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Abstract: In order to better understand pore-throat structure characteristics, the coupling relationship
between micropore-throat structure and macro reservoir quality and influencing factors caused
by authigenic minerals were studied. Petrographic analyses, scanning electron microscopy (SEM),
pressure-controlled mercury injection (PMI), nuclear magnetic resonance (NMR), and X-ray diffrac-
tion (XRD) were performed on a suite of tight reservoir samples from the Chang 8 Member of the
Upper Triassic Yanchang Formation in the southwestern Ordos Basin, China. The results show
that the pore—throat sizes obtained with the combination of PMI and NMR methods varied from
nano- to microscale, revealing pore-throat sizes ranging from 0.001 um to 70 pm, and showing that
pore—throats with a radius larger than 1.0 pm are rare. Larger pore—throats with good connectivity
(>Tapex) account for a smaller part of the total pore volume, ranging from approximately 7.58% to
38.90% with an average of 22.77%, but account for more than 80% of contributions to permeability.
The effective movable fluid porosity (¢emp) measured by NMR, ranging from approximately 0.10%
to 7.07% with an average of 2.56%, had a positive contribution to permeability. The contents of
chlorite occurrence state, other than illite, are beneficial to pore-throat preservation. A new reservoir
evaluation scheme of the Chang 8 reservoir is established. These research results provide a theoretical
basis for the evaluation and development of tight sandstone oil and gas exploration.

Keywords: Yanchang Formation; microscopic pore-throat structure; movable fluid; authigenic
minerals; tight sandstone

1. Introduction

The pore-throat structure affects the occurrence and seepage characteristics of fluids in
a reservoir, which in turn affects the quality of the reservoir. As non-traditional oil and gas
resources, tight sandstone oil and gas have become a “hot spot” in the field of oil and gas
development due to their huge resources [1,2]. Porosity and permeability, the important
petrophysical parameters in conventional reservoir evaluation, also play a key role in the
quality evaluation of tight sandstone reservoirs [3-5]. At the same time, the pore—throat
structure of tight sandstone reservoirs cannot be ignored [6-8]. The microscopic pore-throat
structure of a reservoir (including the type, shape, size and distribution, and connectivity of
pores and throats) is one of the important factors affecting the hydrocarbon-bearing proper-
ties of tight sandstone reservoirs. It determines the petrophysical properties, as well as the
heterogeneity and seepage characteristics of a reservoir, and therefore ultimately affects the
migration and accumulation of oil, and the effective development of oilfields [9-15]. The
tight sandstone oil and gas reserves in the Ordos Basin are abundant, with high exploration
and development potential. However, there are issues such as ultra-low permeability,
complex pore structures, micro-nano pore-throat systems, and an extremely low natural
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productivity of single wells. Therefore, studying the influence of the pore structure of
tight sandstone reservoirs on seepage characteristics is of great significance for improving
reservoir development efficiency and recovery rates.

The Maling Oilfield is located in the southwest of the basin and is a large tight
sandstone oilfield discovered in recent years in the Ordos Basin. Its structural units span
across the Yishan Slope and the Tianhuan Syncline secondary structural units (Figure 1). The
main production layer of Maling Oilfield is the Chang 8 oil layer group—the Upper Triassic
Yanchang Formation (Figure 1). The Chang 8 reservoir in the study area is mainly controlled
by western provenance, with the development of a shallow water delta sedimentary system.
The tectonic deformation of the Chang 8 oil layer is gentle, and it has the characteristics
of a gentle monocline structure. The compositional maturity and structural maturity are
relatively low, with relatively low porosity and low permeability (with an average porosity
of 10.3% and an average permeability of 0.71 x 1073 um?). It has the characteristics of a
complex pore-throat structure, strong heterogeneity, large oil saturation change, and low
oil and gas recovery [16,17]. Previous studies of the pore-throat structure of the Chang
8 tight sandstone reservoir in the Maling Oilfield show that the throat is the main factor
controlling the petrophysical properties of the Chang 8 reservoir. The lower the reservoir
permeability, the smaller the throat radius and the more concentrated its distribution [16,17].
In general, the research on the coupling relationship between the microscopic pore-throat
structure and the macroscopic petrophysical properties of the Chang 8 tight sandstone
reservoir in the Maling Oilfield is unclear.

The Chang 8 reservoir in the Maling area of the Ordos Basin is a typical tight sandstone
reservoir, and previous studies have extensively investigated its pore structure and the
impact on the flow properties of the Chang 8 reservoir in this area [18-22]. Liu Hanlin et al.
(2018) [17] found that the throat is the main controlling factor for the physical properties
of tight sandstone reservoirs. As the permeability decreases, the throat radius decreases
and the distribution becomes more concentrated, occupying a larger proportion of effective
reservoir space. Ren Xiaoxia et al. (2015) [23] used experimental methods such as core
and thin section observation, scanning electron microscopy, and high-pressure mercury
intrusion to comprehensively characterize the micropore structure characteristics of the
Chang 8 tight sandstone reservoir in the Maling area. The results showed that the reservoir
was relatively dense as a whole, with a threshold permeability of 1 x 1072 um?. Samples
greater than 1 x 1072 um? had a higher proportion of nanoscale and submicron pore-
throats (30% to 55%), while samples lower than 1 x 10~3 um? had an increased proportion
of micrometer pore-throats in the total pore-throats. The capillary flow model was applied
to analyze the contribution of different-scale throats to permeability, pointing out that sub-
micron-scale pore—throats in reservoirs play a dominant role in flow. In summary, previous
researchers have conducted extensive research on the micropore-throat structure of tight
sandstone, represented by the Chang 8 reservoir in the Maling area, and have achieved
a certain understanding and recognition. However, many researchers have focused on
the characteristics and influencing factors of pore structure, with less attention paid to the
impact of pore-throat structure on storage and seepage.

