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Abstract
The 6th member of the Triassic Yanchang Formation, hereafter referred to as Chang 6 reservoir, in the Wuqi area of the Ordos 
Basin presents formidable obstacles for efficient tight oil development. This reservoir is known for its tight lithology, strong 
heterogeneity, inadequate oil saturation, and abnormally low reservoir pressure, which collectively contribute to the highly 
differentiated mobility of tight oil within the formation. To overcome these challenges, a comprehensive understanding of 
the factors influencing oil mobility is essential. This study investigates the occurrence characteristics of movable fluids in 
different diagenetic facies and the corresponding influential factors by employing various microscopic experiments, includ-
ing high-pressure mercury intrusion, constant-rate mercury intrusion, nuclear magnetic resonance test, scanning electron 
microscopy, pore-casted thin section analysis, and X-ray diffraction measurement. There is a weaker correlation between 
the pore-throat radius ratio and the movable fluid saturation in reservoirs of various diagenetic facies (R2 = 0.6104), whereas 
there is a stronger correlation between movable fluid saturation and throat radius (R2 = 0.9415). Among the seven types 
of diagenetic facies, chlorite membrane cementation-intergranular pore facies (Facies I) and chlorite and illite membrane 
cementation-intergranular pore facies (Facies II) have the best-developed throats and the highest coordination number. Illite 
cementation-intergranular pore facies (Facies III) and illite and chlorite membrane cementation-dissolution facies (Facies 
IV) demonstrate smaller pore-throat radii and moderate to poor reservoir connectivity. The other three facies, namely illite 
cementation-dissolution facies (Facies V), illite cementation facies (Facies VI), and carbonate tight cementation facies 
(Facies VII) exhibit underdeveloped pore structures and lower recovery rates. Pore-throat radius emerges as the principal 
factor influencing reservoir permeability and storage capacity. The distribution of favorable diagenetic facies is influenced 
by depositional environments, diagenetic processes, and microscopic pore-throat characteristics. This study significantly 
enhances our understanding of the differential occurrence characteristics of fluids in different diagenetic facies in the Chang 
6 reservoir, providing valuable insights for future exploration and production endeavors aimed at optimizing oil recovery in 
tight sandstone reservoirs.

Keywords Various diagenetic facies · Tight sandstone reservoir · Movable fluid occurrences · Pore and throat distributions · 
Ordos Basin

Introduction

Diagenetic facies significantly influence reservoir perfor-
mances, making them a focal point in current hydrocarbon 
exploitation studies (Lai et al. 2016). They are particularly 
significant during the formation of the tight sandstone res-
ervoirs, as diagenetic processes in clastic rocks profoundly 
impact their development. The occurrence and characteris-
tics of diagenetic processes are influenced by complex and 
variable environmental conditions, which, in turn, determine 
the internal and external factors affecting reservoir tightness 
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(Wang et al. 2020a, b). The space within reservoir rocks 
constitutes a complex, three-dimensional network. Within 
this intricate network, all spaces can be categorized based 
on their functions in the storage and movement of fluids, 
specifically into two types: pores and throats. Pores are the 
spaces in the rock framework that are not occupied by solid 
matter, usually filled with gasses, liquids, or solids. They 
are characterized as relatively larger spaces enclosed by the 
framework grains, playing a substantial role in fluid storage. 
On the other hand, throats are the comparatively narrower 
segments that may not significantly contribute to increas-
ing the pore volume, yet are essential in linking the pores, 
thereby forming effective channels for fluid transport (Wang 
and Zeng 2020; Huang et al. 2021). Diagenetic facies offer 
a comprehensive representation of particles, cementation, 
fabric, and pore evolution. As such, they serve as valuable 
indicators of reservoirs that have undergone different types 
and stages of diagenetic modifications. Utilizing diagenetic 
facies has emerged as a novel and widely applied method 
for predicting high-quality reservoirs across various fields 
of oil and gas exploration. Previous studies have employed 
diverse approaches to classify reservoir types, with diage-
netic facies being a primary classification scheme based on 
essential physical properties, including lithology, petrophys-
ical characteristics, and so on (Al-Mahrooqi et al. 2006; Liu 
et al. 2020b).

