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ABSTRACT

In view of the common problems of difficult in characterizing pore structure, weak research on res-
ervoir forming limit, and ambiguous meaning of grading evaluation boundary in Chang 7 tight oil
reservoirs of the Jiyuan area, Ordos Basin. The pore structure types and reservoir forming limits of
tight sandstone were determined by high-pressure mercury injection test and other methods, and
the grading criteria were established to evaluate the reservoir quality. The results showed that the
Chang 7 tight oil reservoirs have poor petrophysical properties and four types of pore structures,
which correspond to different reservoir types respectively. There are three types of the reservoir form-
ing limits in tight sandstone reservoirs, namely the theoretical lower limit, lower limit of oil accu-
mulation, and effective seepage lower limit, with the corresponding porosity limits of 3.5%, 5.5%,
and 8.0%, respectively, and the corresponding permeability limits of 0.02 x 102 um?, 0.05 x 10 pm?,
and 0.20 x 102 pum?, respectively. These reservoir forming limits were in good agreement with the
classification boundaries of pore structure. Combining the pore structure types with the reservoir
forming limits, the Chang 7 tight oil reservoirs can be divided into four classes: I, II, III, and IV, rep-
resenting easily movable tight reservoir, movable tight reservoir, oil-bearing tight reservoir, and
ineffective tight reservoir, respectively. Among them, the classes I and II reservoirs were the sweet
spot areas for increasing the reserves and production of tight oil. The method of combining vari-
ous reservoir forming limits and pore structure types can effectively evaluate reservoir quality, and
provide theoretical basis for increasing geological reserves and rolling expansion of oil fields.

Keywords: Tight oil reservoir; Pore structure type; Reservoir forming limit; Grading evaluation
criteria; Ordos basin

1. Introduction

Recently, the innovation of tight oil accumulation the-
ory and the successful application of hydraulic fractur-
ing and sweet spot prediction techniques have sparked a
global boom in tight oil development [1,2]. China has the
world’s third largest tight oil reserves after the United States
and Russia, which have achieved large-scale commercial
exploitation [3]. However, compared to tight oil in marine
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basins of the United States, the formation environment
of continental tight oil in China was more complex, with
diverse sedimentary types and systems, multi-stages adjust-
ment and transformation of tectonic sedimentary evolution,
and features of such as fine pore throats, poor fluid mobil-
ity, and low formation pressure [4-7]. Therefore, it is urgent
to carry out pore structure and reservoir evaluation, which
lay a foundation for the optimization of sweet spot areas
and efficient development of tight oil.
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Presently, with the deepening of research on multi-
scale pore structure and the mature application of various
characterization techniques, the characterization of pore
structure was developing towards more refined, quanti-
fied, high-precision, and full pore size directions [1,6,8-12].
Among these testing methods, high-pressure mercury
injection (HPMI) testing can overcome the large capil-
lary resistance and enter the nanoscale pore-throat space
[9,13,14]. Moreover, this method has the characteristics of
low-cost and high-efficiency, and was widely used in the
classification research of pore structures [15,16]. In addi-
tion, the research on the reservoir forming limits of tight
sandstone was mainly focused on determining of the pore-
throat lower limit and petrophysical properties lower limit
[11,17]. Among them, the theoretical pore-throat lower limit
of current tight oil reservoirs was usually determined by
the irreducible water film thickness method, and the pet-
rophysical properties lower limit of oil and gas charged
tight reservoirs was determined by various methods such
as empirical statistics and oil testing productivity [18,19].
However, there were different types of the reservoir form-
ing limits in tight sandstone reservoirs, and the petrophysi-
cal properties lower limit was not a constant value and will
gradually decline with the improvement of the exploitation
technology. Therefore, different methods should be used
to determine the various reservoir forming limits when oil
and gas charged the tight sandstone.

