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Glutenite reservoirs are characterized by rapid lateral change, strong

heterogeneity, and complex main controlling factors. This research aims to

identify macro and micro characteristics of glutenite reservoirs and establish

criteria for identifying favorable reservoirs studies. To this end, the tight sandy

conglomerate of the Upper Wuerhe Formation in the Permian Upper Wuerhe

Formation in theDinan 15well area of the eastern slope of theDongdaohaizi sag

in the Junggar Basin is studied. The core observation, physical property analysis,

sensitivity analysis, casting thin section, scanning electron microscope and

logging data are adopted to comprehensively analyze the characteristics of

glutenite reservoirs. By integrating various reservoir characteristic parameters,

this work constructed a new set of reservoir evaluation criteria to predict

favorable areas for the Upper Wuerhe Formation in Dongdaohaizi Sag. The

results show that the lithology of the Upper Wuerhe Formation in the Dinan

15 well area is dominated by gray glutenite; the reservoir is an ultra-low porosity

and ultra-low permeability reservoir with moderately weak water sensitivity and

weak velocity sensitivity. The reservoir space types of the layers are mainly

intergranular pores; the shape of the mercury intrusion curve and the pore

throat radius distribution of the samples show that the reservoir is skewed,

poorly sorted, and has the characteristics of small pores and thin throats. This

work constructed evaluation criteria for reservoirs from I to III by utilizing

lithology, physical properties, sensitivity, reservoir space type, and

microstructural characteristics as key parameters. The favorable reservoir

distribution area is mainly located in the west of the block, which is the

focus of the next exploration of the Upper Wuerhe Formation area. The

research results improved understanding of glutenite reservoir

characteristics and will serve as significant guidance for the oil and gas

exploration in the Dinan 15 well area.
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1 Introduction

Glutenite reservoirs are characterized by rapid lateral change,

strong heterogeneity, and complex main controlling factors.

Classifying their quality and predicting productivity are

difficult, which have become a research hotspot in recent

years (Jin et al., 2022). Glutenite reservoirs result from the

deposition of near-source sediment and the mixed

accumulation of coarse components such as sand and gravel

(Qu et al., 2017; Lin et al., 2019; Pang et al., 2020). The complexity

of the reservoir makes it difficult to select and evaluate high-

quality glutenite reservoirs, and traditional qualitative and

quantitative analyses are limited in this regard (Qu et al.,

2017). At present, most studies on glutenite reservoirs focus

on petrology, sedimentology, pore structure, etc., (Liu et al., 2018;

Bian et al., 2020; Yang et al., 2020). Few studies have explored

how reservoir capabilities affect fluids and the sensitivities of both

acidity and alkalinity from the perspective of reservoir sensitivity.

Besides, China has achieved breakthrough regarding oil and gas

exploration in the glutenite reservoirs in Junggar Basin, Bohai

Bay Basin, Songliao Basin, Erlian Basin, etc., (Wang et al., 2020a;

Zhou et al., 2020; Hu et al., 2021a; Hu et al., 2021b; Lu et al.,

2021). The oil and gas exploration in the representative Permian-

Triassic glutenite reservoirs in Junggar Basin is so

groundbreaking that it has become the current research focus

of petroleum geology(Kuang et al., 2014; Zhi et al., 2018) Up to

now, many large-scale oil and gas reservoirs containing glutenite

as reservoirs have been identified in the Permian strata of the

Junggar Basin, especially the identification of the billion-ton-

grade glutenite reservoirs of oil and gas in the Baikouquan

Formation, Mahu Sag, Junggar Basin, which has promoted the

general research in the Permian and Triassic glutenite reservoirs

in Junggar Basin (Zhi, 2016; Li et al., 2018; Xiao et al., 2019; Hu

et al., 2020; Li, 2022). New progress in oil and gas exploration was

realized in the glutenite reservoirs of the Permian Upper Wuerhe

Formation of Shawan Sag, Dongdaohaizi Sag and Fukang Sag

after the identification of the glutenite reservoirs in the Triassic

Baikouquan Formation of Mahu Sag, further proving the

magnificent exploration potential of glutenite reservoirs (Du

et al., 2019; Zhao et al., 2019; Li et al., 2020; Gao, 2021; Guan

et al., 2021). Additionally, Dongdaohaizi Sag is one of the

important hydrocarbon-rich sags of the Junggar Basin, while

the Permian Upper Wuerhe Formation has developed fan-delta

glutenite reservoirs and is the important oil-bearing series of

Dongdaohaizi Sag since it is close to the source rocks of the

underlying Pingdiquan Formation and has developed faults

connected with source rocks (Zhang, 2014; Jin et al., 2015).

