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Abstract
More than 100 million tons of tight oil reserves have been discovered in the Xin’anbian area of the Ordos basin in recent 
years, of which the main reservoir is the Chang-7 Member of the Yanchang Formation. To identify the characteristics of the 
tight sandstone reservoir and their the development of the Chang-7 Member in the study area, casting thin sections, scanning 
electron microscopy (SEM), high-pressure mercury injection, cathodoluminescence and other technical methods were used 
to analyze the reservoir rock types and their physical properties and pore structure. Based on reservoir diagenesis research 
and quantitative evaluations of reservoir pores, a reservoir pore evolution mode was established. The results showed that 
the main rock types in the tight sandstone reservoirs in the Chang-7 Member of the Xin’anbian area were lithic feldspathic 
sandstone and feldspathic detritus sandstone and that the reservoir space types were mainly feldspar dissolved pores, with 
a few residual intergranular pores, clay intercrystalline pores, and microfractures. The reservoirs were classified as having 
low porosity and low permeability and extra-low porosity and extra-low permeability. The porosity and permeability of the 
reservoirs were between 4 ~ 10% and 0.01 ~ 1 mD, respectively, and were mainly controlled by compaction, cementation, and 
dissolution. Compaction and cementation reduced the porosity and permeability, while dissolution increased the porosity and 
permeability. The Chang-7 Member reservoir mainly experienced weak-medium compaction, medium-strong cementation, 
and different degrees of dissolution. The average loss of porosity due to cementation was around 25%, while the average 
loss due to compaction was around 13%. This research determined four key stages in the porosity evolution of the Chang-7 
Member in the study area: (1) the porosity was reduced to 26% from the Triassic to the Early Jurassic period, which was 
mainly due to compression compaction; (2) the reservoir was seriously damaged by cementation from the Middle Jurassic to 
Late Jurassic period, where the porosity decreased to 5%; (3) in the Early Cretaceous period, the porosity increased to 11% 
due to dissolution; and (4) the porosity was reduced to 7% from the late Early Cretaceous to early Late Cretaceous period, 
which was mainly due to cementation.

Keywords Ordos basin · Tight sandstone · Reservoir characteristics · Diagenesis · Pore evolution

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s1314 6-020-00625 -1) contains 
supplementary material, which is available to authorized users.

 * Jingdong Liu 
 ljd840911@126.com

 Jiale Xu 
 1637364084@qq.com

1 Key Laboratory of Deep Oil and Gas, China University 
of Petroleum (East China), Qingdao 266580, China

2 Shandong Provincial Key Laboratory of Reservoir 
Geology, China University of Petroleum (East China), 
Qingdao 266580, China

3 School of Geosciences, China University of Petroleum (East 
China), Qingdao 266580, China

4 Research Institute of Petroleum Exploration 
and Development, PetroChina, Beijing 100083, China

http://orcid.org/0000-0003-2113-3956
http://crossmark.crossref.org/dialog/?doi=10.1007/s13146-020-00625-1&domain=pdf
https://doi.org/10.1007/s13146-020-00625-1


 Carbonates and Evaporites (2020) 35:93

1 3

93 Page 2 of 16

Introduction

Tight oil refers to the accumulation of oil in a reservoir 
that is economically productive only by means of large-
scale fracturing. The porosity of tight reservoirs is gener-
ally less than 10%, while the permeability is generally less 
than 1 mD (Zhao et al. 2012; Wu et al. 2018). Tight oil 
is one of the most important unconventional oil and gas 
resources in the world and is important for increasing the 
production of oil fields, which are characterized by wide 
area distribution, low oil quality density, short migration 
distance, and great resource potential (Sun et al. 2011; 
Liang et al. 2011). As one of the most important tight 
reservoirs, tight sandstone reservoirs are characterized by 
lithologic compactness, low porosity, and low permeabil-
ity (Zou et al. 2010, 2013a, b). China has wide tight oil 
distribution, and at present, tight oil exploration shows 
good development prospects. It has become a hot spot for 
people to find relatively good quality reservoirs on the 
basis of tight sandstone reservoirs with low porosity and 
low permeability (Wang et al. 2014; Fan 2016).