The reservoir evaluation was the prerequisite for predict-
ing the sweet spot areas of tight oil, and its accuracy affects
the selection of exploration targets and the assessment of oil
and gas reserves [5,16,20,21]. At present, there are four cate-
gories of classification and evaluation methods for tight oil
reservoirs, including petrophysical facies method, multi-pa-
rameter comprehensive evaluation method, pore structure
classification method, and petrophysical properties lower
limit method [22-24]. Among them, the petrophysical facies
method can qualitatively evaluate the quality of reservoirs
from the perspective of geological genesis, establish favorable
petrophysical facies identification standards and evaluation
systems, and clarify their planar distribution patterns [25,26].
However, this method was difficult to provide quantitative
standards for reservoir classification and evaluation. The
multi-parameter comprehensive evaluation method selects
parameters representing the characteristics of tight oil reser-
voirs, such as lithology, petrophysical properties, and elec-
trical properties, and adopts the evaluation methods such as
the clustering analysis method and multivariate classification
coefficient method to evaluate the reservoir differences in the
target area [27]. However, these parameters and methods were
difficult to establish unified standards for application in dif-
ferent target areas. The pore structure classification method
selects various parameters obtained from each experiment to
classify and evaluate the pore structure [28,29]. By analyzing
the storage and permeability capacity under different pore
structure types to evaluate the tight oil reservoirs. However,
this method needs to carry out a large amount of analysis
and testing, which is difficult to promote for blocks with low
exploration degree or lack of relevant data. The petrophysical
properties lower limits of different oil-bearing reservoirs were
defined based on various static and dynamic methods such

as empirical statistical method and oil-bearing occurrence
method to complete the reservoir evaluation [30]. This method
considers the effectiveness of storage and seepage capac-
ity of reservoirs, but the classification results have certain
statistical rules.

Therefore, in this study, 31 tight sandstone samples were
selected and carried out testing on petrophysical properties
and HPMI to classify and study the pore structure of reser-
voirs. In addition, the reservoir forming limits of tight sand-
stone were accurately determined through various methods.
On this basis, various reservoir forming limits and pore
structure types were combined to quantitatively evaluate
tight oil reservoirs and establish the corresponding grading
evaluation criteria, which provides a theoretical basis for
increasing geological reserves and rolling expansion of the
oil field.

2. Geological background

Ordos Basin is located in the middle of China (Fig. 1a)
[31]. It is a Mesozoic sedimentary basin formed by over-
all uplift and subsidence, depression migration and long-
term superposition evolution [32,33]. The basin spans five
administrative regions and six first-order structural units
[9,15]. After undergoing a long sedimentary evolution and
tectonic movement in the basin, a nearly rectangular basin
with a regional area of 25 x 10* km? has been formed (Fig. 1b)
[15,34,35]. The structures of the basin were relatively sim-
ple, with a gentle westward dipping monoclinic structure
and an inclination angle of less than 1 (Fig. 1c).

The Jiyuan area is located in the midwestern part
of Ordos Basin, at the junction of Shaanxi, Gansu, and
Ningxia provinces, with the regional exploration area cov-
ers 1,857 km? [36,37]. The overall performance of Chang 7
reservoir is characterized by a reverse sedimentary cycle
of lake retreat and sand advance. Based on the characteris-
tics of logging curves, the Chang 7 member can be divided
into five sub-members, namely Chang 7], Chang 77, Chang
7}, Chang 72, and Chang 7,. Among them, the Chang 7! and
Chang 77 sub-member are the main producing layers of
Chang 7 tight oil and the target horizon of this study, with
the average thickness of 6.84 and 7.45 m, respectively. The
rock type of tight oil reservoir is lithic feldspar sandstone,
with a high content of interstitites in the reservoir, averag-
ing 15.77%, which mainly including illite in clay minerals
and ferrocalcite in carbonate cements, with the average of
3.13% and 3.72%, respectively. The compositional maturity
and structural maturity are both medium and low.

3. Experimental methods

In this paper, 31 tight sandstone core samples were
selected and drilled parallel to the formation direction using
a drilling rig to form cylindrical plugs with a diameter and
length of about 2.5 cm. Then, the sample plugs were num-
bered individually and placed into alcohol and benzene for
extraction experiments. After drying, the porosity, permea-
bility, and HPMI experiments were conducted on the sam-
ple plugs to characterize the petrophysical properties and
pore-throat size distribution (PSD) characteristics.
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Fig. 1. (a) Location map of Ordos Basin, (b) tectonic division of Ordos Basin, and (c) structural section corresponding to horizontal

line in Fig. 1b.