The oil and gas exploration in Dongdaohaizi Sag with the

Pingdiquan Formation as the source began from the 1990s until

relatively significant breakthrough was realized in oil and gas

exploration in 2013 when the glutenite reservoirs of the Upper

Wuerhe Formation DN8 Well were deployed by following the

idea of “separating blocks and controlling reservoirs”, but a series

of exploration of preliminary prospecting wells and appraisal

wells that was deployed sequentially failed to achieve satisfactory

results. According to the research of fine sedimentary

paleogeomorphology (Zou et al., 2016; Xu et al., 2017; Cai

et al., 2019; Wang et al., 2022), the Permian Upper Wuerhe

Formation is regressive fan delta sedimentation, with wide

distribution of favorable facies zones in the fan delta front. In

2019, DN14 and DN15 wells were deployed in the optimal

favorable facies zones of the Upper Wuerhe Formation fan

delta front, resulting in highly productive hydrocarbon flow,

which is the evidence of the magnificent exploration potential of

the Upper Wuerhe Formation, Dongdaohaizi Sag. Since the

Upper Wuerhe Formation has been cumulatively influenced

by multi-stage tectonic movement, featuring complex

geological characteristics, the glutenite reservoirs and their

prediction need to be further studied (Qu et al., 2017; Hu

et al., 2021a).

According to previous studies, the porosity and permeability

of a glutenite reservoir is generally less than 10.0% and 5.000 mD,

respectively, featuring low porosity and permeability (Liu, 2015;

Xu et al., 2017; Li et al., 2019; Wang et al., 2022), and is a near-

source melange sedimentary system, with complex lithological

compositions, diverse textures and structures of rocks, and

frequent change in plane characteristics of lithofacies (Zou

et al., 2016; Jin et al., 2017; Jin et al., 2022). Since diagenesis

and pore evolution have critical influence over the physical

characteristics of reservoirs (Fu et al., 2019; Lin et al., 2019),

the characteristics of the glutenite reservoirs of the Permian

Upper Wuerhe Formation on the eastern slope of

Dongdaohaizi Sag, Junggar Basin have been researched to

some extent, but studies like general analysis and classified

evaluations on the characteristics of favorable reservoirs and

through based on various characteristic parameters of reservoirs

are quite rare. The study in this paper took the Permian Upper

Wuerhe Formation on the eastern slope of Dongdaohaizi Sag,

Junggar Basin as the example, and carried out a prediction of

favorable areas of the UpperWuerhe Formation in Dongdaohaizi

Sag through a general analysis on the glutenite reservoir

characteristics in combination with various parameters of

reservoir characteristics using core observation, physical

characteristic analysis, sensitivity analysis, casting thin section,

scanning electronic microscopy (SEM), well logging, etc., in the

hope of providing guidance for the exploration and development

of the tight glutenite reservoirs in the area mentioned

hereinabove.

2 General geological situation

Junggar Basin, located in the western China, is a typical large-

scale hydrocarbon-bearing superimposed sedimentary basin in

the western China (Yang et al., 2020; Zhang et al., 2021), with the

geographic coordinates of E81°C–92°C, N43°C–48°C. It is
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surrounded by fold mountain systems, with the Hala’alat

Mountain and the Zaire Mountain to the northwest, the Altai

Mountain and the Kelameili Mountain to the northeast, and the

northern Tianshan Mountains to the south. The plane shape of

the basin is an approximate triangle, wide in the south and

narrow in the north, about 700 km from west to east and about

370 km from north to south, with an area of 13.6 × 104 km2.

Junggar Basin consists of multiple tectonic units, including

6 primary tectonic units, i.e., Wulungu Sag, anteclise uplift,

central depression, eastern uplift, western uplift, and northern

Tianshan piedmont thrust, which can be further classified as

44 secondary tectonic units (Zhang, 2019; Zhang et al., 2020a;

Zhang et al., 2022a; Zhang et al., 2022b).

Dongdaohaizi Sag, located in the northeast of the central

depression of Junggar Basin, is between the Dishuiquan fault

zone and the northern Dongdaohaizi fault zone, extending in a

belt shape along the northeast-southwest direction and covering

an area of 7,000 km2 or so (Figure 1A). It is

paleogeomorphologically an asymmetric double-fault graben-

like sag and has a relatively simple internal structure, which is

dominated by traction hook-shaped low-amplitude structures of

downthrown blocks of faults. Dongdaohaizi Sag starts from the

southern Dishuiquan fault and the Dinan uplift in the north,

connected with the Baijiahai fault and the Baijiahai uplift in the

south, bounded with No. 1 and 2 Faults of the northern

Mosuowan, the Mosuowan uplift, and the northern

Mosuowan uplift in the west, and connected with Wucaiwan

Sag in the east (Ding, 2016; Zhang et al., 2022c; Zhang et al.,

2022d). Additionally, the strata of Dongdaohaizi Sag are

relatively completely developed, consisting of limestone

stratum, Permian stratum, Triassic stratum, Jurassic stratum,

Cretaceous stratum and Cenozoic stratum distributed from top

FIGURE 1
Basic regional pattern and comprehensive stratum column chart of study area. (A) Geographic location and Paleogene structure block plan of
Dongdaohaizi Sag of the central depression, Junggar Basin; (B) Location of the Dinan 15 well in the study area; (C) Comprehensive column chart of
the Upper Permian series, Junggar Basin.
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to bottom. Among them, the Permian stratum has developed the

