of distributary channel or lithofacies i sandstones can be large or
as small as lithofacies iv sandstones. As a whole the statistical results of
petrophysics based on lithofacies classification in Chang 8 reservoir
reveal that the reservoir quality of different deposits and lithofacies in
digitate shallow-water lacustrine delta deposits shows certain regularity
(Fig. 16).

Depositional settings and lithofacies are the basis for the formation of
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Fig. 12. Micrographs showing microscopic characteristics of siliceous cements and dissolution in Chang 8 tight reservoir. (a) authigenic kaolinite coexisted with
authigenic quartz crystals distributed in intergranular pore (SEM, well N248, 2447.9 m). (b) authigenic quartz crystals growing perpendicular to the surface of
detrital grains (SEM, well N248, 2447.9 m). (c) scattered authigenic quartz distributed on pore-lining chlorite (SEM, well W42, 2668.17 m). (d) Visible oil stains in
core sample (well N169, 2434.7 m). (e) dissolution pore in feldspar grain (PPL, well N169, 2460.1 m). (f) moldic pore formed by complete dissolution of feldspar

grain (PPL, well N168, 2222 m).

various reservoir quality. Sandstones of lithofacies i deposited relatively
in higher energy environment (distributary channel) are featured by the
coarsest grain size, relatively good sorting, low content of matrix and
ductile components, corresponding to the best reservoir petrophysics
generally. In contrast, the sandstones of lithofacies iv which developed
in low energy environment (levee) are finest-grained, poorly sorted with
high content of matrix and ductile components among varied lithofacies,
and the reservoir quality is the worst in the mass. Regardless of the
difference of reservoir quality among deposits and lithofacies, reservoir
quality equally varies as well in different locations of specific lithofacies,
which is closely related to diagenetic type and intensity encountered by
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sediments after deposited.

For example, when the distributary channel appears in upper delta
plain, its bottom is often highly calcareous cemented to form very low
petrophysics. As a contrast, when the distributary channel appears in the
form of bar finger in the lower plain and front of the delta, the degree of
calcareous bonding at the bottom is much lower (® in Fig. 6b). This is
significantly different from other types of bird-foot delta (Ma et al.,
2012; Li et al., 2017). The reason may be the influence of bounding
surface between different deposits (or “architectural bounding sur-
face™), which will be described later.
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5.1.2. Control of diagenetic alteration difference on reservoir quality

5.1.2.1. Mechanical compaction. Mechanical compaction loses the
largest proportion of original pore space. Chang 8 member has experi-
enced early rapid subsidence and continuous compaction after depos-
ited, resulting in a great loss of original pore space and a sharp decrease
in original petrophysics. The most important factor for the deterioration
of petrophysics is the original depositional fabric of sandstones. In the
case of the similar roundness of mineral particles in the study area, the
influence of grain size, sorting, especially the content of ductile com-
ponents and matrix on compaction is particularly important.

Most previous achievements have revealed that the proportion of
ductile components is significantly positively correlated with the
strength of compaction (Loucks et al., 1984; Trendell et al., 2012; Rossi
and Alaminos, 2014; Henares et al., 2016). In other words, sandstones
with high content of ductile components are not able to resist compac-
tion, hence experienced more severe compaction. The content of ductile
components (biotite, muscovite, soft rock fragments such as mudstone,
phyllite, schist and extrusive rocks) in Chang 8 reservoir varies greatly,
ranging from 4% to 45%, with an average of 29%. As is shown in the
scatter plot of the content of ductile components and compactional
porosity loss (COPL) (Fig. 17), with the increase of the content of ductile
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components, the COPL tends to increase, and the COPL differs among
different lithofacies. According to the scatter plot of COPL and cemen-
tational porosity loss (CEPL) (Fig. 18), the sandstones of coarser-grained
lithofacies i and lithofacies ii with lower content of ductile components
show COPL of 23% and 27% respectively, which is significantly lower
than that of finer-grained lithofacies iii and iv with high content of
ductile components (avg. 33% and 36%, respectively). It should be
noted that the early calcite cementation degree and compactional
strength in the study area often fluctuate in turn, and meanwhile the
development of chlorite also inhibits the compaction to some extent. The
COPL of partial coarse-grained sandstones slightly decreases due to the
development of early carbonate cements or pore-lining chlorite (Figs. 8
and 10).

