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Abstract: Exploration in the Lishui West Sag of the East China Sea Basin is limited by the scarcity of
offshore drilling sites, and the prediction of deep, high-quality reservoirs is challenging using only
geophysical methods. This study introduces a quantitative approach to diagenetic facies division in
individual wells based on logging data, providing a new method and perspective for the prediction
of deep, high-quality reservoirs. We employed comprehensive data from core, logging, thin-section
casting, cathodoluminescence, scanning electron microscopy, and X-ray diffraction analyses from
five wells to study the petrology, physical properties, diagenetic types and strength, and diagenetic
minerals of the Paleocene sandstone reservoirs in the Lishui West Sag. Apparent compaction rate,
apparent cementation rate, and other quantitative characterization parameters were used to calculate
the comprehensive diagenetic coefficient (Cg), and the diagenetic facies were divided into compaction,
cementation, and dissolution facies. A logging calculation model for the comprehensive diagenetic
coefficient (Cg) and a quantitative identification method for diagenetic facies in individual well
reservoirs were established through a fitting analysis between Cg and logging curve parameters.
Continuous quantitative identification of vertical diagenetic facies in the five wells in the study
area showed that the high-quality reservoirs in wells L1, L2, and L3 within the L1 gas field are
characterized by extensive development of dissolution facies, while wells L4 and L5 are dominated by
compaction and cementation facies, with poor reservoir properties and no industrial gas flow output.
The results demonstrate the reliability of the model method. The establishment of this quantitative
characterization method for diagenetic facies using logging data provides guidance for the prediction
of favorable reservoirs.

Keywords: diagenetic facies; diagenetic comprehensive coefficient; logging identification; East China
Sea Basin; Lishui West Sag

1. Introduction

Diagenesis refers to a geological process in which sediments undergo a series of
physical and chemical changes, such as compaction (mechanical and chemical), cemen-
tation, metasomatism, and dissolution, from the beginning of sedimentation to the end
of metamorphism, under the influence of certain pressure and temperature [1–5]. Diage-
netic facies comprehensively describe the type and degree of diagenesis, which is the final
product of the diagenetic process. Diagenetic facies can reflect the distribution of pore type
“sweet spots” in tight sandstone reservoirs and are, therefore, widely used for reservoir
quality evaluation and “sweet spot” prediction [1,6,7]. However, traditional methods for
studying diagenetic facies are mainly limited to core sampling, thin-section microscopy,
scanning electron microscopy, cathodoluminescence, and X-ray diffraction (XRD). These
research methods have many drawbacks, including high sampling costs, few samples, poor
continuity, and so on [1,8–11]. In recent years, researchers have established a model for
predicting diagenetic facies and reservoir quality through logging curves based on the
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correlation between diagenetic facies and rock physical logging curves, and conducted
reservoir prediction and evaluation, achieving good results [1,5,11–16]. Logging data have
the characteristics of low cost, easy acquisition, wide coverage of strata, and more complete
data, which effectively compensate for the shortcomings of traditional diagenetic character-
istics research. It can be used for the research and prediction of diagenesis in strata without
core control.

The East China Sea Basin is the largest oil- and gas-bearing basin in China’s offshore
basins, and is one of the main areas for offshore oil and gas exploration in China [16–18].
Exploration has proven that the East China Sea is rich in oil and gas resources, and the
exploration prospects are promising [17,19–21]. Lishui Sag is located in the southwestern
part of the East China Sea Shelf Basin, with 26 drilling wells, five proven oil- and gas-
bearing structures, of which nine wells have oil and gas flows and two have obtained
commercial gas flow, and the Lishui West Sag, which is the focus area of the present study
and the only sag that has obtained two commercial gas flow wells.