In addition to the study of micropore structure, different scholars have applied a
variety of techniques (such as casting thin sections, scanning electron microscopy, mercury
intrusion, nuclear magnetic resonance, nitrogen adsorption, and CT scanning) to study the
pore—throat structure of different types of tight sandstone reservoirs [6,18,24-26]. In the
characterization of tight sandstone reservoirs, different methods have their own focuses,
but each has its own limitations. Casting thin sections and scanning electron microscopy
analysis can intuitively display the appearance and two-dimensional distribution charac-
teristics of micropore—throat structures, and can obtain parameters such as pore-throat size,
coordination number, and porosity calculation through image analysis. However, these
methods have low accuracy and cannot provide quantitative parameters for pore-throat
distribution characteristics. High-pressure mercury injection (HPMI) provides a wide range
of pore-throat scales that can be measured, and a series of parameters reflecting pore-throat
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size, pore—throat sorting, pore—throat connectivity, and seepage ability can be obtained to
achieve the quantitative characterization of reservoir pore-throat characteristics. However,
some larger pore-throats in the reservoir may be omitted [27]. Nuclear magnetic resonance
(NMR) testing technology is based on determining the difference in fluid hydrogen nucleus
relaxation rates in different diameter pores, and the transverse relaxation time T is used as
the research object. This has been widely used to determine the pore size and saturation
of fluids with different occurrence states (free water and bound water) [25,28]. NMR tech-
nology cannot destroy the pore-throat structure of rock samples, and can characterize the
distribution of the full range of pore sizes [18,29].

Li Aifen et al. (2015) [30] believe that the T, spectrum is controlled by the pore-throat
radius. Comparing this method with the pore-throat radius distribution reflected by the
mercury intrusion method, they believe that the mercury intrusion method has significant
limitations and errors. The throat radius below the maximum mercury intrusion pressure
cannot be characterized, while nuclear magnetic resonance can more comprehensively
reflect the overall pore-throat and fluid flow characteristics. Gong Yanjie et al. (2016) [31]
found that there are certain shortcomings and limitations in the T, spectrum conversion
process, among which include the values of relaxation rate and structural factors. Therefore,
NMR and HMPI can be combined for calibration [32] to ultimately determine the optimal
relaxation rate and structural factors, and improve the accuracy of pore and throat analysis
in tight reservoirs.

In order to finely characterize the micropore structure of the Chang 8 reservoir in the
Maling area of the Ordos Basin and determine the impact of different-scale/range pore—
throats on the reservoir’s physical properties and fluid flow, a new reservoir evaluation
scheme for the Chang 8 reservoir is established. These research results provide a theoretical
basis for the evaluation and development of tight sandstone oil and gas exploration.

2. Geological Background

In the Late Triassic, the Ordos Basin was actually a quasi-cratonic non-equilibrium
subsidence basin superimposed on the Paleozoic Great North China Basin. The basin
morphology was influenced by the Indosinian movement and exhibited a NW-SE trending
syncline with a wide eastern wing and a narrow western wing [33].

The study area is located in the northwestern part of the Qingcheng area in the
southwestern part of the Ordos Basin (shown in the blue wireframe of Figure 1). This area
is located between the Tianhuan depression and the north Shaanxi slope tectonic belt, and it
is a western-leaning monoclinic which is high in the east and low in the west. The average
slope of the formation is less than 1°, with low-amplitude nose-like uplifts only developing
in local areas.

The basin is filled with sediments from the Upper Proterozoic to the Middle Jurassic,
including the Early Paleozoic marine facies strata, the Late Paleozoic marine—continental
transitional facies strata, and the Mesozoic continental petroleum-bearing strata. In the
Upper Triassic Yanchang Formation in the Mesozoic, the Chang 10 to Chang 1 members
were deposited from bottom to top (Figure 1). The Upper Triassic Yanchang Formation is a
set of alluvial fan and delta-river-lake facies with a terrigenous clastic sedimentary system
deposited in the process of continuous depression and stable settlement. Its lithology
is mainly composed of fine sandstone, siltstone, and mudstone interbedded with oil
shale [26]. Among them, the Chang 6 to Chang 8 members are important tight sandstone
oil-bearing strata.

The Chang 8 member of the Maling Oilfield is mainly a delta front sedimentary system.
Its microfacies include underwater distributary channels, diversion bays, and river channel
flanks, while alluvial fans are occasionally seen [34].
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Figure 1. Location of the Maling Oilfield and stratigraphic column of the Yanchang Formation and
regional stratigraphic cross-section in the Ordos Basin, China (modified from [35]). Explanation
of stratigraphic symbols: Ane: Pre-Cambrian; K1: Early Cretaceous; J: Jurassic; T: Triassic; P + C:
Carboniferous Permian; €-O: Cambrian—-Ordovician; Z + Pt: Proterozoic.

3. Materials and Methods

The principle of sample selection for HPMI and NMR measurements covers well cores
with different oil-bearing grades, including oil immersion, oil stains, and oil spots from
relatively high oil-bearing grades to low grades. A total of 15 rock samples in the Maling
area were collected in this study from 9 exploration wells (wells C21, L78, L144, L154, L180,
Y80, B16, W74, and Z140) in the Chang 8 member in the Yanchang Formation. The depth of
the samples was from 1867.4 m to 2297.4 m. In addition to the two experiments mentioned
above, parallel samples of sandstone from the same location were selected for casting
thin sections, scanning electron microscope testing, X-ray diffraction, and the analysis of
physical properties.

The conventional petrophysical property analysis and X-ray diffraction of the cores
were conducted at the Collaborative Innovation Center of Unconventional Oil and Gas
Exploration and Development at Xi’an Shiyou University. A helium porosity method and
a nitrogen permeability method were used for the petrophysical property analysis. The
instruments used for porosity and permeability were ULTRAPORE-200A and ULTRAP-
ERMTM 200, respectively, and the core dimensions were 2.5 x 2.5 cm. The instrument
used for X diffraction was the D8 Focus. X-ray diffraction analyses were completed using
bulk sample powders on an X'Pert Pro DY2198 at the State Key Laboratory of Geological
Process and Mineral Resources in the China University of Geosciences. The samples were
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ground into powders smaller than 200 meshes (75 microns in diameter). XRD patterns
were recorded by a Rigaku D/max-rA diffractometer with Cu Ka radiation.