As oilfield development progresses, the intricate diage-
netic processes and diverse diagenetic types pose constraints 
on understanding the reservoir properties. The presence of 
nano-scale to micro-scale pores as well as the strong het-
erogeneity of reservoirs hinder detailed descriptions and 
quantitative characterizations, thereby impacting efficient 
oilfield development. Diagenetic facies directly reflect fea-
tures of present-day reservoirs and serve as genetic indica-
tors of the variations in micro-pore structures within them. 
Further research on diagenetic facies can help elucidate the 
occurrence characteristics of movable fluids across various 
micro-pore structures. Despite the progress in studying dia-
genetic facies, there is currently a lack of a unified standard 
for the naming and classification of diagenetic facies. Gener-
ally, naming conventions rely on combinations of diagenetic 
processes, cementation, and pore types, with limited con-
siderations of diagenetic intensities (Yang et al. 2013; Xu 
et al. 2020; Zhang et al. 2020). Moreover, diagenetic facies 
represent a classification scheme for reservoir types based 
on fundamental physical properties, such as lithology and 
petrophysical characteristics. They provide a comprehensive 
summary of the influences of depositional and diagenetic 
processes on reservoirs. Particularly for low-permeability 
reservoirs that have undergone complex diagenetic pro-
cesses, the subdivision of diagenetic facies holds significant 
practical importance for predicting reservoir distribution, 
identifying favorable areas, and evaluating reservoir quality. 

Therefore, it becomes essential to conduct meticulous ana-
lyzes of flow features in microscopic pore throats in various 
diagenetic facies types at the microscopic level (Daigle and 
Johnson 2016; Qiao et al. 2020a, b). Such investigations will 
enhance our understanding of the reservoir's properties and 
facilitate more effective decision-making in oilfield develop-
ment strategies.

Prior studies have predominantly focused on quantifying 
movable fluid parameters, with less emphasis on the exami-
nation of movable fluid occurrence characteristics and the 
factors influencing them. Movable fluid saturation, a critical 
saturation value obtained through nuclear magnetic reso-
nance (NMR) experiments, offers insights into fluid occur-
rence within pore structures. By assessing movable fluid 
saturation, the reservoir's pore structure can be rapidly and 
intuitively evaluated. This evaluation is particularly benefi-
cial for effectively gauging developmental impacts in low 
permeability sandstone reservoirs. Furthermore, NMR-based 
assessments of movable fluid saturation provide crucial data, 
enabling detailed characterization of microscopic pore struc-
tures and analysis of the variable characteristics and dispari-
ties of movable fluids within the reservoir.

Movable fluid saturation is a pivotal parameter in assess-
ing reservoir performance as well as calculating reserves of 
hydrocarbons. It holds significant value in reflecting micro-
pore structure and fluid distribution within the pores (Yao 
and Liu 2012; Chen et al. 2017a; Xu et al. 2021). NMR 
has been widely used for analyzing the fluid flow features, 
including permeability of pores as well as saturations of 
movable fluids (Li et al. 2017; Testamanti and Rezaee 2017; 
Mao et al. 2020). A comprehensive understanding has been 
achieved in previous studies about various diagenetic types, 
pore evolution processes, and diagenetic facies, by integrat-
ing several experiments (Dai et al. 2019; Liu et al. 2020a; 
Nie et al. 2021). Furthermore, the impact of different dia-
genetic facies types on movable fluid occurrences has been 
explored, specifically focusing on the Chang 6 reservoir. 
Lastly, the favorable reservoir types for efficient reservoir 
development have been identified. Results of this study 
are expected to provide important reference for effectively 
developing similar reservoirs in other oilfields (Chen et al. 
2017b; Liu et al. 2018a, b; Wang et al. 2018; Yan et al. 2020; 
L. Wang et al. 2023a; L. Wang et al. 2023b).

To enhance the accuracy of reservoir quality characteriza-
tion using fluid saturation parameters and to investigate the 
occurrence characteristics of movable fluids across various 
diagenetic facies, this study employed comprehensive NMR 
measurements. These measurements facilitate a quantitative 
analysis of the occurrence characteristics of movable fluids 
in the Chang 6 reservoir. Additionlly, a series of microscopic 
experiments were conducted to investigate the primary fac-
tors governing the diverse occurrence characteristics of these 
fluids. Our research identified seven types of diagenetic 
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facies within the study area, each exhibiting significant dif-
ferences in microscopic pore structure. These variations in 
pore structure were found to have a direct influence on the 
distribution and presence of movable fluids in the reservoir.