The Ordos basin has the richest tight oil resources in 
China, accounting for about one quarter of the country’s 
total tight oil resources (Meng et al. 2018). The Yanchang 
Formation of the Triassic system in the Ordos basin has 
huge tight oil reserves (Yao et al. 2013), of which the 
Chang-7 Member is the main area of tight oil exploration. 
One hundred million tons of proven tight oil reserves were 
found in the Chang-7 Member reservoir of the Xin’anbian 
area in 2014 (Wu et al. 2018). The pore throat structure 
of tight oil reservoirs is more complex and heterogene-
ous than conventional reservoirs. According to research 
on the micro-pore structure of tight oil reservoirs in the 
Chang 7 Member of the Ordos basin by Zou et al. (2012), 
nanoporous pores are the main reservoir space for tight 
oil. You et al. (2014) state that micron pores larger than 
two microns constitute the main reservoir space in tight oil 
reservoirs. Zhang et al. (2017) state that the pore radius of 
the Chang-7 Member reservoir in the Xin’anbian area is 
largely between 0 and 0.5 microns, and the throat radius 
is largely between 15 and 380 nm. In terms of reservoir 
densification in the study area, Wang (2018) argues that 
compaction is the main cause of reservoir densification, 
while Chu et al. (2013) state that the diagenesis intensity 
differs for different diagenetic facies and that the densi-
fication of Yanchang Formation is mainly controlled by 
compaction and cementation. However, previous studies 
have focused on reservoir characteristics but lack in-depth 
analysis on the differences in reservoir diagenesis intensity 
and reservoir densification (Yao et al. 2015; He et al. 2017; 
Wang 2018). Therefore, in the present study, reservoir pore 
evolution characteristics are researched based on reservoir 

diagenesis and reservoir porosity with quantitative evalua-
tion using casting thin sections, scanning electron micros-
copy (SEM), high-pressure mercury injection, cathodo-
luminescence, and other technical means. Reservoir rock 
types and their physical properties and pore structure are 
analyzed to better understand the reservoir characteristics 
and densification factors and provide a reference for reser-
voir evaluation and development in the study area.

Geological setting

The Ordos basin is a typical cratonic basin located in Cen-
tral China with a stable basin structure and an east–west 
inclination angle of less than 1° (He 2003). On the plane, 
the basin can be divided into five first-level geological 
structural units: the Jinxi flexural fold belt in the east, the 
Tianhuan depression and fault-fold belt in the west, the 
Weibei uplift belt in the south, the Yimeng uplift belt in the 
north, and the Yishan slope in the center (Yao et al. 2015). 
Paleozoic, Mesozoic, and Cenozoic strata are developed in 
the basin, and the Mesozoic strata are the main terrestrial 
hydrocarbon generation beds and extra-low-permeability 
sandstone reservoirs (Zeng and Li 2009). The Ordos basin 
was a large inland lake when the Yanchang Formation 
of the upper Triassic was deposited, which developed a 
series of sedimentary strata from lake to lake retreat (Yao 
et al. 2015). The Yanchang Formation is divided into the 
Chang-10 to Chang-1 Members from bottom to top, of 
which the sedimentary period from Chang-10 to Chang-7 
Member is the lacustrine basin expansion period, and the 
Chang-7 Member deposition period was the peak period 
for the development of the whole lacustrine basin, when 
the delta front subfacies developed with a thickness of 
1000 ~ 1500 m (Yao et al. 2013; Lin et al. 2008).

The Xin’anbian area is located in the center of the Ordos 
basin and is structurally positioned in the west of the Yis-
han slope (Fig. 1) and has an area of around 5000  km2. The 
Chang-7 Member in the research area is divided into three 
sub-members from bottom to top: the Chang-73, Chang-72, 
and Chang-71.The main part of Chang-73 is a semi-deep 
lacustrine deposit that contains a set of high-quality source 
rocks rich in organic matter. During the sedimentary period 
of the Chang-72, the water became shallower, and the sedi-
mentary sand bodies of subaqueous distributary channel 
mainly developed in the delta front, which can be regarded 
as the main reservoir. Water inflow and retreat occurred 
repeatedly during the period spanning Chang  72 to Chang-
71, and the hydrocarbon source rocks were interbedded with 
sandstone beds, forming favorable source-reservoir con-
figuration relations and typical tight sandstone reservoirs 
(Fig. 2).
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Methodology