Casting thin sections was undertaken at the School of Earth Sciences and Resources
at China University of Geosciences (Beijing, China). The polarizing microscope used was
an Olympus BH2. The scanning electron microscope instrument was Quant200, and the
working voltage HV was 20 kV.

The conventional petrophysical property analysis and X-ray diffraction of the cores
were conducted at the Collaborative Innovation Center of Unconventional Oil and Gas
Exploration and Development at Xi’an Shiyou University. A helium porosity method and
a nitrogen permeability method were used for the petrophysical property analysis. The
instruments used for the porosity and permeability assessments were ULTRAPORE-200A
and ULTRAPERMTM 200, respectively, and the core dimensions were 2.5 x 2.5 cm. The
instrument used for X-ray diffraction was the D8 Focus. X-ray diffraction analyses were
completed using bulk sample powders on an X'Pert Pro DY2198 at the State Key Laboratory
of Geological Process and Mineral Resources in the China University of Geosciences. The
samples were ground into powders smaller than 200 meshes (75 microns in diameter). XRD
patterns were recorded by a Rigaku D/max-rA diffractometer with Cu K« radiation.

Casting thin sections was undertaken at the School of Earth Sciences and Resources
at China University of Geosciences (Beijing). The polarizing microscope used was an
Olympus BH2. The scanning electron microscope instrument was Quant200, and the
working voltage HV was 20 kV.

The high-pressure mercury intrusion (HPMI) experiment was completed at the Collab-
orative Innovation Center for Unconventional Oil and Gas Exploration and Development
at Xi’an Shiyou University. The experimental instrument was the American Mike Auto
Pore IV9520 mercury intrusion meter. The highest mercury intrusion pressure was 200 MPa,
and the minimum pore-throat radius was 0.0037 pm (3.7 nm). Meanwhile, the relationship
between the mercury intrusion pressure P and the throat radius r was calculated according
to the Washburn formula (1921) [36], Pc = 2ocos@/4c. The interfacial tension o of the mercury
intrusion experiment in this study was 480 dyn/cm, and the wetting angle 6 was 140°.

The rapex value was proposed by Pittman (1992) [19], and is the pore radius corre-
sponding to Swanson’s parameter. The value indicates whether the pore-throat of the
rock sample has poor connectivity or good connectivity [11,19,20,37]. Swanson’s parameter
is the maximum value of mercury saturation in relation to the mercury pressure ratio
(Sug/Pc) [20]. If the mercury saturation is plotted on the abscissa and Sy /P is plotted on
the ordinate (Figure 2), the pore-throat radius at the vertex of Spg /P (maximum) is 7apex
and the mercury saturation is SHgapex [12].

Nuclear magnetic resonance (NMR) measurement is a rapid, non-destructive experi-
mental method for studying rock pore-throat structure, porosity, permeability, fluidity, and
pore size distribution [37]. The experiment was completed at the Collaborative Innovation
Center for Unconventional Oil and Gas Exploration and Development at Xi’an Shiyou
University. The instrument used a MARAN DRX2 nuclear magnetic resonance instrument
with a waiting time of 3000 ms, an echo time of 300 um, a number of echoes of 1024,
a number of scans of 64, and a gain of 50. First, the samples were placed in simulated
formation water at a saturation concentration of 50,000 mg/L for 24 h, and the transverse
relaxation time T, distribution was measured. Then, the samples were centrifuged at 300
psi (about 2 MPa) for 3 h, and the T distribution after centrifugation was measured. Finally,
the ratio of the cumulative amount of nuclear magnetic signals in the two experiments to
the nuclear magnetic cumulative signal in the saturated state was calculated. This ratio is
also known as free water saturation.

NMR measurements are based on the inverse relationship between [7,17] reservoir
pore size and hydrogen nuclear relaxation rate [38]. The T spectrum does not only
reflect the proportion of fluids with different relaxation times, but can also reflect the
distribution of rock pore radius [7,17]. The pore size distribution (PSD) can be determined
by transforming the transverse relaxation time Ty. As an indirect measurement method,
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the key to achieving the quantitative evaluation of reservoir pore structure through NMR
technology is to accurately determine the conversion system between nuclear magnetic
resonance relaxation time T, and pore-throat radius (r) [39].

TZ =Cr
C is the conversion coefficient in pm/ms; r is the pore radius.

@]

1000

gmo
e SHg=21.08%
10 704
3 =___Pc=1.8375MPa
z 1 |
= |
B |
o 0.1
|
| ,
0.01 ]
100 80 60 40 bo 0
Mercury Saturation (%) |
12 ;
3
M (b)
10}

Shg (%)/Pc (MPa)
o

4
X
X
2 % x|
X
0 x . . .
100 80 60 40 20 0

Mercury Saturation (%)

Figure 2. (a,b) Mercury intrusion curve and calculation of rapex. Sample collected from well L.154,
2281.6 m.

Based on the HPMI and NMR measurements, this study used mercury intrusion
pore—throat radius data and nuclear magnetic resonance T, spectra to accumulate from
the right boundary (maximum pore) to the left, and determined the pore-throat radius
conversion coefficient (C) of the nuclear magnetic resonance T, spectrum of the tight
sandstone using longitudinal interpolation and the least squares method. The specific
method process is as follows: (1) Select the same core sample for the nuclear magnetic
resonance T, spectrum and mercury intrusion testing, and obtain the cumulative curve of
the T spectrum. Similarly, the mercury injection pore-throat radius data are accumulated
sequentially from right to left to obtain the accumulated curve of the pore—throat radii.
(2) Select comparable intervals between two types of curves to ensure consistency between
the T, spectra and the mercury intrusion pore—throat radii. (3) From the above two types
of cumulative curves, two columns of data are obtained using the interpolation method
with equal spacing along the vertical axis. Based on the principle of maximum similarity,
the error between the two columns of data is calculated using the least squares method
proposed by previous researchers [40,41], and the optimal conversion coefficient C value
between the T, value and the pore-throat radius is determined.