5.1.2.2. Carbonate cementation. As mentioned above, as the most
common carbonate cements in Chang 8 sandstones, calcite and ferro-
calcite mainly filled primary and secondary dissolution pore space.
Previous studies reveal a significant negative correlation between
reservoir petrophysics and carbonate content when the content of car-
bonate in sandstones reaches a certain proportion (Zhou et al., 2016;
Wang et al.,, 2020). In Chang 8 sandstones of Maling Oilfield, the
maximum value of reservoir petrophysics decrease obviously when the
carbonate content occupies more than 10% of the total volume (Fig. 19).
Therefore, considering the widespread development of carbonate ce-
ments in the study area, their serious damage to reservoir quality should
be focused on.

Carbonate cementation mainly blocks the pores of coarser sand-
stones. The occurrence of carbonate cementation is closely related to the
architecture of sand bodies and depositional fabric, both of which can be
reflected in deposits and lithofacies. The top and bottom of thicker, well
sorted and coarser sand bodies, i.e., the top and bottom of channels in
the upper plain, and the top of channel of bar fingers in the lower plain
and front of the delta, which correspond to lithofacies i or ii, are often
the main sites for the occurrence of carbonate cementation. When the
thickness of sand bodies is obviously less than 1 m, some fine-grained
sandstones and coarse siltstone may also be cemented. In addition,
weak cementation is sometimes observed at the bottom of the distrib-
utary channel of bar fingers in lithofacies i, which may be related to the
architectural bounding surface and the widely distributed intergranular
pores and secondary dissolution pores here. Taking well W105 as an
example (Fig. 15), well-developed calcareous cementation is common at
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Fig. 14. Diagenetic evolution sequence and pore evolution history of Chang 8 tight reservoir in Maling Oilfield.
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Fig. 15. Stratigraphic column of well W105 showing the vertical distribution of petrophysics and the contents of primary diagenetic minerals.

the top and bottom of thick sand bodies during 2685.6 m-2689.1 m
(with a volume of 5%-25%), while the internal cementation of sand
bodies is obviously rare (with a volume of 1%-5%). In addition, there is
moderate content of carbonate cements at the top of fine-grained mouth
bar sandstones between 2676.8 m and 2677.3 m. The distribution of
carbonate cements in sandstones indicates that their precipitation may
be relevant to the adjacent dense mudstone.
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The statistical results state clearly that the content of carbonate ce-
ments is related to the distance from sandstone-mudstone interface,
which is also reflected in the divergence of reservoir quality (Fig. 20).
When the distance between broken sandstone sample and the adjacent
sandstone-mudstone interface is less than 1 m, the carbonate content of
sandstone is up to 27% for lithofacies i, with an average of 15%. How-
ever, when the sample point is located at the middle of the sand body
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and is more than 1 m away from the interface, the content of carbonate
cements decreased rapidly, and occupied less than 10%, with an average
of 5%. In addition, low values of carbonate cements can occur at
different distances from the sandstone-mudstone interface, probably due
to the difference among lithofacies. For example, even if the distance
from sandstone-mudstone interface is less than 1 m, the maximum
content of carbonate cement of lithofacies iv sandstones is no more than
5% because there is almost no pore space for cementation. As a com-
parison, for sandstones of lithofacies i, the content of carbonate cements
less than 5% is common only when the distance is more than 1 m away
from sandstone-mudstone interface.

Since no detrital carbonate particles are found in Chang 8 tight
sandstones, it is suggested that the calcium ions, iron ions and magne-
sium ions necessary for carbonate cementation are not originated from
detrital carbonate particles, but most likely from adjacent mudstone.
Previous studies pointed out that these ions can be released from the
dissolution of feldspar in mudstone, the formation and transformation of
clay minerals, as well as the maturation of organic matter (Chowdhury
and Noble, 1996; McHargue and Price, 1982; Dutton, 2008). The similar
carbon isotopic compositions of sandstone and mudstone indicate that
these ions and carbon dioxide in sandstone cements most possibly came
from adjacent mudstone (Table 2). These ions were released by me-
chanical compaction and subsequent hydrocarbon generation pressuri-
zation during the burial process of mudstone, then flowed into adjacent
pore space of the sandstone, and precipitated when the pressure
decreased.