Despite the continuous oil and gas exploration activities in the Lishui Sag of the
East China Sea Shelf Basin since the 20th century, research on diagenesis in this region
remains sparse. The limited number of wells and scarce available data may be the primary
constraints for conducting diagenesis studies in this area. In 2015, Xu Fa and colleagues,
through petrological observation of the stratigraphy from different system tracts in the
Mingyuefeng Formation of the Lishui Sag, discovered that the diagenetic processes in this
region could be better constrained within the context of the sedimentary environment and
sequence stratigraphic framework. It was proposed that an integrated approach incorporat-
ing diagenetic alteration, sedimentary environment, and sequence stratigraphy could serve
as cumulative indicators to help predict reservoir quality [22]. In 2020, Liu Longlong and
others conducted an in-depth study of diagenesis throughout the entire Lishui Sag. Their
research results indicated that the Paleocene sandstone reservoirs in the Lishui Sag have
poor physical properties, with an average porosity of 11.3%, but are dominated by ultra-
low-porosity permeability. Sedimentary microfacies are the primary controlling factors
in forming high-quality reservoirs. Compaction and carbonate cementation are the main
reasons for the decrease in porosity and permeability, whereas the impact of clay mineral
cementation on reservoir quality may not be significant. In contrast, dissolution processes
contribute to the formation of favorable reservoirs [23].

2. Geological Setting

The total area of the East China Sea shelf basin is 267,000 km2, with a maximum
sedimentary thickness of 9000–15,000 m, mainly composed of Cenozoic strata [18–21].
The East China Sea shelf basin is a typical backarc rift basin, further divided by a series
of depressions and basement ridges. Its structural units can be divided into the eastern
depression belt, central uplift belt, and western depression belt. The eastern sag belt
includes Diaobei Sag, Xihu Sag, and Fujiang Sag. The central uplift belt is composed of
Hupijiao Uplift, Haijiao Uplift, and Yushan Uplift. The western sag belt is composed of
Pengjiayu Sag, Lishui Sag, Fuzhou Sag, Jiaojiang Sag, Qiantang Sag, etc. [18,19,24–28]
(Figure 1A).

Lishui Sag is located in the southwest edge of the East China Sea shelf basin, the
west and south of which is the NNE-trending Minzhe Uplift structural belt, the east is the
Yandang Ridge, and the north is adjacent to the Jiaojiang Sag, with a total area of 13,785 km2,
and a general trend of the NNE [20,29–31]. The geological structure of the Lishui West Sag
is characterized by an eastern fault and a western overlap, with a relatively gentle slope
at the western edge of the basin. It is mainly composed of tilted fault blocks, which were
formed by the development of reverse normal faults. During the mid-Paleocene, these
geological faults reached their peak tectonic activity. As the period transitioned into the
late-Paleocene epoch, there was a progressive reduction in crustal activity, marked by a
noticeable slowdown in extensional activities. By the end of the Paleocene, fault activities
had largely ceased, and their influence over deposition became less significant. Overall, the
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Lishui Sag is divided into two subsags, east and west, separated by the Lingfeng Ridge of
the central buried hill drape structural belt. Further division allows the Lishui Sag to be
classified into five sub-structural units: Lishui West Sag, Lishui East Sag, Lishui South Sag,
Lingfeng Ridge, and Lishui South Ridge [18–20,27,29,32] (Figure 1B).
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The Lishui West Sag is the main sag of the Lishui Sag, with an area of approximately
15,000 km2 and a maximum sedimentary thickness of up to 12,000 m. The subsidence
center of the Lishui Sag is mainly located on the descending plate of the Lingfeng Fault
in the eastern part of the Lishui West Sag, and the sedimentary thickness of the Lishui
Sag is controlled by the segmented activity of the Lingfeng Fault, with uneven filling
characteristics (Figure 1C).
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The Paleocene strata in the Lishui West Sag can be divided into the Yueguifeng
Formation, Lingfeng Formation, and Mingyuefeng Formation from old to new. In terms of
the reservoir–cap rock system, the marine mudstone of the Paleocene Yueguifeng Formation
is the main source rock, the marine mudstone of the Lingfeng Formation is the secondary
source rock, the sandstone body of the Mingyuefeng Formation is the reservoir, and the
thick mudstone in the middle and upper parts of the Mingyuefeng Formation is the regional
cap rock. The target interval of this study is the Paleogene system, including the Paleocene
Mingyuefeng Formation and Lingfeng Formation, which are the reservoir and sealing
strata of oil and gas reservoirs [21,25–28,31,32].