3.1. Porosity and permeability

The Smart-Por ultra-low porosity and Smart-Perm ultra-
low permeability test systems developed by Tai-Rocky
Tech System Company in Canada were used to complete
the helium porosity and helium permeability test of rocks,
respectively. The system can realize the automatic testing of
tight sandstone samples under different confining pressures
and pore pressures, with high test accuracy. The technical
parameters of the system include a confining pressure of
0-75 MPa, a pore fluid pressure of 0.7-14 MPa, a porosity
measurement range of 1%-20%, and a permeability measure-
ment range of 0.0001-50 x 10 pm?.

3.2. HPMI

HPMI experiments were performed using the Autopore
9250 II mercury porosimeter. During the experiments, the
non-wetting phase of mercury was continuously pressur-
ized under vacuum conditions, which allowed mercury to
enter the reservoir space with a smaller pore-throat radius
and recorded corresponding mercury saturation at sta-
ble pressures. Then the PSD characteristics of the sample
were quantitatively detected based on the Washburn equa-
tion. The parameters of the HPMI experiments included
the following: a pressure range of the mercury injection
of 0-200.3 MPa and a measurement range of pore size of

0.0037-100 pm.

4. Results
4.1. Petrophysical properties

By analyzing the petrophysical properties data of 31 cores
(Table 1), the porosity of Chang 7 tight oil reservoirs was
scattered between 4.44% and 11.46%, averaging 8.02%, and
the reservoir permeability was distributed between 0.033
and 1.001 x 10® pm?, averaging 0.298 x 107 um?, which
represents a typical tight sandstone reservoir. In addition,
the petrophysical properties data of 3,387 cores collected
from Chang 7! and Chang 7? reservoirs were analyzed. The
porosity of Chang 7 tight oil reservoirs was mainly scat-
tered between 6% and 12%, showing a normal distribution,
of which the proportion of samples with porosity less than
10% accounts for 81.2% (Fig. 2a). The reservoir permeabil-
ity was mainly distributed between 0.01 and 0.50 x 10~ um?,
in which 56.3% of the samples with permeability less than
0.1 x 107 um? (Fig. 2b). Moreover, the distribution of porosity
and permeability in Chang 7] reservoir was generally on the
left, with poor petrophysical properties. The average values
of porosity and permeability were 8.11% and 0.213 x 10~ um?,
respectively, and the correlation between the two was rela-
tively weak, with correlation coefficient (R?) being 0.6459
(Fig. 2c). The average values of porosity and permeability in
Chang 7? reservoir were 8.90% and 0.269 x 10~ um?, respec-
tively, and the correlation between them was better, with a
R? of 0.7544 (Fig. 2d), indicating that the overall quality of
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Table 1