Nuclear magnetic resonance (NMR) is also a very effective measurement method
for the study of fluid parameters in tight sandstone reservoirs [42]. It can quantitatively
evaluate the bound water and free water in the pores (Figure 3a), and therefore can reflect
the mobility of the fluids in the pores and the connectivity between the pores [43]. The
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bound water and free water saturation were determined by the difference in the amount of
nuclear magnetic signals of the transverse relaxation time T of the samples before and after
centrifugation. The exact determination of the T, cutoff value is important for determining
the bound water and free water volumes [17]. As shown in Figure 3b, the cumulative curve
of the nuclear magnetic signals after centrifugation and water saturation shows the T,
spectrum, and the horizontal projection line of the centrifugal cumulative curve is drawn.
The intersection of the horizontal projection line and the cumulative curve of saturated
water is the T, cutoff value.
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Figure 3. (a,b) Thcytoff based on the NMR test for the tight sandstone sample collected from well Z140,
2224 m.

4. Results

The lithology of the Chang 8 formation in the Maling area mainly includes medium
sandstone, fine sandstone, siltstone, and mudstone. Through observing the cores of 15 core
wells and identifying more than 120 cast thin sections in the study area, it was found that
the volume content of the clastic components in the Chang 8 reservoir in the Maling area
accounts for 83.36% of the total rock, and mainly includes quartz and feldspar. The average
content of quartz is 30.46%, the average content of feldspar is 31.29%, and the content of
rock debris is relatively low, with an average of 21.61%. The content of metamorphic rock
debris is the highest, with an average of 11.34%. Igneous rock debris comes second, with
an average content of 8.58%. Sedimentary rock fragments comprise the lowest proportion,
accounting for an average of only 1.74%. The main rock types in the study area are lithic
feldspar sandstone and feldspar lithic sandstone, with a high content of interstitial material
(average greater than 10%), reflecting a low maturity in the rock composition. Impurities
and cementitious materials are the two main types of interstitial materials, with significant
differences in content. They mainly comprise calcite (average content of 6.21%), ferrocalcite
(average content of 5.05%), chlorite (average content of 5.35%), siderite (average content
of 4.51%), and hydromica (average content of 3.55%). The above data show that the
reservoir interstitial materials are mainly calcium cementitious materials, followed by clay
cementitious materials.

4.1. Types of Pore Geometry Forms

By observing the casting thin sections and scanning electron micrographs of the
samples, we found that the Chang 8 reservoir in the study area has mainly developed
intergranular pores (IEPs), intragranular dissolution pores (SPs), and clay-related pores
(CRPs) (Figure 4). Microscopic observations revealed that the primary intergranular pores
were mainly developed between mineral particles and were mostly surrounded by clay
films (Figure 4a,b,e). Residual intergranular pores are the residual pores after pores have
been filled with autogenous or secondary siliceous cement (Figure 4a,c), clay cement
(Figure 4c—e), or calcareous cement (mainly calcite) (Figure 5b,e). Through the automatic
statistical analysis of the images and the observation of the thin sections (with a count of
200 points per slice), the pore size of the micropores in the tight sandstone is less than 10 pum,
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and the diameter of the micro throat is less than 1 um. According to Nelson (2009) [44], the
intergranular pores of the target layer belong to the micropore category.

Figure 4. Pore throat types based on casting thin section observations. Red arrows represent
intergranular pores; yellow arrows represent dissolution pores; white arrows represent clay-related
pores, blue arrows represent throats. (a) B16 well, 2055.6 m, ¢ = 9.32%, k = 0.1921 mD, the primary
intergranular pores are developed, and the feldspar was partially dissolved to form intragranular
pores; (b) L154 well, 2274 m, ¢ = 11.07%, k = 0.8439 mD, mainly developed intergranular pores
and clay-related pores and a few feldspar dissolution pores; (c) L180 well, 2150.1 m, ¢ = 9.37%,
k = 0.4201 mD, feldspar dissolution pore; (d) Y80 well, 2002.11 m, ¢ = 14.28%, k = 5.7313 mD,
intergranular pore; (e) C21 well, 2131 m, ¢ = 9.43%, k = 0.5597 mD, primary intergranular pores are
developed; (f) L154 well, 2281.6 m, ¢ = 9.56%, k = 0.3329 mD, dissolution intragranular pores and a
small amount of clay pores.

Based on the automatic statistical analysis of the images and the observation of 15 thin
sections (with a count of 200 points per slice), the connection types of different types of
pore—throats are shown in Figure 6. This allows us to better understand the connection
between the pores and throats. Previous studies suggest that pore-throat connectivity
becomes weaker as the pore-throat ratio increases [45]. As shown in Figure 6a,d, the large



Minerals 2024, 14, 617 90of 19

intergranular pores are mostly connected by narrow throats, and thus the connectivity
between the pores and throats is relatively poor. The dissolution pores are mostly beaded or
weakly connected closed pores, or open intragranular pores. As shown in Figure 6b,e, these
have poor connectivity. The clay pores include clay intercrystalline pores and intragranular
dendritic pores (Figure 6e,f). Clay pores in tight sandstones also provide important reservoir
space and the necessary seepage channels [24].