Main experimental methods

All experimental samples and data were from the Chang-7 
Member of the Xin’anbian area of the Ordos basin. The 
porosity and permeability data for 2,156 samples from 14 
wells were collected from the CNPC Changqing oil field 
branch. To effectively identify reservoir pore space and cal-
cite cement, 32 cast thin sections in seven wells were pre-
pared by blue epoxy resin filling and Alizarin Red S solution 
staining. The cast section was observed at the Key Labora-
tory of Deep Oil and Gas of China University of Petroleum 
in east China with the ZEISS Axio imager D1m. After the 
preparation and gold plating of 11 compact sandstone sam-
ples by SEM, an E-T secondary electronic detector was used 
to observe the microscopic pores and autogenous minerals 
in the reservoir under the working voltage of 10.00 kV and 
working distance of about 29.6 mm using a coxemem-30 
scanning electron microscope. The mineral composition 
analysis was carried out by combining X-ray energy spectra. 
The SEM observation and energy spectrum analysis were 
completed in the Key Laboratory of Deep Oil and Gas of 
China University of Petroleum in east China. Standard col-
umn samples with a diameter of 2.5 cm were prepared for 
14 compact sandstone samples, and high-pressure mercury 
injection experiments were carried out using the PoreMaster 
60 high-pressure mercury injection instrument in the labora-
tory of reservoir characteristics and percolation mechanism 
of China University of Geosciences. This allowed the pore 
size distribution and capillary pressure curves of the reser-
voir to be obtained.

Methods of reservoir quantitative evaluation

(1) Quantitative evaluation of diagenesis

Compaction, cementation, and dissolution are the most 
important diagenesis. The three parameters of the apparent 
compaction rate, apparent cementation rate, and apparent 
dissolution rate were introduced to quantitatively describe 
the diagenesis degree of tight sandstone reservoirs in the 
study area (Chu et al. 2013).

The apparent compaction ratio could be used to represent 
the degree of compaction of the initial pores in the reser-
voir (Zhang et al. 1997), and the calculation formula was 
as follows:

where α is the compaction rate, Φ1 is the initial porosity, Φce 
is the integral number of cementing objects, and Φori is the 
intergranular porosity.

In general, α < 30% indicated weak compaction strength, 
30% < α < 70% medium compaction, and α > 70% strong 
compaction.

The apparent cementation rate could be used to quanti-
tatively express the effect of cementation on the sandstone 
reservoir. The formula was as follows:

(1)� = (Φ1 − Φce − Φori)∕Φ1 × 100%,

(2)� = Φce∕Φ1 × 100%,

Fig. 1  Location map of the Xin’anbian Chang-7 Member in the Ordos basin (Yao et al. 2015; Hui et al. 2019)
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where β is the apparent cementation rate, Φce is the initial 
porosity, and Φ1 is the integral number of cementing objects.

β < 30% indicated weak cementation, 30% < β < 70% 
medium cementation, and β > 70% strong cementation.

The apparent dissolution rate could quantitatively describe 
the dissolution degree of the reservoir, and the calculation for-
mula was as follows:

(3)� = Φdiss∕Φpor × 100%,

where γ is the apparent dissolution rate, Φdiss is the dissolu-
tion rate of pore faces, and Φpor is the total face rate.

γ < 25% represented weak corrosion, Gamma < γ 
medium dissolution, and γ > 60% strong corrosion (Cheng 
et al. 2010).

(2) Methods of calculating porosity evolution

Methods for determining the original porosity.
The initial porosity of reservoir samples was calcu-

lated according to the formula used to calculate the initial 
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porosity of equal-sized spherical particles proposed by 
Beard and Weyl (1973):

where Φ1 is the initial porosity and  S0 is the trask sorting 
coefficient [S0 = (Q1/Q3)1/2]; Q1 is the first quartile, which 
was equivalent to the particle size at 25%; and Q3 was the 
third quartile, which corresponds to the particle size at 75%.

To quantitatively characterize the effect of compaction 
and cementation on reservoir densification, the following 
parameters were quoted:

where Φ1 represented the initial porosity, Φ2 the compac-
tion residual porosity, Φ3 the cementing residual porosity, 
 L1 the compaction loss porosity,  L2 the cementation loss 
porosity,  F1 the compaction porosity loss rate,  F2 the cement-
ing porosity loss rate, Φce the total cement content, Φn the 
present porosity, Φori the intergranular pore face rate, Φced 
the pore dissolution rate of the cement, and Φpor the total 
face rate.

Results

Petrological characteristics

Chang-7 Member reservoir rocks in the Xin’anbian area are 
mostly comprised of coarse siltstone and less so of fine silt-
stone and fine sandstone, and the rock types are mainly lithic 
feldspathic sandstone and feldspathic detritus sandstone 
(Fig. 3). The quartz content in lithic feldspathic sandstone 
is 17 ~ 37% (average content is 30.3%), the feldspar content 
is 15 ~ 30% (average content is 23.1%), the lithic content is 
4 ~ 19% (average content is 14%), and the mica content is 
0 ~ 10% (average content is 4%). Feldspathic detritus sand-
stone has a quartz content of 20 ~ 34% (average content of 
27.2%), a feldspar content of 11 ~ 29% (average content of 

(4)Φ1 = 20.91 + 22.90∕S0,

(5)Φ2 = Φce +
[(

Φori + Φced

)

∕Φpor

]

× Φ
n

(6)Φ3 = Φ
n
× Φori∕Φpor

(7)L1 = Φ1 − Φ2

(8)L2 = Φ2 − Φ3

(9)F1 = L1∕Φ1(Beard and Weyl1973)

(10)F2 = L2∕Φ1(Cheng et al.2010),

19%), a lithic content of 7 ~ 29% (average content of 16.2%), 
and a mica content of 3 ~ 20% (average content of 9.9%).