Four types of pore structure parameters obtained from HPMI experiment

J. Li et al. / Desalination and Water Treatment 314 (2023) 339-351

Pore structure Sample ID  Porosity Permeability P,(MPa) R__ R (um) S__ (%) W, (%) 5, o
types (%) (107 um?) (pm)
L197 9.96 0.545 0.72 1.02 0.25 9243 34.41 0.25 1.93
L50 9.89 0.893 0.46 1.60 0.43 90.26 28.11 0.27 2.19
L54 11.46 1.001 0.27 2.68 0.54 88.15 34.19 0.20 2.74
Type Y153 8.85 0.442 0.72 1.02 0.26 88.92 35.50 0.25 2.33
H343 10.02 0.768 0.46 1.61 0.33 87.68 33.74 0.21 2.45
G203 10.49 0.867 0.45 1.62 0.43 92.56 34.91 0.27 2.19
H513-1 11.15 0.552 0.67 1.09 0.24 92.91 36.64 0.16 2.40
Average 10.26 0.724 0.54 1.52 0.34 90.42 33.93 2.32 0.23
F89 8.54 0.192 1.17 0.63 0.12 91.91 39.19 0.20 1.97
G273 8.40 0.320 0.72 1.02 0.24 90.53 33.21 0.23 2.12
G275 9.54 0.283 1.17 0.63 0.12 91.91 41.96 0.19 2.00
H359 8.30 0.237 0.72 1.02 0.10 72.28 40.52 0.10 3.66
Type II L36 9.80 0.454 0.74 1.00 0.18 92.56 41.25 0.18 2.03
H370 10.47 0.343 1.14 0.64 0.12 87.30 34.54 0.15 2.39
H395 7.74 0.236 1.17 0.63 0.12 83.13 24.22 0.15 2.78
C223 8.99 0.566 0.72 1.02 0.15 96.82 45.78 0.15 1.77
Average 8.97 0.329 0.94 0.82 0.15 88.30 37.58 2.34 0.17
G282 7.90 0.140 1.81 0.41 0.08 86.17 31.39 0.20 2.17
G345 6.70 0.100 291 0.25 0.07 90.14 37.83 0.28 1.85
GI1 5.92 0.060 291 0.25 0.05 87.19 38.39 0.19 2.07
G71 7.15 0.121 1.81 0.41 0.09 84.51 26.70 0.21 2.46
H136 6.50 0.101 1.16 0.63 0.08 77.87 33.04 0.17 2.85
H152 5.85 0.091 291 0.25 0.04 88.81 34.86 0.16 1.79
Type III H415 7.55 0.096 2.08 0.35 0.10 90.58 28.29 0.29 2.09
H513-2 7.87 0.183 2.75 0.27 0.09 89.89 26.73 0.32 2.09
L152 8.30 0.148 1.37 0.54 0.10 87.37 32.10 0.31 2.29
L184 6.43 0.057 2.05 0.36 0.06 90.78 28.92 0.30 2.08
L187 7.60 0.143 1.17 0.63 0.10 86.82 24.89 0.22 2.38
L22 7.47 0.115 1.81 0.41 0.06 91.03 40.70 0.15 1.76
Average 7.10 0.113 2.06 0.40 0.09 87.60 31.99 2.16 0.23
D308 5.60 0.052 7.39 0.10 0.02 45.29 13.56 0.19 4.92
H195 4.58 0.054 291 0.25 0.03 70.40 1691 0.12 3.92
Type IV H212 5.02 0.042 291 0.16 0.03 62.00 19.19 0.16 4.88
H211 4.44 0.033 11.78 0.06 0.02 40.92 7.43 0.19 6.00
Average 491 0.045 6.25 0.14 0.02 54.65 14.27 4.93 0.16

the Chang 72 reservoir was better than those of the Chang
7! reservoir. This was because that the depositional hydro-
dynamics and sand body development scale of Chang
7! reservoir was weaker than that of Chang 7?2 reservoir.

4.2. Classification and characteristics of pore structure

The HPMI results showed that the pore structure of
Chang 7 tight oil reservoir was poor, with a higher dis-
placement pressure (P,) and a smaller pore-throat radius
(R) (Fig. 3). The distribution of P, was between 0.27 and
11.78 MPa, averaging 1.97 MPa, and the R, was distributed
between 3.6 nm and 4.0 um, averaging 0.15 um (Table 1). By
analyzing the pore structure parameters of each sample, it

was found that the pore structure has obvious boundaries at
the P, 0f 0.72,1.17,2.91 MPa, and the R of 0.24, 0.12, 0.03 um,
while other pore structure parameters have significant dif-
ferences among various sandstone samples, indicating that
tight oil reservoirs have complex configuration relationships
and heterogeneous of pore throats. Therefore, according
to the morphological characteristics of capillary pressure
curves, PSD characteristics, and pore structure parameters
obtained by HPMI, the pore structure was divided into four
types: L 11, III, and IV.