Experimental section

Geological background

The Ordos Basin includes six tectonic units: the Yimeng 
uplift in the north, the Weibei uplift in the south, the 
western margin thrust belt and the Tianhuan depression 
in the west, the Jinxi flexure belt in the east, and the Yis-
han slope in the center. The basin is characterized by the 
development of multiple sets of source-reservoir-cap rock 
combinations, with abundant oil and gas resources. The 
Chang 6 reservoir is the most important oil-bearing reser-
voir, accounting for nearly 50% of the proven reserves in 
the Yanchang Formation. The study area, herein the Wuqi 

area, features a monocline with eastern strata higher than 
the western strata (Cui et al. 2019; Liu et al. 2018a, b; 
Huang et al. 2018). It is known for abundant hydrocarbon 
resources, with oil-bearing Chang 6 reservoir as the target 
layer for this study. Previous research has identified several 
challenges associated with the Chang 6 reservoir develop-
ment, including high heterogeneity, complex and diverse 
micro-pore structures, and limited fluid mobility (Zang 
et al. 2022; Jiang et al. 2023a, b). Previous research has 
explored diagenetic stages of various reservoirs through 
the establishing pore evolution models, exploring impacts 
of diagenetic processes on petrophysical properties. How-
ever, there has been limited research about movable fluid 
occurrences and corresponding mechanisms across various 
types of diagenetic facies. To address this knowledge gap, 
this study employed NMR technology to quantitatively 
characterize movable fluid occurrences across various 
types of diagenetic facies, accompanied by comprehensive 
microscopic experiments (Fig. 1).

Fig. 1  Geographical locations of the study area
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Experiments and samples

NMR experiment

(1) Experimental principle

After rock samples were vacuumed and saturated with flu-
ids, the T2 relaxation time spectrum of fluids within pores was 
influenced by interaction forces between the fluid molecules 
and the pore surfaces. This spectrum revealed a notable dis-
tinction between bound fluids and movable fluids within pore 
space. As the centrifugal force was gradually increased, flu-
ids were progressively displaced from pores, reducing NMR 
signals. Upon reaching a certain centrifugal force level, the 
NMR signal stabilized, indicating that further fluid removal 
became negligible. By analyzing the NMR signal under this 
critical centrifugal force, in conjunction with the signal from 
the fluid-saturated water, it was feasible to establish the cut-
off value of T2 (i.e., the boundary between the left and right 
peaks) and calculate the critical pore throat radius value. This 
calculation allowed for determining pore throat radius. As a 
result, the fluid occurrence state could be assessed using the 
T2 spectrum, and a quantitative value for the movable fluid 
saturation could be obtained (Li et al. 2018).

(2) Rock samples and fluids

Table 1 shows the basic parameters of analyzed rock sam-
ples. Standard saline water (salinity of 5000 mg/L) was used 
to simulate the formation water.

(3) Experimental steps

The samples were first washed and then dried, followed 
by nitrogen-based measurements of permeability and 

porosity and saturation with formation water in the vacuum 
state and under pressure, yielding the water-filled porosity. 
Then, the  T2 spectrum was measured to further examine the 
properties of the saturated formation water. Subsequently, 
centrifuge experiments were conducted on the rock samples, 
with applied varying centrifugal forces of 21, 42, 104, 209, 
300, and 417 psi. After each centrifuge run, the T2 spectrum 
was measured again. In this context, the movable fluid satu-
rations at various forces were calculated. It is essential to 
note that the maximum centrifugal force the centrifuge could 
apply was 417 psi. At this force, the NMR information of the 
movable fluids was effectively eliminated, leaving signatures 
of bound water. Parameters of bound water saturation as well 
as total movable fluid saturation were calculated using the 
findings from previous research (Wang et al. 2023a, b, c).

Mercury intrusion experiment

(1) High-pressure mercury intrusion

This experiment operated on the fundamental princi-
ple that mercury does not wet ordinary solids. By apply-
ing external pressure, mercury could infiltrate the pores of 
the material being tested. The extent of external pressure 
required for mercury intrusion was directly determined by 
the pore size; smaller pores necessitated higher pressures 
for infiltration. We utilized the Washburn equation to com-
pute pore throat radius and volume by measuring different 
external pressures and their corresponding volumes of mer-
cury intrusion. Mercury served as the ideal medium for this 
experiment due to its chemical stability, non-wetting nature, 
and relatively high surface tension, ensuring precise experi-
mental results (Wang et al. 2020a, b).