The types of interstitium in the study area mainly 
included carbonate cement such as calcite, clay cement 
such as kaolinite, and a small amount of siliceous and fer-
ric cement (Fig. 4). The total content of interstitium was 
between 18 and 52%. There were some differences in the 
types and contents of the interstitial materials in the differ-
ent rock types, among which the calcareous content of lithic 
feldspathic sandstone was around 17.8% and argillaceous 
content around 10%, while the calcareous content of felds-
pathic detritus sandstone was around 13.3% and argillaceous 
around 13.9%.

Physical characteristics of the reservoir

The statistical results of the porosity and permeability of 
1673 reservoir samples (Figs. 5 and 6) indicated that the 
porosity of the tight sandstone in the Chang-7 Member in 
the Xin’anbian area ranged from 0 to 16%. The average 
of porosity was 7.13%, most of which was in the range of 
4–10%, accounting for 76% of the total. The permeability 
ranged from 0 to 12 mD, and the average of permeabil-
ity was 0.102 mD, most of which was between 0.01 and 
1 mD, accounting for 93% of the total. Zhao Chenglin 
(Zhao et al. 1998) divided the classification criteria of 
pore permeability in the Ordos basin in 1998. He iden-
tified the reservoirs with a porosity of 15 ~ 10% and a 
permeability of 50 × 10–3 ~ 10 × 10–3 mD as low porosity 
and low-permeability reservoirs and the reservoirs with a 
porosity of 10 ~ 5% and permeability of 10 × 10–3 ~ 1 × 10–3 
mD as extra-low porosity and extra-low-permeability 
reservoirs. Furthermore, he identified reservoirs with a 
porosity of < 5% and permeability of 1 × 10–3 ~ 0.1 × 10–3 
md as extra-low porosity and extra-low-permeability 

Fig. 3  Identification of rock types in the Chang-7 Member reservoir 
of the Xin’anbian area
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Fig. 4  Rock composition comparison in the Chang-7 Member reservoir of the Xin’anbian area

Fig. 5  Frequency distribution of the porosity (a) and permeability (b) in the Chang-7 Member reservoir of the Xin’anbian

Fig. 6  Crossplot of the porosity 
and permeability in the Chang-7 
Member reservoir of the 
Xin’anbian area
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reservoirs. In 2009, Hu Wenrui et  al. (Hu 2009; Zhao 
et al. 2012) improved the above permeability classifica-
tion standard, identifying reservoirs with a permeability of 
10 × 10–3 ~ 1.0 × 10–3 mD as general low-permeability res-
ervoirs, those with a permeability of 1.0 × 10–3 ~ 0.5 × 10–3 
mD as extra-low-permeability reservoirs, and those with 
a permeability below 0.5 × 10−3mD as extra-low-perme-
ability reservoirs. According to the above classification 
scheme, the Chang-7 Member tight sandstone reservoirs 
in the study area can be divided into low porosity and 
extra-low-permeability reservoirs and extra-low porosity 
and extra-low-permeability reservoirs. The porosity and 
permeability of the Chang-7 Member reservoirs showed a 
positive correlation according to the crossplot of reservoir 
porosity and permeability, but the data distribution was 
relatively discrete, reflecting the complex formation of the 
reservoir and indicating that it was highly heterogeneous.

Reservoir space

The types of space in the Chang-7 Member reservoir in 
Xin’anbian area could be divided into primary pores, sec-
ondary pores, and microfractures according to their gen-
esis. The primary pores were mainly residual intergranular 
pores (Fig. 7a), with good connectivity between the pores 
and flakier throat. The secondary pores were mainly intrac-
rystalline dissolved pores of feldspar grains (Fig. 7b, c, d, 
e, f, g), followed by intercrystalline pores of clay miner-
als (Fig. 7i). The dissolution pores in feldspar grains were 
mostly distributed along the cleavage of feldspar (Fig. 7b, c, 
e, g). Some feldspar edges had dissolved to form dissolution 
pores (Fig. 7d, f), and certain clay minerals, such as kaolinite 
and intergranular pores of kaolinite, had developed in the 
reservoirs in the study area (Fig. 7i). There were also some 
microfractures in the quartz grains in the reservoir (Fig. 7h) 
that were relatively straight.