Furthermore, the distribution of carbon isotope in cements reflects
its sources, organic or inorganic. Compared with inorganic (atmo-
spheric) carbon, the carbon isotope distribution of organic carbon is
lighter than that of in inorganic carbon (about —18%0—33%0 and —7%o,
respectively) (Melezhik et al., 2003; Woo and Khim, 2006), that is, the
lighter carbon isotope reflects the decrease of the proportion of organic
carbon source in sediments. The carbon isotope of calcite cement in
Chang 8 formation is mainly distributed in —1.5%0-2.0%0, with an
average of —0.6%o, which indicates that the source of early carbonate
cementation is mainly inorganic, consistent with the homogenization
temperature distribution of inclusions. The homogenization tempera-
ture of calcite measured by fluid inclusions is generally about 80 °C,
indicating that the strata studied had not entered the deep burial stage
and the compaction had not occurred extensively during the formation
of calcite. The carbonate cements of ferrocalcite and ferrodolomite
mainly filled intergranular pores and partial dissolution pores, and their
carbon isotopes are obviously lighter, ranging from —5.2%o to —3.6%o
(with an average of —4.5%o), reflecting the increase of organic source
components during the cementation of these carbonates. The inclusions
show that the homogenization temperature of these two types of car-
bonate cements is higher (110 °C-120 °C), and the ferrocalcite cements
seen filling the feldspar dissolution pore indicates that the earlier or
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simultaneous dissolution of feldspar may provided CO3~ for their
cementation (Fig. 8c).

There are more primary and secondary pore space in coarser sand-
stones, consequently more carbonate cements precipitated in the pores
of these sandstones adjacent to the mudstone, which also explains why
this cementation phenomenon is more developed particularly at the top
and bottom of sandstones related to lithofacies i and lithofacies ii. As
mentioned above, the dissolution of detrital feldspar particles and the
transformation of clay minerals in sandstones also release a small
amount of ions and carbon dioxide, which is an important reason why
weak carbonate cementation occasionally occurs at the bottom of fine-
grained lithofacies ii sandstones located at the bottom of channels of
bar fingers in delta front that far away from the sandstone-mudstone
interface.
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5.1.2.3. Chlorite cementation. Chlorite is the most common cement
among all types of clay minerals cementation, and mainly grew
perpendicular to the surface of detrital grains and wrapped the grains in
the form of pore-lining. While the content of rosette-like chlorite filling
pore space is rare, and the chlorite coatings are hard to observe in SEM
and BSE images since it’s extremely thin and wrapped by pore-lining
chlorite. Therefore, these two types of chlorite cements are not dis-
cussed in detail in this study. Previous scholars have done much research
on the precipitation sources of chlorite, including the alteration of early
chlorite, the recrystallization of montmorillonite in the transformation
process of mixed layer 1I/S, dissolution and reprecipitation of lithic
fragments of volcanic rock, and redistribution of early chlorite coatings
based on Ostwald process (Jahren, 1991; Hillier, 1994; Aagaard et al.,
20005 Grigsby, 2001; Gould et al., 2010). Among various precipitation
sources, the abundant Fe ion would favours chlorite. Combined with the
development history of Ordos Basin, it is considered that the Fe element
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Table 2