Among these types, the capillary pressure curve dis-
tribution uplifted gradually and the P, increased succes-
sively, with average values of 0.54, 0.94, 2.06, and 6.25 MPa
(Fig. 4). The corresponding PSD curves showed a unimodal
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Fig. 3. Capillary pressure curve characteristics (a) and PSD characteristics (b) obtained from HPML

distribution and gradually shifted to the left, and the R grad-
ually decreased, with average value of 0.34, 0.15, 0.09, and
0.02 um. The pore-throat combination type transitions from
residual intergranular pores and feldspar dissolution pores
to intercrystalline pores, and the rock gradually becomes
dense. Moreover, the maximum mercury injection saturation
(5,.) and mercury withdraw efficiency (W) of type I pore
structure have average values of 90.42% and 33.93%, respec-
tively, and the sorting coefficient (S) and homogeneity coef-
ficient (o) of the PSD have average values of 2.32 and 0.23,

respectively. This indicates that this type of sample develops
larger pore throats and the PSD was relatively concentrated
and uniformly distributed, thereby corresponding to a higher
reservoir space and seepage capacity. The PSD of type II pore
structure showed a wide and slow single-peak characteris-
tic, with a high S and a low o (average values were 2.34 and
0.17, respectively). Meanwhile, the type II pore structure had
larger S and the highest W, (average values were 88.30%
and 37.58%, respectively), indicating that this type of sam-
ple had a better configuration relationship and connectivity
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Fig. 4. Differences in pore structure of tight oil reservoirs.

of the pore throats. Type III pore structure had a small pore-
throat radius, a concentrated distribution, the lowest S , and
the highest a (average values were 2.16 and 0.23, respectively),
corresponding to a lower S and W, (average values were
87.60% and 31.99%, respectively). The type IV pore structure
had the highest S and the lowest o (average values were
4.93 and 0.16, respectively). This type of sample developed
tinier pore throats and showed the lowest effective volume
and configuration relationship of pore-throat space (average
values of S and W, were 54.65% and 14.27%, respectively).

4.3. Classification of reservoir forming limits

There are different lower limits of pore-throat radius
or petrophysical properties during the oil and gas enter

Pore-throat radius/um

the reservoirs, which can be called the reservoir form-
ing limits of tight sandstone [11,19]. The specific reservoir
forming limits include the theoretical lower limit, lower
limit of oil accumulation, and effective seepage lower limit
(Fig. 5). Among them, the theoretical lower limit refers to the
lower limits of pore-throat radius or petrophysical proper-
ties corresponding to the oil and gas can pass through the
source-reservoir interface, when the accumulation dynamic
fails to overcome the capillary resistance of the pore throats,
the oil and gas cannot be charged into the reservoir, which
was defined as non-reservoir [38]. The lower limit of oil
accumulation represents the petrophysical properties of
the corresponding reservoir where oil and gas can be filled
into tight rocks under the action of accumulation dynam-
ics [39]. When the petrophysical properties of the reservoir
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Fig. 5. Distribution diagram of reservoir forming limits of tight sandstone.

were less than this critical value, there was no oil and gas
display, and the reservoir was considered as the ineffective
tight reservoir, which was occupied by the original forma-
tion water [17,40]. Although the oil and gas can enter the
sandstone to form the oil-bearing tight reservoir, some tight
oils were difficult to flow effectively. Therefore, the effec-
tive seepage lower limit reflects the petrophysical proper-
ties corresponding to the flow of tight oil in pores, which
was also known as the industrial lower limit, and this limit
decreases with the improvement of the exploitation technol-
ogy [14,41]. The above analysis shows that tight oil reser-
voirs have different reservoir forming limits, corresponding
to reservoirs with different petrophysical properties and
pore structures, which have absolute control over the
oil accumulation.

4.3.1. Theoretical lower limit

Before hydrocarbons enter the reservoir space, the orig-
inal formation pores contain water. Due to factors such as
electrostatic field, wettability, and clay adsorption, the min-
eral surface usually adsorbs a certain thickness of water
film [42]. When the sum of the irreducible water film and
oil molecules radius were equal to the pore-throat radius,
which was the theoretical lower limit of pore-throat corre-
sponding to oil and gas charging [43]. Since the oil-water
interfacial tension decreases with the increase of formation
pressure and temperature, it is necessary to establish the
relationship diagram between the pore-throat radius and
the irreducible water film thickness under different forma-
tion pressures (Fig. 6a). The critical thickness of water film
under different formation pressures were fitted to obtain
the irreducible water film thickness under the current forma-
tion pressure of study area (Fig. 6b). The current formation
pressure is 24 MPa, and the corresponding critical thick-
ness is 14 nm. Due to the oil molecular radius is 1.3 nm on

average, the theoretical lower limit of pore-throat of study
area can be determined to be 15.3 nm. Therefore, according
to the correlation between permeability and R, and porosity
(Fig. 6c and d), the corresponding lower limit of porosity and
permeability was determined to be 3.5% and 0.02 x 10° pum?,
respectively.