Fig. 7  Reservoir space type in the Chang-7 Member of the 
Xin’anbian area. a Residual intergranular pores (P) and a few dis-
solved pores developed between quartz (Q) and feldspar (F) grains, 
J89, 2241.15  m; b Cementation of calcite  (C1) between quartz (Q) 
grains, development of feldspar intergranular dissolution pore (P), 
intergranular dissolution pore (J89, 2,251.5  m); c An intrapolytic 
pore (P) developed along the cleavage seam of feldspar (F), H221, 
2179.48 m; d Some feldspar particles were dissolved at the edges to 
form intergranular dissolution pores (P), H221, 2203.6 m; e Feldspar 
was dissolved along the cleavage fractures, with a few feldspar dis-

solution pores (P), H221, 2199.4 m; f The contact between the quartz 
(Q) and feldspar (F) particles was point contact, and there was cal-
cite  (C1) cementation between grains. Most feldspar dissolution pores 
were filled with calcite  (C2), and there were a small number of resid-
ual dissolution pores in grains (P), J110, 2183.2  m; g Feldspar was 
dissolved along cleavage fractures, with small dissolution pores (P) 
and a small amount of kaolinite (K) on the surface, J110, 2169.6 m. 
h Development of internal microcracks (Mf) in quartz grains, H221, 
2199.4  m. i Intercrystalline pores (P) of page-shaped kaolinite (K) 
developed, J88, 2274.68 m
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The statistical results of the pore radius of the Chang-7 
Member reservoir in different reservoir spaces (Fig. 8) 
showed that the residual intergranular pores in the res-
ervoir in the research area had a large pore radius of 
10 ~ 60 μm, although the number of pores was small. The 
dissolution pores of feldspar were the most common pores 
in the research area and had a wide range of pore sizes 
(0.05 ~ 60 μm), among which > 1 μm feldspar dissolution 
pores had a large diameter but few in number. The parti-
cle sizes of feldspar dissolution pores in the research area 
were mainly 0.1 ~ 1 μm, the number of pores accounted for 
about 70% of all the pores, and the peak of the pore size 
distribution was 0.3 ~ 0.5 μm, which was the main type of 
pore in the reservoir. The width of the microfractures ranged 
from 0.05 to 1 μm. The presence of microfractures helped 
to enhance the connectivity between the pores in the reser-
voir. The pore size of clay intergranular pores was small and 
most was less than 0.5 μm. The peak of the pore size was 
around 0.1 ~ 0.3 μm. The comparison showed that the num-
ber of residual intergranular pores and the volume of clay 
intergranular pores and microfractures in Chang-7 Member 
reservoir were small, and the feldspar dissolved pores were 
relatively developed, which is the main reservoir space type 
of the Chang-7 Member reservoir.

Main diagenesis of reservoir

(1) Compaction

Compaction has an important effect on primary pores, and 
the strength of compaction mainly depends on the depth 
of burial and the mineral composition of rocks (Chu et al. 

2013). Plastic cuttings (such as mica, argillaceous cuttings) 
gradually deform, elongate, and fill the pores, thereby reduc-
ing reservoir porosity (Fig. 11a, b, c) under the influence 
of compaction. Generally, the compression compaction 
of a reservoir increases and the porosity and permeability 
decrease with the increase of reservoir burial depth.

As shown in Fig. 9, the porosity decreased from 13 to 8%, 
and the permeability decreased from 3 to 0.1 mD when the 
buried depth increased from 2240 to 2400 m. That is, poros-
ity and permeability decrease with depth.However, it contra-
dicts the above phenomenon that the porosity increased from 
8 to 13%, and the permeability increased from 0.1 to 7 mD 
when the buried depth of reservoir was within the range of 
2150 ~ 2240 m. According to the statistics for quartz, feld-
spar, and rock chip particles in the reservoir, the percentage 
of brittle particles such as quartz, feldspar, and igneous rock 
chips in this range was the highest, accounting for about 
57 ~ 67% of the total volume of reservoir rocks, while the 
content of the brittle particles in the reservoirs outside this 
range was lower than 55% (Fig. 10).