Xiazijie Formation, the Lower Wuerhe Formation and the Upper

Wuerhe Formation (Figure 1C). The early–middle Permian is the

sag-filling sedimentation stage, and the Xiazijie Formation (P2x)

is a set of significantly thick greyish brown and brownish grey

glutenite mixed with minor grey and brownish grey mudstone

and sandstone. The Lower Wuerhe Formation (P2w) is a set of

grey and dark grey mudstone and sandy mudstone mixed with

greyish green and brownish grey glutenite and lime mudstone.

The dark mudstone rich in alga has formed the high-quality

source rocks close to the source reservoirs of Dongdaohaizi Sag.

Vertically, the contact between the Upper Wuerhe Formation

and the overlying Baikouquan Formation is unconformable, so is

the contact between the Upper Wuerhe Formation and the

underlying Lower Wuerhe Formation (Feng, 2017; Wang

J. et al., 2020; Li, 2022). The Upper Wuerhe Formation has

developed large-scale regressive fan delta sedimentation, while

the thick-bedded sandstone of the Wuerhe Formation Section I,

the thin-bedded sandstone of the Wuerhe Formation Section II

and the mudstone of the Wuerhe Formation Section III have

formed a good reservoir cap combination and provide excellent

geological conditions for the formation of large-area lithology-

strata hydrocarbon reservoirs. In the study area of this paper, the

regional structure of the Dinan 15 well block, located on the

eastern slope of Dongdaohaizi Sag of the central depression,

Junggar Basin, is administratively governed by Fuhai County,

Altay Prefecture, Xinjiang Uygur Autonomous Region, about

6 km to the Cainan oilfield in the south, about 24 km to the

FIGURE 2
Basic lithological characteristics of the Upper Wuerhe Formation in the study area. (A) Glutenite, Dinan 19 well, P3w1, 3,922.37 m–3,922.52 m;
(B) Pebbly sandstone, Dinan 19 well, P3w1, 3,922.37 m–3,922.52 m; (C) Glutenite, Dinan 15 well, P3w2, 3,732.99 m–3,733.17 m; (D) Glutenite, Dinan
15 well, P3w2, 3,792.18 m–3,792.36 m; (E). Pebbly sandstone, Dinan 15 well, P3w2, 3,738.56 m–3,738.65 m; (F) Medium–fine sandstone, J202 well
-13/27 (Zou et al., 2021); (G)Mudstone, siltstone, K82well 4–16/26(Zou et al., 2021); (H) Brownmudstone, MH014well, 3,736.98 m(Zhang et al.,
2020b); (I) Mudstone, Dinan 11 well, P3w3, 4,603.63 m–4,603.81 m(Hu et al., 2021b).
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Wucaiwan gas field in the east, and about 18 km to the

Dishuiquan oilfield in the northeast (Figure 1B). The earth

surface in this area is desert, with flat terrain, and has a

ground elevation of 670 m–705 m and an average ground

elevation of 691.7 m.

3 Fine-grained sedimentary rock
reservoir characteristics

3.1 Lithological characteristics

The Upper Wuerhe Formation can be divided into three

sections, i.e., P3w1, P3w2, and P3w3 from top to bottom.

According to the photos of the cores from the Upper Wuerhe

Formation, the lithology of P3w2 and P3w1 of the Upper Wuerhe

Formation is respectively dominated by glutenite, followed by

pebbly sandstone (Figure 2). Among the two sections, the Upper

Wuerhe Formation P3w1 features fan delta plain facies and is

lithologically dominated by grey glutenite, mixed with thin-

bedded silty mudstone, poor in reservoir characteristics, and

50 m–110 m thick, while the Upper Wuerhe Formation P3w2

features fan delta front facies and is lithologically dominated by

grey glutenite and interbedding of pebbly sandstone and brown

mudstone, and thus is the main section of high quality reservoir

development, with the thickness of 110 m–150 m.

3.2 Physical characteristics

In order to identify the physical characteristics of the Upper

Wuerhe Formation glutenite reservoirs, analysis was conducted on

420 samples of Section II, the Upper Wuerhe Formation and

204 samples of Section I, the Upper Wuerhe Formation both

collected from Dinan 15 well. The reservoir porosity and

permeability of Section I, the Upper Wuerhe Formation are

generally less than 8% and lower than 2.56 μm2 × 10−3 μm2,

respectively, while those of Section Ⅱ, the Upper Wuerhe

Formation are generally less than 12% and lower than 5 ×

10−3 μm2, respectively. According to the classification standard for

physical characteristics of clastic rock reservoirs (Table 1), generally

speaking, the Upper Wuerhe Formation reservoirs in the study area

are classified as super-low porosity and permeability reservoirs (Liu,

2015; Kang et al., 2019; Huang et al., 2020; Xiao et al., 2020).