Table 1  NMR-based parameters about movable fluid saturation across various types of diagenetic facies

Facies type Diagenetic facies Water-filled 
porosity (%)

Air-filled 
porosity 
(%)

Gas per-
meability 
(×  10−3μm2)

Movable fluid 
saturation (%)

Movable 
fluid porosity 
(%)

Bound water 
saturation (%)

Facies I Chlorite membrane cementation-inter-
granular pore facies

10.02 7.09 0.19 49.5 4.96 50.5

Facies II Chlorite and illite membrane cementa-
tion-intergranular pore facies

9.77 6.67 0.09 35.93 3.51 64.07

Facies III Illite cementation-intergranular pore 
facies

8.63 6.92 0.12 34.18 2.95 65.82

Facies IV Illite and chlorite cementation and dis-
solution facies

7.76 6.34 0.07 34.02 2.64 65.98

Facies V Illite cementation and dissolution facies 10.36 5.37 0.12 20.37 2.11 79.63
Facies VI Illite cementation facies 7.59 4.98 0.08 14.62 1.11 85.38
Facies VII Carbonate tight cementation facies 5.67 2.67 0.03 11.46 0.65 88.54
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(2) Constant-rate mercury intrusion

This analysis offers distinct advantages over conven-
tional high-pressure mercury intrusion due to its quasi-
static nature, maintaining constant interfacial tension and 
contact angle. The process involved a low constant rate of 
intrusion (typically 5 ×  10–5 mL/min), causing variations in 
pore shape that affected the meniscus shape. Mercury pref-
erentially entered larger pores, flowing through throats into 
connected pores, leading to pressure drops and alterations 
in the system's capillary pressure. The principle is based 
on mercury initially entering throats, with breakthroughs 
occurring at certain pressure levels, filling pores and caus-
ing subsequent breakthroughs (Liu et al. 2018a, b; Qiao 
et al. 2020a, b; Huang et al. 2021). Standard core samples 
were employed for these investigations (Merkel et al. 2016; 
Tang et al. 2017; Yang et al. 2017; Shabaninejad et al. 2018; 
Huang et al. 2020).

In constant-rate mercury intrusion, throats and pores were 
distinguished by analyzing changes in pressure. By assess-
ing the pressure magnitudes, it became possible to calculate 
several key parameters.

Results

Classification and features of various diagenetic 
facies

Diagenetic facie are influenced by various factors, such as 
depositional setting, provenance, clay mineral types, and 
pore characteristics. The Chang 6 reservoir has experienced 

both constructive and destructive diagenesis. Previous stud-
ies have classified various diagenetic facies by analyzing clay 
and carbonate minerals. However, in this study, we proposed 
seven diagenetic facies based on organic matter maturity, 
sedimentary microfacies, diagenetic evolution characteris-
tics, and cement and filling content. These facies are chlo-
rite membrane cementation-intergranular pore facies (Facies 
I), chlorite and illite membrane cementation-intergranular 
pore facies (Facies II), illite cementation-intergranular pore 
facies (Facies III), illite and chlorite membrane cementation-
dissolution facies (Facies IV), illite cementation-dissolution 
facies (Facies V), illite cementation facies (Facies VI), and 
carbonate tight cementation facies (Facies VII). Among 
them, Facies I to III have the best reservoir performance in 
a decreasing order, and they predominantly control occur-
rences of good reservoirs (Table 2).

The seven main diagenetic facies identified in this study 
are as follows:

(1) Chlorite membrane cementation-intergranular pore 
facies (Facies I): This diagenetic facies is prevalent 
in subaqueous distributary channel sands and sandy 
debris flow deposits. The dominant lithology consists 
of lithic feldspar sandstone, and the primary cement is 
chlorite, forming thin membranes. Intergranular pores 
are the main pore type, with fewer dissolution pores 
and other types. It represents a favorable diagenetic 
facies zone with well-developed reservoirs (Fig. 2a and 
b).

(2) Chlorite and illite membrane cementation-intergran-
ular pore facies (Facies II): This diagenetic facies is 
primarily developed in subaqueous distributary chan-

Table 2  Lithology and sedimentary characteristics of reservoirs of different types of diagenetic facies

R refers to Rock Fragments, F stands for Feldspar, S indicates Sandstone, and Q represents Quartz. Additionally, specific minerals are denoted by 
Ch for Chlorite, I for Illite, Cal for Carbonates, Q for Quartz, Ka for Kaolinite, and Dol for Dolomite

Facies type Diagenetic facies Clastic com-
ponents (%)

Compaction 
strength (%)

Surface 
porosity (%)

Cementa-
tion rate 
(%)

Facies I Chlorite membrane cementation-intergranular pore facies Q: 33.4
F: 34.29