During the Paleocene sedimentary period in the Lishui West Sag, three major deposi-
tional facies were formed: fan-delta, delta, and shallow marine (or shallow lacustrine). The
subfacies of the delta plain and delta front are widely distributed along the slope zone in
the west. Influenced by the Lingfeng ridge, the fan-delta facies is extensively developed
in the eastern part. The shallow marine (or shallow lacustrine) environment, on the other
hand, predominantly characterizes the LS36 subsag [33].

3. Materials and Methods
3.1. Well Logging Data and Experimental Procedures

The conventional logging series in Lishui West Sag includes gamma ray logging
(GR), caliper logging (CAL), neutron porosity (CNL), volume density (DEN), acoustic time
difference (AC), and spontaneous potential (SP). This study mainly selected volume density
(DEN) and gamma ray logging (GR), and correlated DEN characteristics with cored testing
results to perform core logging depth matching, followed by quantitative characterization
of diagenetic facies through logging. More than 40 samples extracted from 5 core wells
were used for routine core analysis, the core plug helium porosity and air permeability
were measured at confining pressures of 800 psi (5.5 MPa) net effective stress. A total of
35 samples were selected and thin sections were made using blue resin impregnation and
staining with alizarin red S and K potassium ferrocyanide. Observations were conducted
using plane-polarized light and cross-polarized light to identify the composition, structure,
and structural maturity of rocks, the composition, grain size, and packing density of grains,
and the type and volume of pores, and to identify carbonate minerals (calcite, ferrodolomite,
and ferrocalcite). Rock and clay components (<2β m) and the XRD method were used to
analyze the clay mineral content (weight percentage) to determine the semi-quantitative
mineral composition (quartz, feldspar, carbonate). A total of 50 representative samples were
examined using scanning electron microscopy (SEM) and the images were analyzed (at 15
to 20 kV acceleration voltages with beam currents of 1 and 0.6 nA). These data were used to
determine the pore structure and the presence of different clay minerals, authigenic quartz,
carbonate cements, etc., within the pores, and their diagenetic processes were analyzed. In
addition, a cold cathodoluminescence mirror was used to perform cathodoluminescence
(CL) analysis on 10 polished thin films to determine cementation, grains and timing of
cementation (voltage 14.2 kV).

3.2. Quantitative Evaluation Methods of Diagenetic Facies

Quantitative characterization of diagenetic facies is typically achieved through quanti-
tative diagenesis, a perennially hot and cutting-edge topic in reservoir-related research [34].
To quantitatively illustrate the impact of mechanical compaction and cementation on the
original pore volume, the following formula is used:

Rp =
40 − Vp

40

Rc =
Vc

Vc + Vφ
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In the formula, “Rp” is the apparent compaction rate, “Rc” is the apparent cementation
rate, “Vp” is the volume between grains after compaction, “Vc” is the volume of the cement,
and “Vφ” is the volume of intergranular pores. During diagenetic evolution, reservoirs
undergo multiple diagenetic processes like compaction, cementation, and dissolution. Dif-
ferent diagenetic processes alternate or occur simultaneously, forming current diagenetic
facies characteristics. Thus, some scholars have summarized the diagenetic comprehen-
sive coefficient methods to quantitatively characterize diagenesis, including compaction,
cementation, and dissolution [35–41]:

Rm =
φ f − m

φ f

C =
m

Rp + Rc + Rm

In the formula, “Rm” is the micro-pore rate, “φf” is the physical porosity, “m” is the
surface pore rate, and “C” is the diagenetic comprehensive coefficient. Yangning improved
this method by introducing the parameter of packing density of grains in 2014 [36]:

Cg =
D f

Rp + Rc + Rm
× m

This improved calculation method for the diagenetic comprehensive coefficient can bet-
ter reveal changes in diagenetic facies under the influence of multiple diagenetic processes.