According to the histograms of porosity and permeability of

Section I, the Permian Upper Wuerhe Formation of Dinan

15 well (Figures 3A–D), the range, median and average of the

porosity of 74 reservoir samples from Section I, the Upper

Wuerhe Formation are 2.2%–11.6%, 4.61%, and 4.95%, while

the range, median and average of the permeability of 65 reservoir

samples from the same section are 0.01 μm2–2.33 μm2 ×

10−3 μm2, 0.028 μm2 × 10−3 μm2 and 0.058 μm2 × 10−3 μm2,

respectively. Therefore, the reservoirs in this section feature

super-low porosity and permeability. The range, median and

average of the porosity of 35 oil reservoir samples are 5.0%–

11.6%, 5.54% and 6.10%, respectively, while the range, median

and average of the permeability of 30 oil reservoir samples are

0.016 μm2~.33 μm2 × 10−3 μm2, 0.057 μm2 × 10−3 μm2, and

0.117 μm2 × 10−3 μm2, respectively. As shown in the

histograms, the porosity of Section I, the Permian Upper

Wuerhe Formation of Dinan 15 well is mostly less than 8%

and its permeability is all below 2.56 μm2 × 10−3μm2. Therefore,

this section has poor physical characteristics and features typical

super-low porosity and low permeability (Xiao et al., 2019).

The value distribution of porosity and permeability between

every section is significantly different. According to the

histograms of porosity and permeability of Section II, the

Permian Upper Wuerhe Formation of Dinan 15 well

(Figure 3E–H), the range, median and average of the porosity

of 138 reservoir samples from Section II, the Upper Wuerhe

Formation are 2.3%–17.2%, 6.89%, and 7.05%, respectively, while

the range, median and average of the permeability of

124 reservoir samples from the same section are

0.01 μm2–939 × 10−3 μm2, 0.145 μm2 × 10−3 μm2, and

0.311 μm2 × 10−3 μm2, respectively. The range, median and

average of the porosity of 85 samples are 5.2%–17.2%, 7.71%,

and 8.25%, respectively, while the range, median and average of

the permeability of 73 samples are 0.067 μm2–939 μm2 ×

10−3 μm2, 0.663 μm2 × 10−3 μm2, and 1.626 μm2 × 10−3 μm2,

respectively. As shown in the histograms, the porosity of

Section II, the Permian Upper Wuerhe Formation of Dinan

15 well is mostly less than 12% and its permeability is mostly

TABLE 1 Classification standard for physical characteristics of clastic rock reservoirs (by national reserves committee, 1997).

Reservoir classification Porosity Φ(%) Permeability
K(× 10 μm2-3 μm2)

Super-high porosity and high permeability Φ ≥ 30 K ≥ 2000

High porosity and permeability 25 ≤ Φ < 30 500 ≤ K < 2000

Medium porosity and permeability 15 ≤ Φ < 25 50 ≤ K < 500

Low porosity and permeability 10 ≤ Φ < 15 5 ≤ K < 50

Super-low porosity and low permeability Φ < 10 K < 5
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FIGURE 3
Porosity and permeability histograms of the Permian Upper Wuerhe Formation of Dinan 15 well block. (A,B) Porosity histogram of Section I, the
Upper Wuerhe Formation; (C,D) Permeability histogram of Section I, the Upper Wuerhe Formation; (E,F) Porosity histogram of Section II, the Upper
Wuerhe Formation; (G,H) Permeability histogram of Section II, the Upper Wuerhe Formation.
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below 5 μm2 × 10−3 μm2, and thus this section has poor physical

characteristics and features typical super-low porosity and low

permeability (Xiao et al., 2019; Zhang et al., 2020c; Zhang et al.,

2022e; Yu et al., 2022). When compared with each other, Sections

I and II of the Upper Wuerhe Formation are insignificantly

different from each other in porosity, but the latter is better than

the former regarding permeability.

3.3 Sensitivity characteristics

In order to identify the sensitivity characteristics of the Upper

Wuerhe Formation glutenite reservoirs, this study conducted clay

mineral X-ray diffraction (XRD) analysis on 5 core samples from the

UpperWuerhe Formation and experimental analysis on the reservoir

characteristics of 9 samples in total from Dinan 081 well, 10 well,

12 well and 13 well of Dinan 15 well block. Since kaolinite, smectite,

illite, chlorite, interstratifiedminerals, etc. have relatively large surface

areas and extremely strong activities (like adsorbability, sensitivity to

external fluid, etc.), they can significantly influence the injectability,

adsorbability andmodification of various injectants and are themain

minerals that damage reservoirs. Therefore, the main factors that

determine the degree of damage to the reservoir sensitivity are the

content, constituent, distribution and attitude of clay minerals

contained in clastic interstitial materials. The water sensitivity of a

reservoir is the phenomenon where the reservoir permeability is

decreased due to the expansion, dispersion, migration and blockage

of clayminerals when incompatible externalfluid enters the reservoir.