62.34 3.75 29.34

Facies II Chlorite and illite membrane cementation-intergranular pore facies Q: 25.46
F: 39.04

58.29 3.41 32.29

Facies III Illite cementation-intergranular pore facies Q: 27.57
F: 32.27

60.45 2.94 34.27

Facies IV Illite and chlorite cementation and dissolution facies Q: 27.52
F: 34.15

61.29 2.32 29.39

Facies V Illite cementation and dissolution facies Q: 36.9
F: 25.11

68.31 1.44 30.43

Facies VI Illite cementation facies Q: 35.79
F: 27.05

63.39 1.05 29.25

Facies VII Carbonate tight cementation facies Q: 28.38
F: 28.17

64.82 0.76 30.31
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nel sands and sandy debris flow deposits, with lithic 
feldspar sandstone as the main lithology. The cement 
is composed of chlorite and illite forming platy and 
filamentous membranes. The pore combination is 
mainly dissolution-intergranular pores, with dominant 
intergranular pores and secondary feldspar dissolution 
pores. It belongs to a favorable diagenetic facies zone 
with well-developed reservoirs (Fig. 2c and d).

(3) Illite cementation-intergranular pore facies (Facies III): 
This diagenetic facies is primarily developed in sandy 
debris flow deposits as well as some turbidite deposits. 
The cement consists mainly of illite, with some sider-
ite and siliceous cement. This facies is distributed in 
relatively good diagenetic facies zones within the study 
area (Fig. 2e and f).

(4) Illite and chlorite membrane cementation-dissolution 
facies (Facies IV): This diagenetic facies is developed 
in subaqueous distributary channel sands, sandy debris 
flow deposits, and turbidite sand bodies. Lithic feldspar 
sandstone is the dominant lithology. Cement includes 
illite, chlorite, carbonate cement, and siliceous cement. 
Feldspar dissolution pores are prevalent, accompanied 

by some intergranular pores. This facies is relatively 
dominant in the diagenetic facies zones (Fig. 2g and h).

(5) Illite cementation-dissolution facies (Facies V): This 
diagenetic facies is well-developed in turbidite sand 
bodies and sandy debris flow deposits. Lithic feld-
spar sandstone is the main lithology. Cement consists 
of illite, with carbonate cement and siliceous cement 
present in smaller amounts. Feldspar dissolution pores 
are the dominant pore type, with intergranular pores 
also present. This facies is relatively poor in terms of 
reservoir properties (Fig. 2i and j).

(6) Illite cementation facies (Facies VI): This diagenetic 
facies is predominantly observed in turbidite sand bod-
ies and certain sandy debris flow deposits. The lithol-
ogy is characterized by lithic feldspar sandstone, with 
the cement mainly composed of platy illite. Feldspar 
dissolution pores are the dominant pore type. The reser-
voir properties associated with this facies are relatively 
poor, rendering it almost ineffective as a viable reser-
voir option (Figs. 2i and j).

(7) Carbonate tight cementation facies (Facies VII): This 
diagenetic facies is mainly developed in the channel 

Fig. 2  SEM and thin-section images. a–b Thin-film-like chlorite 
with intergranular pores as the main pore type. c–d Flake-like and 
fibrous illite, along with thin-film-like chlorite, predominantly exhib-
iting intergranular pores, followed by feldspar dissolution pores. e–f 
Flake-like and fibrous illite, primarily characterized by intergranular 
pores. g–h Illite and chlorite as dominated minerals, with carbonate 

cementation as the secondary feature. The predominant pore type is 
feldspar dissolution pores. i–j Illite as the main mineral, with carbon-
ate cementation as the secondary feature. Feldspar dissolution pores 
are the primary pore type. k–l Micro-pores and feldspar dissolution 
pores as main features, accompanied by a lesser amount of carbonate 
dissolution pores
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fringe of turbidite sand bodies. The dominant cement 
is carbonate cement. This facies represents a relatively 
poor diagenetic facies zone within the study area, with 
almost zero recoveries of hydrocarbons (Fig. 2k and l).

Microscopic pore structure characteristics 
of different diagenetic facies

Distribution of pores and throats

In Facies I, large throats predominate, followed by medium-
sized ones, resulting in a relatively low displacement pres-
sure. The capillary pressure curve tends toward the lower-
left quadrant, indicating specific flow characteristics in this 
diagenetic facies, which represents the main flow channel in 
the study area (Figs. 3a and b, 4a).