4.3.2. Lower limit of oil accumulation

When oil and gas overcame the resistance of the small
throats at the source-reservoir interface and entered the
interior of the reservoir, due to the complex pore structure
and strong reservoir heterogeneity, resulting in no oil and
gas display inside some reservoirs [44,45]. Therefore, the
lower limit of oil accumulation can be determined by the
oil-bearing occurrence of tight sandstone. Predecessors clas-
sified oil-bearing occurrence into various types based on the
degree of oil content in rock cores [46,47]. Among them, the
oil-bearing reservoirs with oil saturated, oil rich, oil immer-
sion, or oil spot have a higher oil-producing capacity and
can be developed as industrial oil reservoirs [48]. Reservoirs
with oil spot or oil stain have a lower oil-producing capac-
ity and were considered as low-producing oil layers [49].
However, reservoirs with fluorescence were basically unable
to store and produce oil and gas, making them as the dry
reservoirs. Therefore, the petrophysical property boundary
between oil free and other oil-bearing grades can be used
as the lower limit of oil accumulation. Based on 227 core
petrophysical property data points and debris data from
30 exploration wells, the intersection diagram of porosity
and permeability of cores with different oil-bearing levels
was established (Fig. 7). The analysis results indicate that the
better the petrophysical properties of reservoirs, the higher
the oil-bearing grade in the sandstone. The porosity and
permeability limits of oil-bearing sandstone samples were
5.5% and 0.05 x 107 um?, respectively.
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Fig. 7. Petrophysical properties correlation of cores with differ-
ent oil-bearing occurrences.

4.3.3. Effective seepage lower limit

The effective seepage lower limit was the petrophysical
property lower limit of the effective tight oil production lay-
ers [50,51]. This lower limit was the key to the screening of
tight oil favorable areas and the formulation of later devel-
opment measures [52]. The results of oil testing can usu-
ally comprehensively evaluate whether tight oil reservoirs
have the development potential. In this method, the daily

oil production and daily water production of the oil test-
ing section were used as the basis for dividing the produc-
tion layer (oil layer and water layer) and dry layer [43,53].
The intersection diagram of porosity and permeability was
established based on the average petrophysical properties
of different oil testing sections, and the petrophysical prop-
erty boundary between the production layer and dry layer
was used as the effective seepage lower limit. According to
the oil testing results and petrophysical properties data of
99 wells, the intersection diagram of porosity and permea-
bility was drawn for the oil testing section (Fig. 8). Analysis
shows that there is a clear boundary in the distribution of
petrophysical properties between the producing and dry
layers of tight oil reservoirs, the corresponding lower limit
of porosity and permeability were 8.0% and 0.20 x 107 um?,
respectively. At the same time, it was found that the poros-
ity distribution range of oil layer and water layer in tight
oil production layer was similar, but the permeability of oil
layer was higher than that of water layer, indicating that
the oil-bearing property was controlled by the permeability.

5. Discussion

5.1. Relationship between the reservoir forming limits and the
classification boundaries of pore structure

The study results in Section 4.2 indicates that the R_ of
0.24, 0.12 and 0.03 pm can be used as the boundary values
of each pore structure type, which can be divided into four
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types (I, IL, III, and IV). simultaneously, a good correlation
between permeability and R, and porosity (Fig. 9), and
the sample points represented by various pore structures
have obvious differentiation. Therefore, the petrophysical
property limits of various pore structures were determined
based on the boundary value of the R, where the perme-
ability limits corresponding to each pore structure were
0.50 x 10 um?, 0.20 x 107 um? and 0.05 x 107 um?, and the
corresponding porosity limits were 10.0%, 8.0%, and 5.5%,
respectively.