Figure 5. Pore-throat types of the tight sandstone samples of the target layer based on scanning
electron microscopy. I—illite, F—feldspar, M—mica, Cal-—calcite, Q—quartz, Chl—chlorite. (a) B16
well, 2055.4 m, ¢ = 9.32%, k = 0.1921 mD, filamentous illite intercrystalline pore. (b) B16 well, 2055.4 m,
@ =9.32%, k = 0.1921 mD, dissolution intragranular pore and residual intergranular pore. (c) C21
well, 2131.1 m, ¢ = 10.05%, k = 0.6651 mD. The throats are developed, and the pore-throats are
well connected. The throats have bay-shaped and curve-shaped structures. (d) W74 well, 1867.4 m,
@ =10.51%, k = 0.2791 mD, dissolution intergranular pores and intragranular pores. (e) Y80 well,
2002.1 m, ¢ = 14.28%, k = 5.7313 mD. The throats and intergranular pores are developed. The chlorite
film fills the surface of the particles, and a large number of clay pores also developed. (f) Y80 well,
2017.2 m, ¢ = 8.89%, k = 0.1024 mD. Illite filling in dissolution pores.
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Figure 6. Pore and throat connection type. (a-d) Image of casting thin section, L144 well, 2240.9 m.
(a,e) Microscopic observations and patterns of the casting thin sections of the intergranular pores
and throats, respectively; (b,e) observation results and patterns of the casting thin sections of the
intragranular dissolution pores; (c,f) observation results and patterns of the casting thin sections of
the clay pores. Qzt—quartz particle; F—feldspar particle; C—clay. Blue filling is the pore and throat.

4.2. Type and Content of Clay Minerals

The X-ray diffraction analysis of 15 samples showed that (Table 1) the main clay
minerals in the target layer were illite (0.668% to 5.998%, with an average of 2.928%),
chlorite (0.773% to 5.306%, with an average of 3.344%), or illite/smectite mixed layers
(0.533% to 2.487%, with an average of 1.283%), while kaolinite was not developed.

Table 1. Petrophysical properties and X-ray diffraction analysis results of the 15 samples collected
from the target layer.

. . Calcite Silica
Wi Depth Porosity =~ Permeability Clay Chlorite lllite Us Cement Cement
ell Content Content Content Content
(m) (%) (mD) o o o o Content Content
(%) (%) (%) (%) o o

(%) (%)
C21 2131.0 9.43 0.5596 7.89 4.9028 1.7736 1.2134 1.45 242
C21 2131.1 10.05 0.6738 5.05 3.1513 1.5354 0.4105 0.81 1.97
L78 2203.1 9.12 0.0997 6.92 4.0668 1.3978 1.4552 0.94 0.33
L1144 2240.9 10.71 0.1881 8.15 4.0391 2.2925 1.8182 0.75 1.09
L144 2242.0 10.38 0.1544 8.78 4.8931 2.6331 1.2537 1.03 1.55
L144 2297.4 5.06 0.0241 6.51 1.8852 3.9528 0.6718 6.33 2.80
L154 2274.0 11.07 0.8438 7.18 4.9532 1.8258 0.3996 2.79 1.69
L154 2281.6 9.56 0.3329 9.06 5.3064 2.3057 1.4477 1.17 1.43
L180 2150.1 9.37 0.4201 10.37 4.3948 4.2568 1.7183 0.85 2.36
Y80 2002.11 14.28 5.7313 5.83 4.6284 0.6681 0.5334 0.98 0.42
Y80 2017.2 8.89 0.1024 7.85 1.6673 4.6055 1.5771 3.54 0.32
B16 2055.4 9.32 0.1921 4.52 0.8307 3.0017 0.6874 6.72 0.31
W74 1867.4 10.51 0.2827 9.45 3.2121 4.2676 1.9703 5.40 1.72
W74 1881.6 8.89 0.1068 5.22 0.7731 3.7296 0.7172 6.36 1.80
7140 2224.0 9.11 0.1250 11.37 2.8857 5.9976 2.4866 4.55 0.38

Notes: The porosity and permeability date are from core analyses; 1/S—illite/smectite mixed layer.

4.3. Quantitative Characterization of Pore~Throat Structure

Figure 7 shows the distribution of the pore-throat radii obtained for the five tight
sandstone samples by high-pressure mercury intrusion and the pore-throat radius distri-
bution converted by nuclear magnetic measurements. The pore—throat radii obtained by
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high-pressure mercury intrusion were between 0.0037 um and 4 um (Figure 7a), and the
pore—throat radii obtained by nuclear magnetic measurement were between 0.001 um and
70 pm (Figure 7b). The nuclear magnetic tests had a larger pore-throat radius distribution
range than the high-pressure mercury tests, and also identified bimodal and unimodal
types. The first reason for this is that high-pressure mercury intrusion is limited by the
maximum pressure, and mercury saturation cannot reach 100% [37], which results in the
micropores in the rock sample not being measured, so the pore size range is smaller than in
the nuclear magnetic tests. Second, the pore-throats in the high-pressure mercury intrusion
tests were assumed to be cylindrical pore-throats, and the pores and throats could not be
distinguished. Therefore, the pore-throat distribution range calculated by this method
is smaller than in the nuclear magnetic tests. This understanding is consistent with pre-
vious research into the pore size distribution characteristics of the tight sandstone in the
Longdong area of the Ordos Basin [17].

35 10
PSD by HFMI @ PSD by NMR (®)
301 —— ¥80,2017.2m g — ¥80,2017.2m
—— W74, 1867 4m —— W74,1867 4m
25t W74 1881 6m W74,1881.6m
3 —Y80,2002.11m| & —— Y80.2002 11m
< —LishRHEm | o — L154.2274m
220 &
= =1
L3 o
= =
=15 L =
;1_) 3
= £ 4
10 |
2
:', |
0 i = NI L Liiul Ll Ll 0 L THRRNRTRRTT B P T
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Pore throat radius( um) Pore throat radius( t m)

Figure 7. (a,b) Typical distribution of pore radius by HMPI and NMR tests for the tight sandstone
samples in study area.