In Facies II, the proportion of large pores is high, and 
their distribution is more uniform. Throats are mainly fine 
to medium-sized, and the displacement pressure is moderate. 
The capillary pressure curve exhibits a lower-left quadrant 
trend, consistent with the flow behavior observed (Figs. 3a 
and b, 4b).

In Facies III, the number of small pores is large, and 
throats are predominantly micro- to fine-sized. The capil-
lary pressure curve shows a slight deviation toward the 
upper-right plateau (Figs. 3a and b, 4c).

Moving on to Facies IV, the number of small pores 
is large, and throats are primarily micro- to fine-sized. 
The capillary pressure curve exhibits a narrower plateau 
(Figs. 3a and b, 4d).

In Facies V, the content of large pores is high, and 
throats are mainly micro- to fine-sized. The capillary pres-
sure curve tends toward the upper-right quadrant (Figs. 3a 
and b, 4e).

Moving to Facies VI, the content of large pores is low, 
and throats are primarily micro-fine-sized. The capil-
lary pressure curve tends toward the upper-right quadrant 
(Figs. 3a and b, 4f).

In Facies VII, small pores and micro-fine throats predom-
inate. When the pore-throat radius is less than 0.15 μm, the 
cumulative contribution of permeability exceeds 97%. This 
facies exhibits the highest displacement pressure, poorest 
reservoir properties, and the lowest mercury intrusion vol-
ume (Figs. 3a and b, 4g).

Fig. 3  Distribution of pore-throat characteristics in various diagenetic facies
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As shown in Fig. 3a and b, Facies I exhibits the largest 
pore and throat radii, Facies IV to VI have similar throat 
radii and relatively consistent throat radius curve patterns, 
and Facies VII has the smallest pore and throat radii.

Distribution of pore‑throat radius ratio

Figure  3c shows well-developed medium to medium-
fine throats in Facies I and II. Facies I exhibits the lowest 

Fig. 4  Pore-throat structural characteristics in different diagenetic facies
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effective pore-throat ratio with a narrow distribution range. 
Facies II has a relatively small pore-throat ratio, indicating 
a large number of small pores and large throats, resulting 
in weaker flow resistance and better reservoir connectivity. 
Facies III exhibits relatively minor differences in pore and 
throat sizes, with a relatively uniform distribution, lower 
flow resistance, and better flow capacity and pore-throat con-
nectivity. Facies IV to VI exhibit relatively large pore-throat 
ratios. This indicates increasing large pores and the presence 
of fine and micro-fine throats. Facies VII exhibits the highest 
pore-throat ratio and the poorest connectivity.

Figure 4 shows a wide throat radius distribution, which 
suggests that the contribution to permeability is relatively 
dispersed. Specifically, Facies I exhibits the lowest pore-
throat ratio, the largest effective throat radius, and good 
pore-throat sorting (Fig. 4a). It is featured by low displace-
ment pressure, and the mercury intrusion volume curve 
exhibits a single peak, indicating better reservoir capacity 
and flow capacity. Facies III and IV have poor pore-throat 
sorting (Fig.  4c and d). The mercury intrusion volume 
curves of these two facies show a bimodal distribution, lead-
ing to decreased reservoir storage and flow capacity. The 
pore and throat radii of Facies III and VII are small, and the 
mercury intrusion volume distributions of these two facies 
are relatively uniform. However, the development of pore 
structures in these two facies is limited, resulting in low 
permeability contribution and poor reservoir flow capacity. 
In summary, Facies I exhibits the best reservoir properties, 
followed by Facies IV, while Facies VII has the poorest pore-
throat connectivity and highest flow resistance, making it 
almost impossible to extract oil and gas.

Movable fluid features in various diagenetic facies 
based on NMR experiments

Figure 5 displays the frequency distributions of  T2 spectra 
for different diagenetic facies types. The  T2 spectra show 
both single-peak and double-peak patterns. Specifically, 
Facies IV to VII exhibit single peaks, while Facies I to III 
exhibit double peaks. The single-peak pattern with the peak 
located to the left of the critical value indicates small and 
unevenly distributed pore sizes, poor pore-throat connectiv-
ity, high heterogeneity, as well as inferior reservoir perfor-
mance. In contrast, the double-peak pattern with a low-left 
and high-right peak suggests good connectivity between 
pores and throats in the first three diagenetic facies types, 
with larger pore sizes (Table 3 and Fig. 5).