(2) Cementation

Some primary and secondary pores in the reservoir were 
filled by rock cement, which reduced the physical proper-
ties of the reservoir (Yang 2013). The cementation of the 
Chang-7 Member reservoir in the Xin’anbian area was rela-
tively developed. The cementation types were mainly calcite 
calcareous cementation, clay mineral argillaceous cementa-
tion, and a small amount of silica secondary enlargement and 
other siliceous cementation (Fig. 15d) and iron cementation 
(Fig. 11c, i). There were two stages of calcite cementation in 

Fig. 8  Frequency distribution 
of the pore radius of different 
pores in the Chang-7 Member 
of the Xin’anbian area
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Fig. 9  Change in porosity and 
permeability with depth in the 
Chang-7 Member reservoir of 
the Xin’anbian area

Fig. 10  Cementing type and 
distribution in the Chang-7 
Member reservoir of the 
Xin’anbian area
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the study area that formed in the early transition from mont-
morillonite to illite and in the late dissolution of feldspar (Xi 
et al. 2018). Argillaceous cement was widely distributed. 
The argillaceous cement was mainly kaolinite (Fig. 11e), 
and there was a small amount of illite and chlorite cement.

(3) Dissolution

Feldspar corrosion was common in the Chang-7 Member 
reservoir in the Xin’anbian area, and feldspar was mostly 
dissolved in grains or dissolved along cleavage, forming 
ingrain pores. The solution hole formed by feldspar disso-
lution was usually filled with cementitious material in areas 
where cementitious action was strong (Fig. 11h).

Discussion

Effects of major diagenesis on physical properties 
of reservoir

Previous studies have proved that diagenesis can be 
regarded as the main controlling factor of reservoir densifi-
cation (Li et al. 2006; Zhong et al. 2012; Chen et al. 2013; 
Wang et al. 2014; Jin et al. 2017). Diagenesis is divided 
into constructive diagenesis and destructive diagenesis. 
Mechanical compaction, quartz secondary enlargement, 
carbonate cementation, clay mineral filling and so on will 
damage the pores of the reservoir and reduce the physi-
cal properties of the reservoir (Zhang 2008; Yang et al. 

Fig. 11  Typical diagenesis in the Chang-7 Member reservoir of the 
Xin’anbian area. a Plastic particles such as biotite (B) are deformed 
by compression compaction, intergranular particles are filled with 
argillaceous (M), and a small number of ingranular dissolved pores 
(P) are developed, J68, 2232  m; b Press-dissolution between feld-
spars and argillaceous (M) fillings between grains, H221, 2199.4 M; c 
Grains of quartz (Q) and feldspar (F) were filled with a small amount 
of argillaceous (M), and biotite (M) was compressed and deformed, 
H221, 2199.4  M; d Calcite was cemented in intergranular  (C1), 
quartz (Q) was increased, intergranular microchimerism was tight, 
and some feldspar was dissolved into the dissolution pores (P), J89, 
2251.5 m; e kaolinite (K) filled around quartz (Q) grains with unde-

veloped intergranular pores, H221, 2199.4 m; f Calcite was cemented 
between particles  (C1), and some calcite filled the feldspar dissolution 
holes  (C2), J88, 2274.68  m; g Feldspar granules (F) were dissolved 
along the cleavage crack internally and developed intracellular disso-
lution pores (P) with argillaceous (M) cementation, H221, 2203.6 m; 
h Calcite was cemented between particles  (C1), and some feldspar (F) 
was dissolved and filled with calcite  (C2), containing a small num-
ber of ingranular dissolution pores (P). There was a layer of chlorite 
film (Ch) on the surface of the particles (J68, 2220.24 m). i A small 
amount of iron (Fe) cement between grains, internal dissolution of 
feldspar, H221, 2199.4 m
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2012; Li et al. 2013), while the dissolution of carbonate 
and feldspar, the intergranular pores of kaolinite and and 
the rim of chlorite play a constructive role in the develop-
ment of reservoir pores (Li et al. 2004; Zhang 2008). Thus, 
different diagenesis will have different effects on reservoir 
physical properties.

The diagenesis of Chang-7 Member tight sandstone 
reservoir mainly included compaction, dissolution, and 
cementation (Fig. 11). Compaction and cementation destroy 
reservoir’s physical properties, while dissolution improves 
reservoir’s physical properties.

(1) Compaction

Compaction can reduce reservoir’s physical properties, and 
its effect is influenced by reservoir depth and rock composi-
tion. According to Fig. 12, the brittle particle content in the 
Chang-7 Member reservoir was positively correlated with 
reservoir porosity, indicating that the higher brittle mineral 
particle content in reservoir led to relatively strong compac-
tion resistance, which is conducive to the preservation of 
primary pores and thus to relatively high porosity and per-
meability. Combined with the distribution of particle content 
of different properties in the study area, the areas with a 
higher content of argillaceous particles in the study area had 
poor anti-compaction ability and strong compaction, while 
areas with a higher content of brittle particles had a strong 
anti-compaction ability and weak compaction effect.