4. Results
4.1. Petrology Characteristics

Thin-section analysis of five wells in the Paleocene series of Lishui West Sag revealed
that the reservoir is primarily litharenite (>95% of the total), followed by feldspathic litharen-
ite (Figure 2A,B). Quartz volumes vary from 5% to 57% (average 27%), predominantly
single crystal. Feldspar fractions range from 5% to 49% (average 19.8%), with plagioclase as
the majority and potassium feldspar in lesser amounts. Rock fragment volumes span from
5% to 85% (average 53.6%), mostly igneous and metamorphic, with fewer sedimentary
fragments. The fillings’ volumes range from 3% to 21.3%, with average fractions of 5.3% for
the matrix and 9.5% for the cements. Grains are chiefly fine-to-medium sand, moderately
sorted, poorly rounded, with line contact and concave–convex contact as the primary grain
interconnections (Figures 2C and 3).

4.2. Reservoir Physical Property

According to measurements of the core samples, the reservoir quality of the Mingyue-
feng and Lingfeng Formations is poor, with low porosity and permeability. The reservoir’s
pore structure is mainly characterized by small pores and fine throats, with a mixed compo-
sition of primary and secondary pores, including intergranular, intragranular, mold pores,
cracks, and micro-pores (Figure 2D). Porosity ranges between 0.01% and 26.00%, averaging
at 11.3%, with 64.9% of samples exceeding 10%. Permeability spans from 0.01 × 10−3 µm2

to 248 × 10−3 µm2, averaging 10.32 × 10−3 µm2, with 32.6% of samples falling below
1 × 10−3 µm2 (Figure 4). In the Paleocene reservoirs of the Lishui West Sag, primary
porosity accounts for 34% to 70% of the total porosity, while secondary porosity makes up
28% to 43% of the total porosity. Micro-porosity and micro-fractures contribute 0% to 23%
to the total porosity (Figure 5).
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Figure 2. Photomicrographs showing the petrology characteristics of the Paleocene reservoir in
Lishui West Sag. (A) L3 well, 2744 m, fine-grained lithic sandstone; visible dissolution of feldspar
to form pores. (B) L1 well, 2580.55 m, fine grained feldspar lithic sandstone; the grains are aligned
parallel to long axis as a result of compaction. (C) L3 well, 2746.16 m; strong compaction effect, with
concave–convex contact between grains. (D) L1 well, 2258.64 m; strong dissolution forms intraparticle
and intergranular dissolved pores.
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4.3. Diagenesis Type of Reservoir

Through ordinary thin sections, cast thin sections, scanning electron microscopy, and
cathodoluminescence analysis, it was found that the Paleocene sandstone reservoir in Lishui
West Sag mainly underwent destructive diagenesis such as compaction and cementation,
as well as positive diagenesis caused by dissolution. Currently, it is in the mesodiagensis A
stage (Figure 6).
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4.3.1. Compaction

The compaction of the Paleocene reservoir sandstone in Lishui West Sag is predomi-
nantly attributed to mechanical compaction [21,25]. With a low volume fraction of quartz
and feldspar grains and a high content of volcanic fragments, the reservoir exhibits weak
mechanical compaction resistance and pronounced compaction effects. Stratigraphically,
the deeper Yueguifeng Formation and Lingfeng Formation are more significantly affected
by compaction than the Mingyuefeng Formation. Existing thin-section data analysis and
microscopic observation of cast thin-sections reveal the compaction effect mainly as follows:
1⃝ Clastic grains experience directional compaction, with their long axis reordered towards