The experimental results indicate that superior diagenetic 
facies types are distinguished by improved pore-throat con-
nectivity, greater pore and throat sizes, larger saturation of 
movable fluids, and lower saturation of bound water. As a 
result, different diagenetic facies types exhibit significant 
variations in pore-throat characteristics, which play a crucial 

role in determining relative abundance of movable fluids in 
throats and pores (Table 1 and Fig. 5).

Discussion

Various diagenetic facies types display variations in the satu-
ration of movable fluids. The factors influencing these differ-
ences are diverse and encompass sedimentary facies types, 
reservoir distribution patterns, petrophysical properties, 
micro-pore structure, clay mineral types, content, among 
others, all of which can impact movable fluid saturation. 
Following factors affecting movable fluid saturation in vari-
ous diagenetic facies types are discussed in detail.

Reservoir properties

The correlation coefficient between movable fluid saturation 
and porosity is 0.3805 (Fig. 6a), while that between mov-
able fluid saturation and permeability is stronger, at 0.6053 
(Fig. 6b). A larger pore connectivity corresponds to a greater 
permeability, and subsequently, a larger saturation of mov-
able fluids within the pores.

Pore and throat distributions
Pore radius and throat radius

As depicted in Fig. 7, there is a weaker correlation between 
movable fluid saturation and pore radius (R2 = 0.6398), 
whereas there is a stronger correlation between movable 
fluid saturation and throat radius (R2 = 0.9415).

Pore‑throat mercury saturation

The correlation coefficient (R2) between pore mercury satu-
ration and movable fluid saturation across various diagenetic 
facies reservoirs is 0.6151 (Fig. 8a), indicating that a higher 
pore mercury saturation corresponds to a higher movable 
fluid saturation. The correlation coefficient (R2) between 
throat mercury saturation and movable fluid saturation is 
0.5404 (Fig. 8b). Specifically, reservoirs of Facies IV to VII 
exhibit fewer effective throats, smaller volumes, and smaller 
radii, resulting in poor connectivity and inferior reservoir 
properties. Consequently, most hydrocarbons accumulate in 
small throats and micropores, resulting in low saturation of 
movable fluids and reduced recovery rates. In contrast, res-
ervoirs of Facies I to III have larger throat radii and a higher 
number of effective throats, indicating good connectivity and 
a higher content of movable fluids.
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Fig. 5  NMR T2 spectra of various types of diagenetic facies
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Pore‑throat radius ratio and sorting coefficient

Figure  10a demonstrates a robust negative logarithmic 
relationship between the pore-throat radius ratio and the 
movable fluid saturation in reservoirs of various diagenetic 
facies, (R2 = 0.6104; Fig. 9a). A larger pore-throat radius 
ratio is associated with a lower movable fluid saturation, 
and vice versa. In reservoirs of good diagenetic facies, the 
pore-throat radius ratio is small, indicating a uniform micro-
pore-throat structure with excellent connectivity, leading to 

higher movable fluid saturation. Conversely, in reservoirs 
with poor diagenetic facies, the pore-throat radius ratio is 
large, signifying significant variations in pore and throat 
sizes and an uneven structure. Small pores surround large 
pores, trapping fluids in dead-end pores, resulting in limited 
flow and a lower movable fluid saturation.

Figure 9b shows that a larger sorting coefficient is associ-
ated with a higher movable fluid saturation (R2 = 0.5219). 
A larger sorting coefficient indicates a better pore structure 
and a wider distribution range of throats, resulting in a more 

Table 3  Various structural parameters of mercury intrusion

Classification 
Parameters

Facies I Facies II Facies III Facies IV Facies V Facies VI Facies VII

Porosity (%) 13.9 12.28 12.27 10.06 9.42 8.22 8.4
Permeability 

(×  10−3μm2)
3.28 1.79 0.73 0.27 0.37 0.02 0.02

Displacement Pres-
sure (MPa)

0.3 0.24 1.08 0.65 2.86 1.64 5.12

Median Pressure 
(MPa)

2.6 2.07 19.74 6.21 50.09 15.31 50.31

Maximum Pore-
Throat Radius 
(μm)

9.7 4.93 1.59 1.34 0.71 0.37 0.15

Maximum Mercury 
Saturation (%)

90.72 90.7 93.81 86.83 95.53 82.96 67.31

Sorting Coefficient 2.6 2.49 2.73 2.37 2.09 1.76 1.45
Skewness Coef-

ficient
1.9 1.58 2.05 1.76 1.83 1.53 1.37

Coefficient of vari-
ation

0.4 0.29 0.33 0.26 0.67 0.26 0.58

Mean Coefficient 10.5 10.33 11.31 10.54 9.34 9.06 10.12
Pore Type Intergranular pore Feldspar 

dissolution 
pore

Residual 
intergranu-
lar pore

Dissolution pore Interstitial 
micropore

Micropore Diagenetic fracture

Fig. 6  Correlation between physical properties and movable fluid saturation
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Fig. 7  Correlation between movable fluid saturation and (a) pore radius and (b) throat radius