The speed sensitivity of a reservoir means the possibility and degree

of permeability decrease caused by migration and pore blockage of

various particles in the reservoir due to the movement speed increase

of fluid. According to the clay mineral XRD statistical results of the

Upper Wuerhe Formation cores (Table 2), the primary clay mineral

is chloride (15%–57%, average 42.4%), which actively reacts with

acidic fluid, decreasing the physical characteristics of reservoirs, and

thus is an acid sensitive mineral, and the secondary is illite-smectite

mixed layers (0%–54%, average 25.2%), which are easily expanded

with water and then block pores and thus are water sensitive

minerals. Additionally, illite (0%–38%, average 21.6%) and

kaolinite (0%–25%, average 10.8%) may migrate and block pores

in the form of particles under the condition of high-speed fluid

seepage, and thus are both speed sensitive minerals. Based on the

TABLE 2 Clay mineral content of the Upper Wuerhe Formation of Dinan 15 well block based on XDR.

Clay mineral
content

Illite/smectite mixed
layer

Illite Kaolinite Chloride Sample qty

Range (%) 0–54.0 0–38.0 0–25.0 15.0–57.0 5

Average (%) 25.2 21.6 10.8 42.4

TABLE 3 Statistical list of reservoir sensitivity analysis on the Upper Wuerhe Formation of Dinan 15 block.

No.
of well

Depth
of
sample
(m)

Experiment
item

Porosity
(%)

Kirschner
permeability
(mD)

Formation
water
permeability
(mD)

Gas
permeability
(mD)

Damage
rate
(%)

Evaluation
result

Dinan
081 well

4,022.77 Water sensitivity 4.88 0.517 0.0172 0.635 11.1 Weak

Dinan
10 well

3,398.52 Water sensitivity 4.27 0.282 0.0305 0.47 33.1 Below-middle

3,398.52 Water and speed
sensitivity

4.63 0.286 0.0314 0.474 10.5 Weak

3,400 Water sensitivity 5.91 0.213 0.0269 0.403 33.8 Below-middle

3,400 Water and speed
sensitivity

6.31 0.285 0.0313 0.456 22.7 Weak

Dinan
12 well

3,447.57 Water and speed
sensitivity

7.67 0.874 0.0634 1.58 19.4 Weak

3,447.57 Water sensitivity 5.89 1.28 0.0268 2.47 45.2 Below-middle

Dinan
13 well

4,105.23 Water sensitivity 7.97 0.859 0.0428 1.54 47.2 Below-middle

4,105.23 Water and speed
sensitivity

8.85 2.75 0.138 3.34 47.9 Below-middle
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results of the experimental analysis on the reservoir sensitivity, it can

be seen that the Upper Wuerhe Formation reservoirs feature below-

middle water sensitivity and weak speed sensitivity (Table 3).