a direction close to horizontal (Figure 7A), a phenomenon common in the Mingyuefeng
Formation. 2⃝ Plastic grains deform, with mica, glauconite, and bioclast bending and
elongating post-compaction. Under strong compaction, they can be crushed or even be-
come a pseudomatrix (Figure 7B). This phenomenon is observable in the upper sections
of the Mingyuefeng Formation and Lingfeng Formation. 3⃝ Rigid grains such as quartz
and feldspar fragment along the cleavage surface post-compaction. This phenomenon is
found in the lower part of the Lingfeng Formation and the Yueguifeng Formation, albeit
at a relatively low frequency. 4⃝ The contact relationship between grains alters with the
intensity of compaction, and as the depth increases, the compaction gradually strengthens.
Grains approach each other from a separated state and tend to become more compact.
Initially, the clastic grains mainly have point-line contact (mostly found in the Mingyue-
feng Formation), progressing to surface contact (mostly found in the Lingfeng Formation
and Yueguifeng Formation) and concave–convex contact (mostly found in the Yueguifeng
Formation) (Figure 7C). Quartz and feldspar fragments undergo pressure dissolution due
to compression, significantly reducing reservoir porosity and permeability.
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2581.03 m. Glauconite undergoes deformation after being compacted. (C) L4 well, 3761.9 m. After
strong compaction, the grains come into concave–convex contact. (D) L4 well, 3345.3 m. The
intergranular pores are completely filled with ferrocalcite and ferrodolomite. (E) L1 well, 2444 m.
The intergranular pores are completely filled with ferrocalcite. (F) L2 well, 2245.2 m. Ferrocalcite
filling pores emitting orange-red light. (G) L2 well, 2293.63 m. Dawsonite is radially filled with
pores. (H) L4 well, 3365.98 m. Authigenic illite filling pores, with visible micro-pores inside. (I) L4
well, 3322.8 m. Authigenic illite filling pores, with visible micro-pores inside. (J) L3 well, 2740.76 m.
The intergranular pores are filled with kaolinite and illite. (K) L2 well, 2247.2 m. Authentic quartz
filling pores with visible micro-pores. (L) L1 well, 2370.5 m. Internal dissolution of grains produces
intragranular pores. (M) L2 well, 2291.54 m. Formation of pores by dissolution of feldspar. (N) L3
well, 3354.72 m. Complete dissolution of quartz and feldspar to form mold pores. (O) L1 well, 2270 m.
Dissolution produces intergranular pores. (P) L1 well, 2579.07 m. The pores formed by dissolution of
plant fragments are filled with dawsonite.

4.3.2. Cementation

The cementation in the Paleocene reservoir of Lishui West Sag encompasses carbon-
ate, clay mineral, and siliceous types [21,25]. Detailed analysis, including thin-section
observation, scanning electron microscopy, and cathodoluminescence observation, reveals
the following: 1⃝ Carbonate cements are prevalent in the Paleocene reservoirs of Lishui
West Sag, significantly influencing reservoir property alterations. Composed mainly of
ferrocalcite and ferrodolomite, minor siderite, and a trace of dawsonite (Figure 7D–G,H),
ferrocalcite, although not abundant, completely fills the pores in samples with high content.
It indicates a late precipitation phase and does not contribute to enhancing the compaction
resistance. Its concavo-convex contact with clastic grains impairs the reservoir’s physical
properties. Ferrodolomite, related to burial depth and reservoir temperature, is predomi-
nantly found in the Mingyuefeng Formation. Despite high ferrodolomite content in some
samples, high porosity remains, implying early-stage precipitation before effective rock
compaction, hence positively affecting compaction resistance. Dawsonite, primarily de-
veloped in the Mingyuefeng Formation, occupies solution pores of feldspar and rock
fragments, indicating a late formation. 2⃝ Clay minerals are predominantly kaolinite and
illite, followed by mixed-layer I/S and negligible chlorite and montmorillonite (Figure 7I,J).
Clay minerals significantly impair the reservoir’s porosity and permeability. Kaolinite,
developed in the upper part of Mingyuefeng and Lingfeng Formations, fills intergranu-
lar pores, while illite, present in various strata, fills pores or covers grain surfaces. The
mixed-layer I/S, with a morphology between illite and montmorillonite, is present across
the Paleocene strata in Lishui West Sag. 3⃝ Siliceous cementation is less developed and
comprises mainly quartz overgrowths and authigenic quartz (Figure 7K), with surrounding
clay minerals limiting quartz growth.