4.4. Movable Fluids

The T, cutoff values of the 15 samples were distributed between 3.4 and 10 ms, with
an average value of 5.75 ms (Table 2). The bound water saturation of the 15 samples was
distributed between 37.29% and 93.55%, with an average value of 64.91%; the movable
water saturation was distributed between 2.02% and 49.52%, with an average value of
24.53%. The ratio of the movable fluid to the total porosity of a rock sample is the movable
fluid porosity (or effective movable porosity). According to our calculations, the effective
movable porosity of the 15 rock samples ranged from 0.102% to 7.071%, with an average
value of 2.564%. The characteristics of high bound water saturation value and a large
range of variation are consistent with the overall understanding of the complex pore
structure of the tight sandstone reservoir in the Chang 8 section of the region by previous
researchers [42].

Table 2. High-pressure mercury and nuclear magnetic resonance parameters.

HPMI NMR
weil OB O e Py SHgme 0. fwex MRE  Porpe  FWS®) T C gemp  BWS
(MPa) (%) (Um)  (um) (%) (%) MW 1w (ms) (um/ms) (%) (%)
C21 2131.0 9.43 0.5524 07727 78.66 0.2985 0.40 30.734 3.60 38.09 1293 8.7 0.0250 3.59 48.98
C21 2131.1 10.05 0.6651 1.1657 83.77 0.1079 042 46.281 2.26 43.02 15.02 6.6 0.0030 4.32 41.96
L78 2203.1 9.12 0.0985 0.7109  52.05 0.0228 0.63 11.046 1.67 12.66 6.36 5.1 0.0330 1.15 80.98
L144 2240.9 10.71 0.1857 1.5653 61.55 0.0279 041 43.059 1.31 1870 11.31 3.4 0.0330 2.00 69.99
L144 2242.0 10.38 0.1524 2.0132 70.13 0.0735 0.25 34.2807 2.71 15.14 9.71 6.1 0.0300 1.57 75.15
L144 2297.4 5.06 0.0238 4.6499 55.79 0.0083 0.20 31.968 0.38 2.02 4.42 6.7 0.0100 0.10 93.55
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Table 2. Cont.

HPMI NMR
Well D&‘I}“ P((?I){ o Py SHgmax 50 Tapex MRE  Porgpex _ FWS(R) T, 06 C Pemp  BWS
(MPa) (%) (um)  (um) (%) (%) MW  IW (ms) (um/ms) (%) (%)
L154 2274.0 11.07 0.8329 0.7509  78.45 0.3562 0.49 56.61 4.31 4474 14.64 8.4 0.0083 4.95 40.62
L154 2281.6 9.56 0.3286 1.2223 80.19 0.1013 040 45.7673 2.02 27.68 6.61 7.2 0.0120 2.64 65.71
L180 2150.1 9.37 0.4147 1.4517 70.52 0.0815 0.25 45.188 2.76 26.95 16.75 3.2 0.0350 2.52 56.30
Y80 2002.11 14.28 5.6568 0.3371 86.00 0.3311  1.60 27.796 3.37 4952 13.19 2.5 0.0460 7.07 37.29
Y80 2017.2 8.89 0.1011 22.038 64.64 0.0084 0.03 4.0490 1.20 1391 11.67 3.6 0.0034 1.24 74.42
B16 2055.4 9.32 0.1896 3.0390 84.74 0.0313 0.06 41.204 1.89 16.12 9.84 3.7 0.0110 1.50 74.04
W74 1867.4 10.51 0.2791 3.8077 84.01 0.0349 0.06 28.788 1.75 29.85 8.61 3.2 0.0100 3.14 61.55
W74 1881.6 8.89 0.1055 3.3851 69.60 0.0987 0.13 27.796 3.22 15.01 7.45 7.9 0.0340 1.33 77.54
7140 2224.0 9.11 0.1234 3.8737 74.44 0.0167 0.06 10.8630 1.88 14.49 9.95 10 0.0039 1.32 75.56

Notes: POR—porosity (%; PERM—permeability (mD); P4—displacement pressure (MPa); SHgmax—the maxi-
mum value of mercury saturation (%); rsp—median radius (um); rapex—pore radius corresponding to Swanson’s
parameter (im); MRE—mercury removal efficiency (%); Porapex—the ratio of large pore-throats (>rapex) to poros-
ity(%); FWS: free water saturation (%); MW: movable water (%); IW: immovable water (%); Tocurop—T12 cutoff value
(ms); C—conversion coefficient, pm/m; gemp—effective movable porosity; BWS: bound water saturation (%).

5. Discussion
5.1. Relationship between Microscopic Pore—Throat Structure and Reservoir Quality

Oil and gas migration in reservoirs is mainly affected by the distribution of pore—
throats, and the contribution of different pore—throats to the petrophysical properties of
reservoirs differs [46]. The new rapex value can be used as a pore-throat boundary to
discuss the contribution of different pore—throat sizes to reservoir properties. Compared to
traditional pore structure evaluation parameters, this parameter can more comprehensively
evaluate the contribution of different pore size ranges to permeability [47]. The contribution
of pore-throat size to reservoir quality was analyzed based on mercury intrusion parame-
ters. Figure 8a shows a rock sample with good reservoir quality. The sample was collected
from 2002.11 m in well Y80. The large pore-throat volume (>7apex = 1.6 m) accounts for
23.66% of the total pore-throat volume, and its contribution to the permeability is 92.85%.
The small pore-throat volume (<rapex = 1.6 pm) accounts for 76.34% of the total pore-throat
volume, but its contribution to the permeability is very small, accounting for only 7.15%.
Sample L144 collected from 2297.4 m has a small porosity and permeability (Figure 8d). Its
large pore-throat volume (>73pex = 0.204 um) accounts for 7.58% of the total pore-throat
volume, and its permeability contribution rate is 95.3%, while its small pore-throats account
for 95.42%, and its permeability contribution rate only accounts for 4.7%.