In Section 4.3, there are three types of the reservoir form-
ing limits in the Chang 7 tight sandstone reservoirs, namely
the theoretical lower limit, lower limit of oil accumulation,
and effective seepage lower limit, with the corresponding
porosity limits of 3.5%, 5.5%, and 8.0%, respectively, and
the corresponding permeability limits of 0.02 x 10 pum?,
0.05 x 107 um?, and 0.20 x 10 pm?, respectively. By compar-
ing various reservoir forming limits with the pore structure
classification boundaries, it was found that there is a good
correlation between the two kinds of boundaries. Among
them, the petrophysical property boundary between types II
and III pore structures was the same as the effective seep-
age lower limit, the corresponding porosity and permeability
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Fig. 8. Intersection diagram of porosity and permeability of the
oil testing section.
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were 8.0% and 0.2 x 107 pum?, respectively, and the bound-
ary between types III and IV pore structures was consistent
with the lower limit of oil accumulation, the corresponding
porosity and permeability were 5.5% and 0.0.05 x 107 pum?,
respectively. This indicates that tight oil reservoirs of differ-
ent oil grades can be formed when oil and gas enter reser-
voirs with different pore structures types and correspond-
ing petrophysical properties, and also indicates that pore
structure types can be used as the basis for classification of
tight oil reservoirs.

5.2. Establishment of reservoir grading evaluation criteria and
reservoir classification

The pore structure was the main factor affecting the
petrophysical properties, fluid mobility and quality of
tight oil reservoir [13,19]. Therefore, tight oil reservoirs can
be graded and evaluated based on the type of pore struc-
ture. In addition, the porosity and permeability were usu-
ally used as the main parameters to evaluate the quality of
tight oil reservoirs, and classified by clustering analysis and
other methods [14,40]. However, the obtained petrophysical
propertied boundary was only a statistical result and has no
practical geological significance. Therefore, in this paper,
the grading limits of tight oil reservoirs were determined
by combining pore structure types and reservoir forming
limits to clarify the geological significance represented by
each grading limits.

In Section 4.3, various reservoir forming limits were
determined through different methods, the Chang 7 tight oil
reservoirs were divided into three types of reservoirs with
different oil-bearing grades, namely effective tight reservoir,
oil-bearing tight reservoir, and ineffective tight reservoir,
which were distinguished from non-reservoir. Due to the res-
ervoir forming limits were in good agreement with the clas-
sification boundaries of pore structure. Therefore, based on
the combination of pore structure types and reservoir form-
ing limits, the grading evaluation criteria for tight oil reser-
voirs were established (Table 2).

In order to better understand the geological signifi-
cance of various tight oil reservoirs, combined with the fluid
mobility corresponding to types I and II pore structures, the
effective tight reservoirs were subdivided into easily movable
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Fig. 9. Relationship between permeability and R_ (a) and porosity (b).
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Table 2
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Grading limits of tight oil reservoirs were determined by combining pore structure types and reservoir forming limits

Reservoir Pore structure Geological R, (um) Permeability Porosity Reservoir forming
classification types significance (10 pum?) (%) limits
Class I Type Easily movable >0.24 >0.50 >10.0 Effective seepage
tight reservoir lower limit
Class II Type II Movable tight 0.12-0.24 0.20-0.50 8.0-10.0
reservoir
Class III Type III Oil-bearing tight ~ 0.03-0.12 0.05-0.20 5.5-8.0 Lower limit of oil
reservoir accumulation
Class IV Type IV Ineffective tight 0.015-0.03 0.02-0.05 3.5-5.5
reservoir
Non-reservoir - - <0.015 <0.02 <3.5 Theoretical lower limit
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Fig. 10. Distribution plan of tight oil reservoir grading evaluation for Chang 7] (a) and Chang 72 (b).