3.4 Reservoir space types and pore
structures

Based on the cast thin section and SEM data combined with

the pore characteristics, it is believed that the reservoir space

types of the Upper Wuerhe Formation reservoirs of Dinan

15 well in the study area are diverse and dominated by

intergranular pores, followed by intergranular dissolution

pores, intragranular dissolution pores, and micro-fractures

(Figure 4). Intergranular pores, which are mainly developed in

glutenite and sandy conglomerate, are the preserved primary

pores that have not been damaged by diagenesis; dissolution

pores are divided into inter- and intra-granular ones and they are

mainly developed in medium sandstone and gravel-bearing

inequigranular sandstones. They are the secondary pores

produced by the interaction between dissolution fluid and

surrounding rock. Micro-fractures are also common in the

FIGURE 4
Microscopic thin section photos of pore types of the Permian Upper Wuerhe Formation reservoirs in the Dinan 15 well block. (A) Glutenite,
intergranular pores 95%, intragranular dissolution pores 5%, Dinan 19 well, 3,926.8 m (P3w1); (B) Glutenite, intergranular pores 95%, intragranular
dissolution pores 5%, Dinan 19 well, 3,922.57 m (P3w1); (C) Glutenite, intergranular pores 60%, intragranular dissolution pores 25%, tectonic fracture
15%, Dinan 19 well, 3,927.05 m (P3w1); (D) Medium sandstone, intergranular pores 95%, intragranular dissolution pores 4%, laumonite
dissolution pores 1%, Dinan 14 well, 4,005.52 m (P3w1); (E) Sandy conglomerate, intergranular pores 60%, intragranular dissolution pores 30%,
intergranular dissolution pores 10%, Dinan 15well, 3,927.9 m(P3w2); (F) Sandy conglomerate, intergranular pores 70%, intergranular dissolution pores
20%, intragranular dissolution pores 10%, Dinan 15well, 3,932.1 m (P3w2); (G) Sandy conglomerate, intergranular pores 50%, intergranular dissolution
pores 20%, particle-edge fractures 20%, intragranular dissolution pores 10% Dinan 15 well, 3,728.87 m (P3w2); (H) pebbly unequal-particled
sandstone, intergranular dissolution pores 90%, particle-edge fractures 5%, intragranular dissolution pores 5%, Dinan 8 well, 3,957.76m; (I) Pebbly
unequal-particled lithic sandstone, part of the particles and interstitial materials luminous, Dinan 19 well, 3,924.99 m.
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glutenite reservoirs in the study area. Due to the high content of

brittle particles such as quartz and feldspar in the glutenite, a

series of fractures are generated along the grain edges under the

action of stress, providing space for oil and gas migration and

storage.

According to the data of core collection and FMI micro-

resistivity imaging, vertical fractures and high angle fractures

exist in the Upper Wuerhe Formation reservoirs and are

dominated by micro-factures (Figure 5). The internal edges

of some fractures are straight, with a high degree of opening,

and appear in groups. It is believed that the stress field changes

brought about by regional tectonic activities form structural

fractures that have a low filling degree and most of them can

become effective seepage channels (Figures 5A,B); some

fractures are not straight and have low degree of opening.

Although the extension direction is consistent but the length is

different, the interior is mostly filled with secondary minerals

or organic matter, and the contribution to the reservoir and

permeability is limited (Figures 5D, E)

10 samples, collected from Sections I and II of the UpperWuerhe

Formation of Dinan 15 well, were selected for high-pressure mercury

injection experiment (Figure 6). Based on the experiment results, it

can be seen that the mercury injection curves of the Upper Wuerhe

Formation take on a shape of slope, indicating that the reservoirs

feature slightlyfine skewness, poor sorting, small pores andfine throat.

The maximum capillary radius of the reservoirs is 0.817–32.978μm,

with the average of 11.687μm, and their displacement pressure is

0.0223–0.9MPa, with the average of 0.501MPa. This indicates that the

glutenite reservoir in the studied section has a better pore-throat ratio

and has a certain seepage capacity.

FIGURE 5
Development characteristics of fractures in imaging resistivity and cores. (A). Glutenite, Dinan 14 well, 4000 m–4008 m; (B) Glutenite, Dinan
15 well, 3721 m–3735 m; (C) Core, Dinan 15 well, 3,731.8 m–3,739.1 m; (D)Glutenite, Dinan 14 well, 4,000 m–4,008 m; (E)Glutenite, Dinan 15 well,
3,795 m–3,797 m; (F) Core, Dinan 15 well, 3,796.5 m–3,799.8 m.
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3.5 Log response characteristics of
reservoirs

The rock types of the Permian Upper Wuerhe Formation

reservoirs of the Dinan 15 well block include glutenite, pebbly

sandstone, medium–fine sandstone, siltstone, argillaceous siltstone

and silty mudstone. The parameters, including sound waves, density,

gamma, resistivity, wave impedance, etc. of the target sections of all

prospecting wells and evaluation wells in the selected well block were

adopted for analysis on the reservoir sensitivity parameters.

According to the logging results and log interpretation combined

with lithology and the analysis on the characteristics of the

longitudinal wave impedance corresponding to the reservoirs, the

lithology corresponding to the high-impedance-value part of the

Permian Upper Wuerhe Formation of the Dinan 15 well block is

glutenite and sandstone, with the average> 11,150mg/scm,while that

corresponding to the low-impedance-value part is mudstone, with a

wave impedance value <10,000mg/scm generally (Figures 7, 8).

FIGURE 6
Capillary pressure curve of the Permian Upper Wuerhe reservoirs of Dinan 15 well block. (A,B) Capillary pressure curve of Section I reservoirs of
the Upper Wuerhe Formation; (C) Capillary pressure curve of Section II reservoirs of the Upper Wuerhe Formation.

FIGURE 7
Gama-wave impedance crossplot of the Upper Wuerhe Formation of the Dinan 15 well block. (A) Histogram of IMP lithology; (B) Crossplot of
IMP lithology.
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4 Reservoir prediction

4.1 Criteria for reservoir evaluation

Lithology reflects the material basis of a reservoir, physical

characteristics embody the basic reserve capacity, sensitivity

represents the anti-damage capability of a reservoir, and pore

structures indicate the micro distribution regularities of

reservoir space. Therefore, based on the above research and

analysis, with lithology, physical characteristics, sensitivity,

reservoir space types and microstructure characteristics

adopted as the key parameters, the criteria for reservoir

evaluation were established for the tight reservoirs in the

study area, which are classified into three types of

reservoirs, i.e., Type I, Type II, and Type III, with the

reservoir quality decreasing from Type I to Type III (Table 4).