Through statistical analysis of the 15 samples (Table 2), it was found that the Chang
8 reservoir has mainly developed small pore-throats (<rapex), which account for more
than 60% of the total pore—throats, but their contribution to permeability is less than 20%.
Large pore-throats (>7apex) accounted for 7.58% to 38.9% of the total pore-throats, with an
average value of 22.77%, and their contribution to permeability was over 80%.

The ratio of large pore-throats (>7apex) to porosity was defined as “Porapex”. This
parameter reflects the space occupied by the large and well-connected pore—throats in
the rock samples. Figure 9 shows the relationship between Porapex and the porosity and
permeability of the rock samples. Compared to traditional pore structure evaluation
parameters, this parameter can link the connectivity of pore channels with the permeability
characteristics of the reservoir, thus providing a more comprehensive evaluation of the
quality of tight reservoirs [43]. Porapex had a positive correlation with the petrophysical
parameters in this study. This indicates that the petrophysical properties of the rock sample
increase with the proportion of large pore-throats (>7apex). However, the correlation
coefficient with porosity (R? = 0.3408) is smaller than the correlation coefficient with
permeability (R? = 0.4829), indicating that Porapex has a greater influence on permeability
than porosity. These results are consistent with the conclusions stated in the previous
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paragraph of this paper. Large pore-throats (>7apex) contribute more to permeability than
porosity. However, we found that both R? values were lower than 0.5, indicating that the
influencing factors of permeability are various. The pore-throat structures represented by
Porapex are also affected by factors such as mineral composition and diagenesis.
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Figure 8. (a—d) Relationship between pore-throat size and macroscopic petrophysical properties.
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Figure 9. (a,b) Relationship between Porapex and porosity and permeability.

5.2. Effect of Mineral Components on Microscopic Pore~Throat Structure and Movable Fluids

Figure 10 shows the correlation analysis between chlorite content and pore—throat
structure parameters (rapex and @emp). Chlorite has a positive correlation with rapex and
@emp- The correlation coefficient R? values are 0.5858 and 0.1902, respectively (Figure 10a,b),
which indicate that the increase in chlorite content is beneficial to the pore-throat structures
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and the movable fluids. The chlorite generally adheres to the surface of the mineral
particles to form a chlorite film, which inhibits compaction and preserves the intergranular
pores [20].

On the contrary, clay has a negative correlation with rapex and @emp, and the correlation
coefficient R? values are 0.5388 and 0.3387, respectively (Figure 10c,d). In addition to chlo-
rite, the types of clay minerals in the study area also include illite and illite/montmorillonite
mixed layers. Among them, illite is mainly found in filamentous form in intergranular pores
and dissolution intergranular pores [46,48,49]. With the increase in clay mineral content, a
large amount of non-chlorite fills the pores, causing a decrease in reservoir properties.

Figure 10 shows the correlation analysis between clay content and pore-throat struc-
ture parameters (rapex and @emp). Chlorite has a positive correlation with rapex and gemp
The correlation coefficient R? values are 0.5858 and 0.1902, respectively (Figure 10a,b),
which indicate that the increase in chlorite content is beneficial to the pore—throat struc-
tures and the movable fluids. The chlorite generally adheres to the surface of the mineral
particles to form a chlorite film, which inhibits compaction and preserves the intergranular
pores [20]. On the contrary, illite has a negative correlation with 73pex and @emp, and the
correlation coefficient R? values are 0.5388 and 0.3387, respectively (Figure 10c,d). The
illite generally fills the pores and the throats, resulting in the poor connectivity of the
pore—throats (Figure 5a). In addition, Figure 10e,f shows a negative correlation between
total clay content and rapex and @emp. This indicates that the clay has an adverse effect
on the pore-throat structures and the movable fluids. Clay can fill or block pores and
throats, resulting in narrow pore-throats and affecting reservoir storage space and seepage
capacity [50,51].
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Figure 10. Relationship between clay minerals, rapex (a,¢,€), and @emp (b,d,f).
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5.3. Classification and Evaluation of Pore—Throat Structures

According to casting thin sections, SEM observations, high-pressure mercury intru-
sion, and nuclear magnetic resonance test parameters, the pore—throat structures of the
studied reservoirs were classified into three categories. In addition to the reservoir’s ba-
sic petrophysical parameters, such as porosity, permeability, rs9, and clay mineral content,
new reservoir quality parameters, like k/ @, Porapex, and @emp (%), were also taken into
account [21,22], and the results are shown in Table 3.

Table 3. Classification of pore-throat structures with various parameters of Chang 8 reservoir in
Maling Oilfield, Ordos Basin.

Pore Structure Typel Type I1 Type III
Porosity (%) >9 8-11 <8

Pemp (%) >2.5 1-2.5 <1
Porapex (%) >2.2 0.5-2.2 <0.5

k (md) >0.5 0.1-0.5 <0.1

750 (Hm) >0.08 0.02-0.08 <0.02
k/¢ >0.05 0.01-0.05 <0.01

Clay mineral and content

Clay content (5%—-8%), mainly
chlorite, accounting for
greater than 50%;

Carbonate cement (<2%).

Clay content (4%-11%), with illite
accounting for more than 50%;
Carbonate cement (2%—6%).

Illite accounting for more than
60%; carbonate cement (>6%).

The type I pore-throat structure (Figure 11a,d) has a larger mineral particle size and a
small thickness of clay film attached to the surface of the particles. The pores of type I are
mainly intergranular pores, and a small number of dissolution pores are developed. The
content of clay is not high, ranging from 5% to 8%, with an average value of 7.26%. The
clay component is dominated by chlorite, which accounts for more than 50% of the total
clay minerals. The chlorite adheres to the surface of the granule in the leaf-shaped form,
and the thickness of the film is small; thus, it has a limited effect on the obstruction of the
pore—throats. The mercury intrusion curve shows that the inlet pressure was low. When
the pressure reached 200 MPa, the final mercury saturation was high (>80%), indicating
that the pore-throats were well connected. The rs is greater than 0.08 pm, and the volume
of the large and well-connected pore-throats (>7apex) accounts for more than 2.2%. The
nuclear magnetic resonance analysis showed that the T, spectrum developed left and right
fronts, and the area of the right peak was large. This indicates that the proportion of large
pores in the rock sample is high (@emp > 2.5%), and the permeability is greater than 0.5 mD.
In summary, the pore-throat connectivity of type I reservoirs is good, the micropores (clay
pores) and macropores (intergranular pores) are well developed, and the reservoir quality
is good (k/ ¢ > 0.05).