Compositions of carbon and oxygen isotopes of mudstones and carbonate cements in Chang 8 formation.
Well Depth (m) Lithology Carbonate cement type Occurrences 8'3Cppp/%o 8'80ppp/%o0
W30 2663.7 Fine sandstone Ferro-calcite Bottom of channel -5 —18.9
N168 2492.3 Medium sandstone Calcite Bottom of channel -1.3 -16.9
N216 2548.2 Fine sandstone Calcite Top of channel 1.7 -17.5
N216 2554.1 Medium sandstone Calcite Bottom of channel -0.8 —15.3
W159 2571.5 Fine sandstone Calcite/Ferro-calcite Bottom of channel -3.7 -16.6
W159 2574.9 Siltstone Ferro-calcite Natural levee —4.7 —22.8
W105 2673.1 Fine sandstone Calcite/Ferro-calcite Bottom of channel -3.5 -21
W105 2689.6 Medium sandstone Calcite Bottom of channel -1.4 -15.9
W30 2663.9 Mudstone - Interdistributary bay -2.1 —20.3
N168 2492.8 Mudstone - Interdistributary bay 0.6 —18.7
N216 2546.4 Mudstone - Interdistributary bay -1.4 -16.7
N216 2554.9 Mudstone - Interdistributary bay —4.2 -19.8
W159 2570.8 Mudstone - Muddy intercalation -39 -17.4
W159 2572.6 Mudstone - Interdistributary bay —4.1 —18.8
W105 2670.2 Mudstone - Interdistributary bay -2.1 -17.7
W105 2690.2 Mudstone - Interdistributary bay -0.5 -17.5

may mainly come from the weathered volcanic rock debris from western
Liupan Mountain. The deposition Fe in the volcanic rock debris was
injected into the salty lacustrine water along with the river system to
form flocculation Fe, which was then dissolved into Fe ions and entered
the formation water. Moreover, feldspar dissolution also released a
small amount of Fe, Mg, Al and Si ions into formation water to form
authigenic chlorite.

Pore-lining chlorite mainly developed in relatively coarser-grained
sandstones corresponding to lithofacies i and lithofacies ii, according
to the observation of casting thin sections and SEM micrographs
(Fig. 10a and b). Sufficient pore space is a necessary condition for the
crystals’ growth of pore-lining chlorite, which is mainly controlled by
compaction strength, early cementation degree and matrix content.
During diagenesis, coarser-grained sandstones far from the sandstone-
mudstone interface in lithofacies i and lithofacies ii underwent
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moderate compaction and weak carbonate cementation, thus more pore
space was retained (Fig. 7a), while lithofacies iii and lithofacies iv with
higher ductile composition and higher matrix content underwent strong
mechanical compaction (Fig. 7d). Therefore, in the narrower pores of
strongly compacted sandstones of lithofacies iii and lithofacies iv, ions in
formation water didn’t tend to precipitate chlorite crystals due to high
pore pressure, while the relatively lower pore pressure generated in
larger pore space existing in the sandstones of lithofacies i and lith-
ofacies ii is more favorable for the precipitation of chlorite crystals and
growing perpendicular to the surface of parent detrital grains. Further-
more, carbonate cements (mainly calcite) developed earlier than
authigenic chlorite are embedded between intergranular pores, blocking
a large amount of primary pores and throats, which is not conducive to
the inflow of formation water and the precipitation of pore-lining
chlorite. Generally, pore-lining chlorite is more developed in medium-
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Fig. 21. The cross plots showing the correlations between absolute content of different clay minerals and reservoir petrophysics. (a) chlorite vs porosity, (b) chlorite

vs permeability, (c) kaolinite vs porosity, and (d) kaolinite vs permeability.
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fine grained sandstones with clean pore space than fine-grained sand-
stones and siltstones with high matrix content and severe cementation,
while the thickness of pore-lining chlorite in coarser-grained sandstones
of lithofacies i is thicker than that of sandstones of lithofacies ii. This
kind of iron-bearing chlorite cemented sandstones are mainly confined
to high-energy hydrodynamic conditions, including distributary chan-
nels in the plain and most of the bar fingers in the front.

Chlorite cementation plays a dual role in pore evolution of tight
reservoirs. The appearance of authigenic chlorite cements improved the
reservoir quality to some extent, which can be seen from the scatter
diagram of chlorite content and reservoir petrophysics (Fig. 21a and b).
When the absolute proportion of chlorite is less than 15%, pore-lining
chlorite on the detrital grain surface dominated, resisting the compac-
tion and close contact of grains, which is conductive to retain the orig-
inal pore space, and thus the reservoir petrophysics are positively
correlated with the absolute proportion of chlorite. However, when the
absolute content exceeds the threshold value of 15%, the petrophysics of
chlorite get worse on the contrary because the overdeveloped chlorite
blocked the throats and some small pore. Occasionally, pores with pore-
lining chlorite developed along the grain surface are partly filled with
authigenic quartz crystals or ferrocalcite precipitated in Mesodiagenesis
(Figs. 8c and 12c). Therefore, only in the case that the space developed
by pore-lining chlorite resisting compaction in sandstones was not filled
by later authigenic diagenetic minerals, effective reservoirs with rela-
tively high permeability would form under the background of overall
low permeability.