tight reservoirs and movable tight reservoirs. According to
the grading evaluation criteria, the tight oil reservoirs can
be correspondingly divided into four classes (I, II, III, and
IV), which were consistent with various pore structures,
representing easily movable tight reservoirs, movable tight
reservoirs, oil-bearing tight reservoirs, and ineffective tight
reservoirs, respectively. Among them, class IV tight oil res-
ervoirs have the small pore-throat radius, and correspond
to porosity and permeability ranging from 3.5% to 5.5% and
0.02 to 0.05 x 10 um?, respectively, which represents inef-
fective tight reservoirs, and the boundary between it and
non-reservoirs corresponds to the theoretical lower limit.
Class III tight oil reservoirs were oil-bearing tight reser-
voirs, with corresponding porosity and permeability ranging
from 5.5% to 8.0% and 0.05 to 0.20 x 107 pm?, respectively.
It was difficult for the fluids to flow effectively in this reser-
voir, and the boundary between this class and class IV tight
oil reservoir corresponds to the lower limit of oil accumu-
lation. Class II tight oil reservoirs were the movable tight
reservoir, with better pore-throat configuration relation-
ship, the corresponding porosity and permeability were
between 8%-10% and 0.20-0.50 x 10 um?, respectively, and
the boundary between it and the class III tight oil reservoir
corresponds to the effective seepage lower limit. The class I

tight oil reservoirs were the high-quality reservoir with the
best reservoir performance and seepage capacity, and the
corresponding porosity and permeability were greater than
10% and 0.50 x 107 um?, respectively, which represents the
easily movable tight reservoir.

5.3. Application of reservoir grading evaluation criteria

The reservoir evaluation criteria were established based
on the analysis and testing results of limited samples, but
they were difficult to apply effectively in practice [36].
Therefore, it is necessary to combine rich logging data to bet-
ter evaluate and predict the quality and distribution patterns
of tight oil reservoirs. According to the corrected porosity
and permeability logging curves, combined with the res-
ervoir grading evaluation criteria, this paper can draw the
distribution plan of grading evaluation for Chang 7] and
Chang 72 tight oil reservoir (Fig. 10).

Fig. 10 shows that the Chang 7] and Chang 77 tight oil
reservoirs were mainly distributed as class III reservoirs.
The distribution characteristics of classes III and IV tight
oil reservoirs were consistent with the distribution patterns
of sand bodies and petrophysical properties, with a strip-
shaped distribution along the provenance direction, mainly
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distributed in underwater distributary channels and sub-
aqueous natural levee. Among them, class IV tight oil res-
ervoirs were distributed at the edge of distributary bays,
corresponding to the worst reservoir petrophysical proper-
ties and pore structures, which were the areas that should
be avoided for tight oil development. The classes I and II
tight oil reservoirs were mainly scattered in the Jiyuan -
Baoziwan area at the intersection of the southern dual prov-
enance, with high oil and gas enrichment degree and fluid
mobility, they were the favorable targets area for increas-
ing the reserves and production of tight oil.

6. Conclusion

e The average porosity and permeability of Chang 7 tight
oil reservoir were 8.02% and 0.298 x 10 pum? respec-
tively. According to the capillary pressure curve mor-
phology, P, (0.72, 1.17, and 2.91 MPa), and R_(0.24, 0.12,
and 0.03 um), the pore structure can be divided into four
types (I, II, I1I, and IV), where the R and the oil-bearing
properties of the reservoir gradually decreases.

® The Chang 7 tight oil reservoir has the three reservoir
forming limits, namely the theoretical lower limit, lower
limit of oil accumulation, and effective seepage lower
limit, the corresponding lower limits of porosity were
3.5%, 5.5%, and 8%, respectively, and the correspond-
ing lower limits of permeability were 0.02 x 10° um?,
0.05 x 10 um?, and 0.20 x 10 um?, respectively.

® There was a good correspondence between the various
reservoir forming limits and the classification bound-
aries of pore structure, the Chang 7 tight oil reservoirs
can be divided into four classes by combining these two
types of boundaries, and the corresponding grading
evaluation criteria can effectively predict the favorable
sweet spot areas in the Jiyuan area. Among them, class
I reservoir reflects easily movable tight reservoir, corre-
sponding to the best reservoir quality and development
potential. Class II reservoir represents movable tight res-
ervoir, and the boundary between it and class III reservoir
corresponds to the effective seepage lower limit. Class
IIl reservoir represents the oil-bearing tight reservoir,
which was the main reservoir type in Jiyuan area. Class
IV reservoir was shown as an ineffective tight reservoir,
which contributes little to the production of the tight oil

reservoir.
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