When the pressure was continuously reduced (mercury withdrawal), reaching 0 MPa,
about 50% of the mercury of type II was retained in the rock samples, and the amount
of mercury withdrawal was 10% to 20%. This indicated that the connectivity of the pore—
throats of type Il was poor, and the volume of the large and well-connected pore—throats
(>rapex) accounted for 0.5% to 2.2%. The T spectrum of the NMR tests was dominated
by the left front (<10 ms), and the right peak was small (Figure 11b,e), indicating that the
rock samples from the type II reservoir mainly comprised small pores, and the macropores
were poorly developed. ¢emp was distributed in the range of 1% to 2.5%, permeability was
distributed in the range of 0.1 mD to 0.5 mD, and the reservoir quality parameter (k/¢) was
distributed in the range of 0.01 to 0.05. These parameter values are all lower than that of

type L.
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Figure 11. (a—f) Classification of pore—throat structures divided by capillary pressure curve and
NMR T».

In the type III reservoir, almost no intergranular pores were observed under the thin
sections or via scanning electron microscopy, and only the intragranular dissolution pores
were developed after the feldspar and rock debris were dissolved. These particles had the
characteristic of directional alignment. Calcareous cementation in this type of reservoir
was well developed, and most cement was pore-type filling (content > 6%). The X-ray
diffraction clay analysis showed that the type III reservoir mainly developed illite, which
accounted for 60% of the total amount of clay minerals. The content of chlorite was low,
and the chlorite ring (or film) was not developed. It can be seen from the mercury intrusion
curve that the inlet pressure of the samples was high, the maximum pore-throat radius
was small, and the maximum mercury saturation was less than 60% (200 MPa). The above
parameters are the lowest among the three types of reservoirs, and the rs5 is less than
0.02 pum. Moreover, the mercury withdrawal is only 10%, and the pore-throat connectivity
is poor (Porapex < 0.5%). Meanwhile, the T, spectrum of the NMR tests had a unimodal
type, the transverse relaxation time T, of the main peak was less than 10 ms, and there were
no pores with a relaxation time greater than 100 ms (pemp < 1%) (Figure 11c,f). The rock
permeability was less than 0.1 mD and the reservoir quality parameter (k/,) was less than
0.01. All these parameters reflect that the quality of the type III reservoir was the worst.

6. Conclusions

(1) The pore types of the tight sandstone reservoirs in the target layer include inter-
granular pores, intragranular pores, and clay-related pores. The larger intergranular
pores are mostly connected by narrow throats, while the clay pores comprise mostly
dendritic pores. The main clay minerals in the target layer are illite, chlorite, and
illite/smectite mixed layers, while kaolinite is not developed.

(2) The results of the high-pressure mercury intrusion (HPMI) and nuclear magnetic
resonance (NMR) tests showed that the pore—throat distribution of the tight sandstone
in the target layer was wide, ranging from 0.001 pm to 70 um. The 7apex is posi-
tively correlated with porosity and permeability, and its correlation coefficient with
permeability is large. The reservoir mainly developed small pore~throats (<rapex),
which accounted for more than 60% of the total pore-throats, but the contribution to
permeability was less than 20%. Large pore-throats (>7apex) accounted for 7.58% to
38.9% of the total pore-throats, with an average value of 22.77%, and the contribution
to permeability was over 80%.

(3) The effective movable fluid porosity (EMP) can reflect the proportion of large pore—
throats with good connectivity and the seepage capacity of the Chang 8 reservoir. The
minimum, maximum, and average values of the EMP of the rock samples were 0.102%,
7.07%, and 2.56%, respectively. This indicates that the studied sandstone reservoir has
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a large difference in seepage capacity, and the reservoir heterogeneity is strong. The
correlation between EMP and permeability is as high as 0.9832, indicating that the
pore—throat scale reflected by EMP is an important contributor to permeability.

(4)  Chlorite is positively correlated with rapex and EMP, reflecting that chlorite is ben-
eficial to the development of pore-throats; however, illite is not conducive to the
development of pore-throats. Chlorite adheres to the surface of the mineral particles
to form a chlorite film, which inhibits compaction and preserves the intergranular
pores, while illite fills the pores and the throats, resulting in the poor connectivity of
the pore-throats.

(5)  According to parameters such as EMP, Porapex, porosity, and permeability, combined
with X-ray diffraction, casting thin sections, and SEM observations, the pore-throat
structures of the studied reservoirs were classified into three categories. Different
types have different pore-throat structures and connectivity. Type I is dominated by
intergranular pores and chlorite is developed, while carbonate cement is not devel-
oped; there are less intergranular pores in type Il and III, or they are not developed,
and illite content is more developed than type I. Carbonate cement is also developed,
so its pore—throat structure is worse than type L

Future work will focus on the study of the influence of pore-throat structure on oil
and gas injection. We will focus on three aspects—pore-throat distribution and size, pore—
throat type and relative content, and pore-throat connectivity—and analyze the influence
mechanisms of pore-throat structural parameters on oil and gas filling. The next step is
to determine the lower limit of oil and gas filling for whole throats. Using high-pressure
mercury injection and nuclear magnetic resonance experiments to calculate the thickness of
bound water film in tight sandstone, we will consider the differences between experimental
and real formation conditions and determine the lower limit of oil and gas injection in
pore—throats.
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