Type I reservoirs: the lithology is dominated by glutenite and

pebbly sandstone. The average porosity and permeability are higher

than 12% and 5 μm2 × 10−3 μm2, respectively. The reservoirs are weak

water-sensitive andweak speed-sensitive. The primary reservoir space is

intergranular pores and laumonite dissolution pores, and the secondary

is intragranular dissolution pores. The pore throats are dominated by

fine skewness, and are a combination of macro-mesopores and fine

pore throats, with good pore throat connectivity. The maximum

connecting pore throat radius is 9.195 μm–32.978 μm, and the log

response is high impedance response.

Type II reservoirs: the lithology is dominated by medium–fine

sandstone and siltstone. The average porosity and permeability are

between 8% and 12% and 2.56 μm2 ×10−3 μm2~5 × 10−3μm2,

respectively. The reservoirs are below-middle water-sensitive and

below-middle speed-sensitive. The primary reservoir space is

intergranular pores and laumonite dissolution pores, and the

secondary is intragranular dissolution pores. The pore throats are

dominated by fine skewness, and are a combination of small-

micropores and fine pore throats, with good pore throat

connectivity. The maximum connecting pore throat radius is

1.267 μm–9.195 μm, and the log response is high

impedance–medium impedance response.

FIGURE 8
Identification results of reservoir rock types based on wave impedance parameters–a case of Dinan 8 well.
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Type III reservoirs: the lithology is dominated by

argillaceous siltstone and silty mudstone. The average

porosity and permeability are lower than 8% and

2.56 μm2 × 10−3μm2, respectively. The reservoirs are above-

middle water-sensitive and above-middle speed-sensitive. The

primary reservoir space is a combination of a few residual

intergranular pores and the internal micropores of interstitial

materials. The pore throat distribution is dominated by fine

skewness and is a combination of small-micropores and micro

pore throats, with poor pore throat connectivity. The

maximum connecting pore throat radius is

0.036 μm–1.267 μm, and the log response is medium

impedance–low impedance response.

4.2 Reservoir prediction

4.2.1 Lateral reservoir prediction
Based on the reservoir evaluation criteria established above

combined with the indication of single well oil-bearing

characteristics, Dinan 8 well, Dinan 083 well, Dinan 15 well,

Dinan 12 well and Dinan 121 well in the west of the study area

were selected to establish a well-tie profile in order to characterize

the lateral reservoir distribution rules. As shown in Figure 9, Type

I reservoirs pass through Dinan 083 and 15 wells along the

direction from southwest to northeast, and are mainly distributed

in the top and middle parts of Dinan 083 and 15 wells. Their

single layers are thin and feature sand-mud interbedding, with

continuously sedimentary sand bodies, good physical

characteristics and oil-bearing characteristics. Oil and gas are

in the same layer and the current production of oil and gas is

339.11t/d and 27980m3/d, respectively. Besides, Type II

reservoirs pass through Dinan 8, 083 and 15 wells along the

direction from southwest to northeast, and are mainly distributed

in the top and bottom parts of Dinan 8 well, and the bottom parts

of Dinan 083 and 15 wells. Their single layers are relatively thick

and feature local continuation, with good physical characteristics

and oil-bearing characteristics. Oil-water and oil-gas are in the

same layer and the current production of oil and gas of Dinan

8 and 083 wells is 26.37 t/d and 2,610 m3/d, and 83.59 t/d and

13,190 m3/d, respectively, and the oil production of Dinan 15 well

is 42.02 t/d. Last but not least, Type III reservoirs pass through

TABLE 4 Criteria for reservoir classification established based on lithology, physical characteristics, sensitivity, reservoir space types, and
microstructure characteristics.

Reservoir
type

Lithology Physical
characteristics

Sensitivity Reservoir
space
type

Pore structure
characteristics

Log response

Porosity/
%

Permeability/
×10−3μm2

Pore
throat
distribution

Pore
size
distribution/
μm

I Glutenite
Pebbly
sandstone

> 12 > 5 Weak water-
sensitive Weak
speed-sensitive

Primary:
intergranular
pores, laumonite
dissolution pores
Secondary:
intragranular
dissolution pores

Fine skewness
Macro-
mesopores Fine
throat

9.195~32.978
17.719

High impedance

II Middle–fine
sandstone
Siltstone

8–12 2.56–5 Below-middle
water-sensitive
Below-middle
speed-sensitive

Primary:
intergranular
pores, laumonite
dissolution pores
Secondary:
intragranular
dissolution pores