Fig. 8  Correlation between movable fluid saturation and (a) pore mercury saturation and (b) throat mercury saturation

Fig. 9  Correlation between movable fluid saturation and (a) pore throat radius ratio and (b) sorting coefficient
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uniform distribution of pores and throats, an increased num-
ber of large throats, enhanced flow capacity, and a higher 
movable fluid saturation.

In reservoirs of Facies I to III, the pore-throat radius ratio 
is small, and individual small pores are connected by mul-
tiple great throats, resulting in excellent permeability and 
smooth fluid flow. This favorable structure allows oil and 
gas in the pores to be easily extracted through the throats, 
resulting in a higher movable fluid saturation. On the other 
hand, in reservoirs of Facies IV to VII, the pore-throat radius 
ratio is large, and individual pores are connected by only a 
few small throats. The uneven distribution of pore and throat 
sizes as well as the low connectivity of pores and throats 
result in high heterogeneity. Consequently, fluids get trapped 
in the pore-throat system, making it challenging to extract, 
resulting in a lower recovery rate and a decreased movable 
fluid saturation.

Clay mineral content

Pores are filled with various clay minerals. These filling 
materials occupy dissolution pores and residual intergranular 

pores, with some adhering to the pore wall surface, resulting 
in significant damage to the reservoir and impacting movable 
fluid occurrences.

Under microscopic examination, illite exhibits filamen-
tous and curly features. It predominantly attaches to the sur-
face of particles and throats of connected pores, partially or 
completely filling the primary pores, which reduces pore 
connectivity. Chlorite appears as fine needle-like particles, 
surrounding the rock particles and lining the pores, lead-
ing to decreasing pore and throat radius, thus hindering 
fluid permeation. Kaolinite, with its sheet-like structure, 
narrows intergranular pores, increasing the content of inef-
fective pores, although it exerts relatively small effect on 
throats. The mixed layers of illite/montmorillonite display 
thin filamentous features and have a significant influence on 
movable fluid occurrence. It is evident that clay minerals of 
various origins present varying degrees of impact on mov-
able fluids, with a higher degree of filling material leading 
to lower pore connectivity.

X-ray diffraction analysis reveals that the correlation 
coefficients between movable fluid saturation and llite 
and kaolinite contents are 0.3076 and 0.1007, respectively 

Fig. 10  Correlation between movable fluid saturation and a chlorite content, b illite content, c kaolinite content, d illite/montmorillonite content
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(Fig. 10b and c). This indicates that the development of these 
clay minerals leads to reduced connectivity between pores 
and the presence of a significant amount of trapped fluids, 
thereby significantly impacting movable fluid occurrence. 
Movable fluid saturation shows weak positive correlations 
with contents of chlorite and illite/montmorillonite mixed 
layers (R2 = 0.3866 and 0.2862, respectively; Fig. 10a and 
d). This suggests that these clay minerals are not very influ-
ential. Therefore, while clay mineral content does influence 
movable fluid occurrence, there is no significant effect from 
a certain clay mineral on the movable fluid occurrence.

Conclusions

1. Among the seven types of diagenetic facies, the chlo-
rite membrane cementation-intergranular pore facies 
(Facies I) exhibits the largest pore and throat radii, high-
est exploitation potential, and the best microscopic pore 
structure, followed by the chlorite and illite membrane 
cementation-intergranular pore facies (Facies II) and 
illite cementation-intergranular pore facies (Facies III).

2. There is a weaker correlation between the pore-throat 
radius ratio and the movable fluid saturation in reser-
voirs of various diagenetic facies (R2 = 0.6104), whereas 
there is a stronger correlation between movable fluid 
saturation and throat radius (R2 = 0.9415).

3. Different diagenetic facies exhibit variations in the 
occurrence of movable fluids. Facies I shows uniform 
pore-throat radii and good connectivity, resulting in the 
highest movable fluid saturation and the strongest fluid 
mobility. Facies II and III have intermediate movable 
fluid saturation. Microscopic pore structure character-
istics are the key factors influencing the characteristics 
of movable fluid saturation and causing differences in its 
occurrence.
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