5.1.2.4. Kaolinite cementation. Kaolinite is another kind of authigenic
clay mineral which is second only to chlorite in Chang 8 reservoir, and
its influence on reservoir quality is negative. Authigenic kaolinite is
abundant in the pores with strong dissolution of feldspar, and most of
them filled intragranular dissolution pores, followed by some inter-
granular pores, indicating that the formation of kaolinite in diagenetic
stage is probably related to the dissolution of feldspar. Previous
achievements have confirmed that the dissolution of feldspar by atmo-
spheric fresh water and organic acids released aluminum and silicon
ions. When pressure decreased and environment changed, these ions
migrated with formation water and precipitated, forming authigenic
kaolinite crystals ultimately. The occupation of pore space and the
blockage of throats by kaolinite, together with complex bending mi-
cropores formed between single kaolinite crystals, usually lead to the
reduction of effective storage space and reservoir petrophysicals, but
this destructive impact on pore space is limited (Fig. 21c and d).

5.1.2.5. Dissolution. Dissolution primarily expands the pore space of
coarser sandstones. Microscopic observation shows that a few dissolu-
tion pores are developed, and the volume proportion of secondary
dissolution pore is in the range of 2%-5%, with a relative proportion of
30% on average of total pore space, which improved the reservoir
quality to a certain degree. Organic matter in overlying Chang 7 source
rock released organic acid and carbon dioxide after maturity, which is
discharged into Chang 8 sandstones due to hydrocarbon-generating
pressurization, and formation water rich in organic acid flowed in
pore and dissolved unstable particles dominated by feldspar to form
secondary dissolution pore. In the strata studied, secondary dissolution
pore is the most common in sandstones of lithofacies i in Chang 8
sandstones, followed by sandstones of lithofacies ii (Fig. 12e and f), and
hardly developed in sandstones of lithofacies iii and lithofacies iv,
indicating that the water-rock reaction occurred more frequently in
sandstones with coarser grain and lower ductile composition (Li et al.,
2017). However, the improvement of reservoir quality is limited due to
relatively poor connectivity of secondary intragranular dissolution
pores, unless dissolution occurred along the grain edge or formed moldic
pore and the dissolution pore was not cemented by later carbonates and
clay minerals.
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5.1.3. Relationship between architectural bounding surface and diagenetic
alteration

The architectural bounding surface exerts a considerable impact on
reservoir petrophysics, which can also be reflected in shallow-water
delta reservoirs (Zhang et al., 2021). In the upper plain of digitate
shallow-water deltas in this study, the bounding surface between dis-
tributary channel and inter-channel is the main type of architectural
bounding surface (Fig. 22a). coarse-grained sandstones of distributary
channels around such bounding surface were strongly calcareous
cemented (Fig. 19), due to direct contact with mudstone (mentioned
earlier).

Nevertheless, when it comes to the bar fingers located in the lower
plain and front of the delta, the influence of architectural bounding
surface on the reservoir quality is not as obvious as that of the upper
plain (Li et al., 2017). In the bar fingers, the distributary channel closely
coexists with mouth bar and together extends to the distal lacustrine in a
finger shape. At the bounding surface of these two architecture units, the
degree of carbonate cementation is low, probably because it is far away
from the mudstone that provides the source of cements (Fig. 19).
Significantly, although the bar fingers are surrounded by inter-bar
mudstone providing source of carbonate cements, it’s difficult for a
considerable amount of ions to flow and precipitate in limited pore space
to form carbonate cements due to the finer grain of sandstones (coarse
siltstones to fine-grained sandstones at the bottom of mouth bar and
siltstones of natural levee at the top of bar fingers) in contact with
mudstone at the architectural bounding surface, compared with the
coarser sandstones of distributary channels in the upper plain of the
delta. The finer-grained outer edge of the bar fingers also prevented the
formation water carrying ions from flowing into the interior of bar fin-
gers, in spite of internal coarser-grained sandstones. Therefore, the
petrophysics at the bottom of the channel in the bar finger are obviously
better than those of the sandstones at the bottom of the channel in the
upper plain (Fig. 22b).