4.3.3. Dissolution

The Paleocene reservoir in Lishui West Sag, following intense compaction, generated
numerous secondary pores via dissolution, alongside residual primary ones, improving
the reservoir’s physical properties [21]. Thin-section microscope observations reveal: 1⃝
Feldspar dissolution, widespread across Lishui West Sag’s Paleocene strata, leads to inter-
granular and intragranular dissolved pores with distinct honeycomb-like, harbor-like, or
serrated edges (Figure 7L,M). Some sections show quartz particle dissolution, forming mold
pores (Figure 7N). 2⃝ Rock fragment dissolution, common in the Paleocene reservoir, results
in partial volcanic fragment dissolution and bioclastic dissolution leading to intergranular
dissolved pores (Figure 7O). Some sections show complete bioclastic dissolution, forming
mold pores (Figure 7P). 3⃝ Diagenetic mineral dissolution is less frequent and extensive,
with its resultant pores minimally improving the reservoir’s properties and secondary
pore formation.
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5. Discussion
5.1. Characteristics and Classification of Reservoir Diagenetic Facies

At present, there is no unified classification and naming method for diagenetic facies.
Different scholars mainly classify diagenetic facies based on diagenesis, diagenetic minerals,
and diagenetic evolution sequences [1,12,25,42–44]. On the basis of previous quantitative
characterization of diagenetic facies parameters, this study referred to the diagenetic
comprehensive coefficient method and classified the diagenetic facies using the three
diagenetic processes that have the greatest impact on reservoir physical properties, namely
compaction, cementation, and dissolution. The characteristics of different diagenetic facies
were comprehensively described based on quantitative characterization parameters such as
apparent compaction rate, apparent cementation rate, and micro-pore rate. We established
a quantitative classification standard for the diagenetic facies of the Paleocene reservoir in
Lishui West Sag (Table 1).

Table 1. Diagenetic facies quantitative criteria for classification.

Diagenetic
Facies

Surface Pore
Rate

M (%)

Apparent
Compaction Rate

Rp (%)

Apparent
Cementation

Rate
Rc (%)

Micro-Pore
Rate

Rm (%)

Filling Density
Df (%)

Diagenetic
Comprehensive
Coefficient (%)

Compaction
facies 0.1~12.4 63.9~97.8 10.3~99.7 63.5~98.3 93.6~98.7 <1.82

Cementation
facies 1.3~9.8 36.2~73.4 67.1~99.8 28.4~94.3 89.2~99.6 1.82~3.7

Dissolution
facies 3.1~14.5 17.3~72.5 8.3~65.4 17.9~48.1 79.3~91.5 >3.7

Compaction facies (Figure 8): The main contact between grains is concave–convex,
with the development of intergranular pores. Some intergranular pores are filled with
cements, resulting in a higher apparent cementation rate of the cast thin section. The
apparent compaction rate ranges from 63.9% to 97.8%, the apparent cementation rate
ranges from 10.3% to 99.7%, the micro-pore rate ranges from 63% to 98.3%, and the range
of the Cg is less than 1.82%.

Cementation facies (Figure 8): Mainly carbonate cementation, followed by clay min-
eral cementation and less siliceous cementation. The carbonate cement is composed of
ferrocalcite and ferrodolomite, while the clay mineral cements are mainly composed of
kaolinite and illite. The casting thin section reveals that the extensive development of
carbonate cementation significantly reduces primary and secondary pores. The apparent
compaction rate ranges from 36.2% to 73.4%, the apparent cementation rate ranges from
67.1% to 99.8%, the micro-pore rate ranges from 28.4% to 94.3%, and the range of Cg is from
1.82% to 3.7%.