(2) Cementation

The study area was dominated by calcareous cementitious 
and argillaceous cementitious materials, which filled the 
intergranular pores and made the reservoir’s physical prop-
erties poor. Clay mineral cementation usually destroys the 
primary pores by filling them, though sometimes a chlorite 

film is formed on the surface of the rock particles to prevent 
secondary expansion of quartz and protect the primary pores 
(Fig. 11h).

(3) Dissolution

Dissolution, especially of feldspar minerals, is an important 
way of improving the physical properties of tight reservoirs. 
The dissolution of feldspar and other minerals can effectively 
improve the physical properties of a reservoir. However, due 
to the strong cementation in some areas, cementation can 
fill partial dissolution holes, reduce reservoir capacity, and 
worsen a reservoir’s physical properties.

Quantitative evaluation of the main diagenesis 
of the reservoir

The effect of diagenesis on the physical properties of a reser-
voir can be quantitatively characterized by the apparent com-
paction rate, cementation rate, and dissolution rate (Zhang 
et al.1997; Cheng et al. 2010; Chu et al. 2013). By quantita-
tively calculating and comparing the apparent compaction 
rate, cementation rate, and dissolution rate of a single well 
with formulas 1, 2, and 3 (Fig. 13), it was determined that 
the apparent compaction rate of the Chang-7 Member reser-
voir in the Xin’anbian area was mostly between 10 and 47%, 
among which wells H221 and J89 were higher, while wells 
A144 and J110 were lower, showing weak to medium com-
paction. According to the isopach maps of sandstone in the 
study area (Fig. 14), the sand body in the study area had an 
axis of symmetry from east to west in the north and thinned 
on both sides. Wells H221, J89, J68, J88, and J114 were dis-
tributed along the axis and the sand body > 20 m, with strong 
compaction under pressure and tight arrangement among 
particles. However, wells A144 and J110 had relatively thin 
sand bodies and weak compression compaction.

Fig. 12  Effect of brittle particle content on porosity and permeability in the Chang-7 Member reservoir of the Xin’anbian area
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The apparent cementation rate of the Chang-7 Member 
reservoir was between 40 and 90%, among which wells 
A144 and J110 were relatively high, while wells H221 and 
J89 were relatively low, showing medium and strong cemen-
tation. As can be seen from Fig. 14, the areas with a high 
apparent cementation rate in the study area tended to have 
a low apparent cementation rate. This was because a large 
number of intergranular pores were preserved in the areas 
with weak compaction under compression, which provided 
space for filling with cement in the later stages. For this 
reason, the apparent cementation rate was high. However, 
in areas with strong compression compaction, the formation 
was closely arranged among grains, with a large number of 
intergranular pores, and late cementing did not easily fill, 
so the cementation rate was relatively low. The dissolution 
degree of the Chang-7 Member reservoir was quite different. 
Wells J114, A144, and others had a relatively large apparent 
dissolution rate and strong dissolution effect, while wells 
J89, J68, and others had a relatively weak dissolution effect.

In conclusion, the study area as a whole by weak-medium 
compaction, medium-strong cementation and different 
degrees of dissolution. The strength of compaction and 
cementation is controlled by the thickness of reservoir sand 
body to a certain extent. In the area with larger sand body 
thickness, the compaction is stronger but the cementation is 
weaker; otherwise, the compaction is weaker but the cemen-
tation is stronger.

From the above analysis, it can be concluded that the 
Chang-7 Member reservoir in the research area had a sig-
nificant impact on compaction and cementation, which is 
the main reason for the densification of tight sandstone res-
ervoirs. This study found certain differences to the research 
results of Chu et al. (2013), Wang and Qiu (2018). To further 
compare the impact strength of compaction and cementa-
tion on reservoirs, the degree of porosity loss (Beard and 
Weyl 1973; Cheng et al. 2010) caused by compaction and 
cementation was compared (Fig. 15). The cementation of 
the reservoir in the study area increased with the decrease 

of compaction, where cementation reduced porosity by 
15 ~ 30% and 25% on average, while compaction reduced 
porosity by 10 ~ 20% and 13% on average. In other words, 
cementation reduced porosity more than compaction.