At the end of the bar finger in the delta front, channel and levee
deposits terminate, while the mouth bar continues to advance for a short
distance, and thus the top of the most front-end mouth bar deposit is in
direct contact with the mudstone of inter-bar deposit. Therefore, rela-
tively strong carbonate cementation generally occurred in the fine
sandstones at the top of the mouth bar that near the architectural
bounding surface here (Fig. 22c).

5.2. Summary of distribution and evolution patterns of diagenesis

As mentioned above, due to the differences among deposits and
lithofacies, the intensity of diagenesis in Chang 8 tight reservoir differs.
The diagenetic differences between the three main sand-prone deposits
(distributary channel, mouth bar and natural levee, respectively) and
lithofacies from the plain to front of the shallow-water lacustrine delta
are summarized into five main evolution patterns, as shown in Fig. 23.

Pattern I mainly exists in the main part of distributary channels in the
upper plain which is far away from the sandstone-mudstone interface,
predominant in the sandstones of lithofacies i. The medium-fine grained
sandstones deposited in high hydrodynamic conditions are featured by
the coarsest grain size, better sorting, and the lowest contents of matrix
and ductile components, thus forming larger original pore space. This
kind of sandstones experienced moderate compaction, widely chlorite
lining, weak or no carbonate cementation and strong feldspar dissolu-
tion after deposition. Since constructive diagenetic alterations are more
developed than the destructive diagenetic alterations in these sand-
stones, most of the pore space, including intergranular pore and sec-
ondary dissolution pore, has been reserved, thus forming the best
reservoir.

Pattern II exists in the main part of bar fingers (except for the levees
and the top of the channels) in the lower plain and front of the delta, as
well as the middle and lower part of mouth bar at the distal end of bar
fingers (distributary channel and levee are not developed in this case),
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Fig. 22. Schematic diagram of cross section showing architecture units and carbonate cementation degree at different location on the plane of digitate shallow-water
lacustrine delta: (a) distributary channel in the upper plain, (b) bar finger in the lower plain and delta front, (c) mouth bar at the end of the bar finger.

predominant in the sandstones of lithofacies ii. The hydrodynamic
condition of these sandstones is relatively weaker than that of channels,
and the fine-grained sandstones are usually moderataly-well sorted with
low content of ductile components, forming relatively high original pore
space. Sandstones of this pattern are characterized by moderate to
relatively strong compaction, weak carbonate cementation, widely
chlorite lining and moderate dissolution, thus most intergranular pores
and a small number of intragranular dissolution pores are reserved
eventually. Pattern II with relatively high petrophysics is the most
widely developed diagenetic pattern.

Pattern III exists in the edge of channels, including distributary
channel in proximal part and distributary channel of bar fingers in distal
part of the delta, corresponding to sandstones of lithofacies iii. Due to
the weak hydrodynamic condition at the edge of the channels, the
sediments are finer in grain size and mainly consist of coarse siltstones
and very fine-grained sandstones with moderate content of ductile
components, forming moderate original pore space. Sandstones of this
pattern experienced strong compaction, limited chlorite lining, moder-
ate carbonate cementation and later weak dissolution after deposited.
Only a few pores were partially retained, leading to relatively poor
reservoir quality ultimately.

Pattern IV exists not only at the top and bottom of the channel in the
upper plain and the top of channel of bar fingers in the lower plain-front
of the delta, corresponding to lithofacies i or lithofacies ii, but also at the
top of mouth bar of the distal end of bar fingers, corresponding to lith-
ofacies ii. Although this kind of medium-fine grained sandstone has low
content of matrix and ductile composition, even almost highest original
pore space, it has experienced strong carbonate cementation in the
process of burial diagenesis, including calcite cementation in Eodia-
genesis period, ferrocalcite and ferridolomite cementation in Mesodia-
genesis, due to the close proximity to the sandstone-mudstone interface.
The extremely limited chlorite lining and weak dissolution in the later
stage seriously limited improvement on the reservoir quality, resulting
in a sharp drop in the original porosity, so that almost no pore space was
retained. This pattern is also common since sandstones of lithofacies i
and ii are prevalent in the study area.