Fine skewness
Small-
micropores Fine
throat

1.267~9.195
5.442

Medium
impedance–high
impedance

III Argillaceous
siltstone Silty
mudstone

< 8 < 2.56 Above-middle
water-sensitive
Above-middle
speed-sensitive

Combination of a
few residual
intergranular
pores and the
internal
micropores of
interstitial
materials

Fine skewness
Small-
micropores
Micro throat

0.036~1.267
0.3195

Medium
impedance–low
impedance
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Dinan 8, 083, 15, 12 and 121 wells along the direction from

southwest to northeast, and are mainly distributed in Dinan

121 well, the middle and bottom parts of Dinan 12 well, and the

middle part of Dinan 8 well, and partially in the top part of Dinan

15 well and the middle part of Dinan 083 well along the direction

from southwest to northeast. Their single layers are thick and

feature block structures, with relatively poor physical

characteristics and oil-bearing characteristics. The oil-bearing

layers and oil-water are in the same layer and the current

production of oil and gas of Dinan 8 and 12 wells is 10.54 t/d

and 43.9 m3/d, and 7.09 t/d and 5.72 m3/d, respectively.

4.2.2 Reservoir plane prediction
Based on the criteria for reservoir evaluation and the

prediction results of single-well and well-tie reservoirs, the

diagrams of reservoir plane distribution were drawn. Wave

impedance was utilized to distinguish reservoir areas and non-

reservoir areas (Figures 10A,B). The grey-black areas are the low

values of wave impedance, representing the non-reservoir areas,

while the red-yellow areas are the high values of wave impedance,

representing the reservoir areas. Plane prediction was conducted

on the different reservoir types of P3w1 and P3w2 based on the

plane distribution characteristics, including the parameters of

lithology, physical characteristics, sensitivity, pore structures,

etc., in accordance with the reservoir classification criteria

(Figures 10C,D).

According to the plane distribution diagram of P3w1

reservoirs, Type I reservoirs are mainly distributed in the

west of the study area, specifically in the areas of Dinan 20, 18,

21, 13, 10, 8, and 081 wells, with an area around 314 km2.

Besides, Type II reservoirs are mainly distributed in the center

of the study area, specifically in the areas of Dinan 12, 086, 15,

083, 084, 19 085 and 089 wells, with an area around

529.87 km2. Last but not the least, Type III reservoirs are

mainly distributed in the east of the study area, specifically in

the areas of Dinan 1, 2, 3, 201, 142 and 17 wells, with an area

around 156.8 km2.

According to the plane distribution diagram of P3w2

reservoirs, Type I reservoirs are mainly distributed in the west

and east of the study area, specifically in the areas of Dinan 20,

201, 142, 13, 084, 083, 8, 081 and 141 wells, with an area around

530.66 km2. Besides, Type II reservoirs are mainly distributed in

the center and west of the study area, specifically in the areas of

Dinan 21, 18, 3, 1, 2, 088, 12, 086, 15, 085, 14, 089 and 17 wells,

with an area around 961.63 km2. Last but not least, Type III

reservoirs are mainly distributed in the southeast of the study

FIGURE 9
Prediction on reservoir distribution on the Dinan 8 well–Dinan 15 well–Dinan 121 well profile.
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area, specifically close to the areas of Dinan 142 and 20 wells, with

an area of around 78.5 km2.

5 Conclusion

(1) The lithology of the Upper Wuerhe Formation in the Dinan

15 well area is dominated by gray glutenite; at the same time,

various rock types such as glutenite and medium sandstone

are developed;

(2) The glutenite reservoirs of the Upper Wuerhe Formation

in the Dinan 15 well block is an ultra-low porosity and

ultra-low permeability reservoir, with moderately weak

water sensitivity and weak velocity sensitivity. The shape

of the mercury intrusion curve and the pore throat radius

distribution of the samples show that the reservoir is

skewed, poorly sorted, and has the characteristics of

small pores and thin throats.

(3) This work constructed evaluation criteria for reservoirs from

I to III by utilizing lithology, physical properties, sensitivity,

reservoir space type, and microstructural characteristics as

key parameters. The favorable reservoir distribution area is

mainly located in the west of the block, which is the focus of

the next exploration of the Upper Wuerhe Formation area.

FIGURE 10
Inversion plans of the Permian Upper Wuerhe Formation of the Dinan 15 well block and plane prediction diagrams of Type I, II and III reservoirs.
(A) Inversion plan of Section I, the Permian Upper Wuerhe Formation of the Dinan 15 well block; (B) Inversion plan of Section II, the Permian Upper
Wuerhe Formation of the Dinan 15 well block; (C) Plane distribution diagram of Types I, II and III reservoirs of Section I, the Permian Upper Wuerhe
Formation of the Dinan 15 well block; (D) Plane distribution diagram of Types I, II and III reservoirs of Section II, the Permian Upper Wuerhe
Formation of the Dinan 15 well block.
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