According to the analysis chart of compaction and cemen-
tation pore reduction strength of 23 samples (Fig. 16), 
the compaction and cementation strength of the Chang-7 
Member reservoir in the research area varied greatly, and 
the diagenesis strength of different samples was relatively 
dispersed. For example, porosity loss rate of cementation 
was distributed between 25 ~ 95%. The porosity loss rate of 
cementation was higher than the rate of compaction in 18 
samples, indicating that cementation played a major role in 
damaging the physical properties of the reservoir.

Reservoir porosity evolution

Due to the complex diagenetic evolution process of tight 
sandstone in the study area, when conducting a comprehen-
sive analysis of the porosity evolution characteristics in the 
study area, it was assumed that each diagenetic phenomenon 
was relatively independent. First, according to formula (4), 
the initial porosity of the reservoir in the study area was 
around 39%. The pore evolution of the reservoirs in the study 
area was mainly influenced by compaction, cementation, and 
dissolution. According to the development characteristics of 
the main diagenesis of the reservoirs and previous diagenesis 
research results, the pore evolution process of the Chang-7 
Member tight sandstone reservoirs in the Xin’anbian area 
could be divided into four stages (Fig. 17).

The first stage spanned the Triassic to the Early Jurassic 
period, during which time the main compression compac-
tion lost around 13% porosity, and the remaining compaction 
porosity was 26%. The second stage was from the Middle 
Jurassic to the Late Jurassic period, when cementation began 
and the physical properties of the reservoir further deterio-
rated. In this period, the reservoir porosity decreased by nearly 
21%, and the remaining cementation porosity was 5%. The 

Fig. 13  Diagenesis parameter 
distribution and reservoir clas-
sification map in the Chang-7 
Member reservoir of the 
Xin’anbian area
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third stage started from the Early Cretaceous, when a large 
number of hydrocarbons were generated from the source 
rocks. Hydrocarbon filling caused the fluid to become acidic 
(Wang 2018), which promoted the dissolution of feldspar and 
rock debris and the secondary increase of quartz, as well as 
forming secondary pores. The mesodiagenetic stage A fol-
lowed, where the porosity increased by about 6–11% until the 
late Early Cretaceous period. From the late Early Cretaceous 
to the early Late Cretaceous period, as hydrocarbon filling 
gradually ended, the reservoir slowly returned to an alkaline 

environment, secondary calcareous cementation occurred, 
and the porosity decreased by 4%. Until the Late Cretaceous 
period, the stratum was uplifted, diagenesis was weakened, 
and the pores did not change a great deal, reaching the present 
porosity.

Fig. 14  Quantitative distribu-
tion of sandstone thickness 
and diagenesis in the Chang-7 
Member reservoir of the 
Xin’anbian area
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Conclusion

(1) Chang-7 Member reservoir rock types in the Xin’anbian 
area are mainly lithic feldspathic sandstone and felds-
pathic detritus sandstone. The reservoirs can be classi-
fied as low porosity and low permeability and extra-low 
porosity and extra-low permeability. The porosity and 

permeability of the reservoirs are mainly controlled 
by compaction, cementation, and dissolution, among 
which compaction and cementation reduce the poros-
ity and permeability of the reservoirs, and corrosion 
improves their physical properties.

(2) The apparent compaction rate of the Chang-7 Mem-
ber reservoir in the study area was mainly between 
10 ~ 47%, while the apparent cementation rate was 
between 40 ~ 90%, and the apparent dissolution rate 
was > 40%. The Chang-7 Member reservoir mainly 
experienced weak-medium compaction, medium-strong 
cementation, and different degrees of dissolution. The 
average porosity loss of cementation was around 25%, 
while the average porosity loss of compaction was 
about 13%. In other words, cementation played a major 
role in the destruction of the physical properties of the 
reservoirs.

(3) Comprehensive analysis showed that the porosity evo-
lution of the Chang-7 Member in the study area could 
be divided into four stages: (1) the porosity in study 
area was reduced to 26%, mainly due to compression 
compaction from the Triassic to the Early Jurassic 
period; (2) the cementation seriously damaged the res-
ervoir from the Middle Jurassic to Late Jurassic, and 
the porosity decreased to 5%; (3) in the Early Creta-
ceous period, the porosity increased to 11% due to dis-
solution; and (4) the porosity was reduced to 7%, which 
was mainly due to cementation from the late Early Cre-
taceous to early Late Cretaceous period.

Fig. 15  Frequency distribution 
of porosity loss due to compac-
tion and cementation in the 
Chang-7 Member reservoir of 
the Xin’anbian area
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Fig. 16  Pore reduction strength analysis diagram of compaction and 
cementation of different types of tight sandstone reservoirs in the 
Chang-7 Member of the Xin’anbian area [the chart refers to Lunde-
gard (1992), Wang and Qiu (2018)]
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