Pattern V occurs in the siltstone of levee and is related to lithofacies
iv. This kind of siltstone with the smallest grain size, the highest content
of ductile components and small original pore space experienced
diagenetic alteration characterized by strong compaction during burial,
accompanied by weak carbonate cementation and limited chlorite
cementation, and the late dissolution was hardly developed. The reser-
voir quality of pattern IV and pattern V is the worst, which is not
regarded as effective reservoir for hydrocarbon exploration and
development.

6. Conclusions

(1) Digitate shallow-water lacustrine delta deposits developed in
Chang 8 reservoir of Maling area, and distributary channel,
mouth bar, natural levee and interdistributary bay are the four
main types of deposits. The sand bodies are mainly single dis-
tributary channel in upper delta plain, and digitate compound
sand body in the lower plain and front of the delta, namely, bar
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(2)

3)

(€]

fingers, which composed of distributary channel corroding the
mouth bar and levees on both sides of the channel, extending into
the shallow lake in a finger shape. In addition, four types of
lithofacies were identified in digitate shallow-water lacustrine
delta of Chang 8; tight reservoir in the study area, considering the
grain size, depositional structures and content of ductile com-
ponents, successively lithofacies i, ii, iii and iv. Lithofacies i is
chiefly medium-fine grained sandstones with cross bedding or
parallel bedding developed, and it has extremely low content of
ductile components. Lithofacies ii refers to fine-grained sand-
stones with wavy bedding or massive structure, and the propor-
tion of ductile components is relatively low. Lithofacies iii
represents coarse siltstones to fine-grained sandstones with
moderate content of ductile components developed at the edge of
the distributary channel, while lithofacies iv generally refers to
siltstones with high content of ductile components in which
climbing ripple lamination is visible.

Mechanical compaction is the most important destructive
diagenesis to reduce the original pore space of Chang 8 sandstone
reservoir in shallow-water lacustrine delta, followed by pore-
filling calcite in Eodiagenesis and ferrocalcite in Mesodia-
genesis, while the deterioration of reservoir quality caused by
authigenic kaolinite is limited. Pore-lining chlorite cementation
and feldspar dissolution are the major constructive diagenesis. An
appropriate amount of pore-lining chlorite conduced to resist the
compaction among particles, so as to retain some primary pores.
However, excessive chlorite (over 8%) filled the pore or blocked
the throats in the form of rosette, leading to the decrease of
reservoir petrophysics.

The diagenetic intensity is related to depositional lithofacies and
architectural bounding surface of the reservoir. In the sandstones
which are far away from the sandstone-mudstone interface cor-
responding to lithofacies i, pore-lining chlorite is the most
developed cement and significantly enhanced the compression
resistance, thus these sandstones experienced widespread feld-
spar dissolution later. In comparison, sandstones of lithofacies ii
with relatively low content of ductile components experienced
slightly stronger compaction. However, the sandstones of lith-
ofacies i and lithofacies ii near the sandstone-mudstone interface
mostly suffered strong carbonate cementation, and the later
dissolution was not well developed. This phenomenon is most
common near the bounding surface between channel and mouth
bar of the bar finger. Sandstones of lithofacies iii and lithofacies
iv with relatively high content of ductile components have
experienced strongly continuous compaction after deposited,
resulting in almost no reservation of pore space.

Five different diagenetic evolution patterns of tight sandstones in
the digitate shallow-water lacustrine delta were analyzed and
summarized, namely pattern I to pattern V, and the relevant
reservoir quality successively deteriorates. Compared with the
other three diagenetic patterns, the sandstones of pattern I and II
tend to form “sweet points” with relatively high permeability
under the overall low petrophysics background due to the
weakest diagenetic alteration they have experienced, including
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moderate compaction, weak carbonate cementation and rela-
tively strong dissolution successively. Pattern I occurs in sand-
stones of the main part of distributary channels in the upper plain
of digitate shallow-water lacustrine delta, which predominates in
lithofacies i. Pattern II occurs widely in sandstones of the main
part of bar fingers (except for the natural levees and the top of the
channel), predominant in lithofacies ii.
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