Dissolution facies (Figure 8): Dissolution is extensively developed in the reservoir,
greatly improving the physical properties of the reservoir. Intergranular dissolution pores,
intragranular dissolution pores, and mold pores, typically resulting from the dissolution of
feldspar or rock fragments, are frequently identified on cast thin sections. The apparent
compaction rate ranges from 17.3% to 72.5%, the apparent cementation rate ranges from
8.3% to 65.4%, the porosity rate ranges from 17.9% to 48.1%, and the range of the Cg is
greater than 3.7%.
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Figure 8. Cast thin-section characteristics of diagenetic facies in Paleocene Formation. (A) L4
well, 3341.4 m. Apparent compaction rate = 87.3%, apparent cementation rate = 97.1%, micro-
pore rate = 97.7%, Cg = 0.07%, and compaction facies; (B) L4 well, 3334.8 m. Apparent compaction
rate = 88.3%, apparent cementation rate = 31.1%, micro-pore rate = 43.2%, Cg = 1.52%, and compaction
facies; (C) L2 well, 2253.41 m. Apparent compaction rate = 49.5%, apparent cementation rate = 57.1%,
micro-pore rate = 33.3%, Cg = 5.59.6%, and dissolution facies; (D) L1 well, 2580.55 m. Apparent
compaction rate = 43.2%, apparent cementation rate = 99%, micro-pore rate = 96.3%, Cg = 1.79%, and
cementation facies.

5.2. Quantitative Characterization Method for Diagenetic Facies Logging

The key problem in identifying diagenetic facies lies in the interval without core
sampling, and logging data have the characteristics of low cost, easy acquisition, strong
continuity, and wide coverage, giving the logging response identification of diagenetic
facies broad application prospects. The differences in structure, composition, and physical
properties of different types of diagenetic facies result in their different response charac-
teristics on logging curves, which is the theoretical basis for identifying and detecting
diagenetic facies using logging curves [5,35]. However, it is worth noting that the porosity
and permeability of sandstone gradually decrease as the burial temperature increases from
the surface to 150 degrees Celsius, with little change at higher temperatures. According
to the burial depth, the diagenetic temperature of the high-quality reservoir studied this
time is between 96 and 106 degrees Celsius, with little overall temperature variation [45].
Therefore, based on the correlation between logging response and diagenetic facies, a log-
ging diagenetic facies discrimination model and evaluation method can be established, and
favorable reservoirs can be identified to achieve the qualitative and quantitative prediction
of diagenetic facies by logging [1,16,23,25].

After matching the thin-section identification data with the logging depth, we read
the corresponding logging curve values, established a correlation analysis between DEN
and porosity, and obtained a physical property analysis (porosity φ) calculation model.
Then, we analyzed the correlation between Cg and the physical property analysis (poros-
ity φ)/mudstone content in the logging curves (Vsh) and found a significant correlation
between the two (Figure 9). The data points exhibit a bi-modal distribution, which may
be attributed to the combined effects of compaction and cementation deteriorating the
physical properties, contrasted with the beneficial enhancement of reservoir properties
due to dissolution processes. This results in the data points clustering around two distinct
values, thereby presenting a pronounced bi-modal characteristic. Therefore, Cg can be



Minerals 2024, 14, 28 12 of 17

calculated through logging curves and continuously quantitatively dividing diagenetic
facies for a single well.

φ = −55.923DEN + 148.19 (1)

Vsh =
GR − GRmin

GRmax − GRmin
× 100% (2)

In the equation, “φ” Is the porosity, “DEN” is the logging density value at a specific
depth, “Vsh” is the mudstone content (%), “GR” is the natural gamma value of the log-
ging at a specific depth, “GRmin” is the minimum density value of the target layer pure
sandstone well section logging, and “GRmax” is the maximum density value of the target
layer pure mudstone well section logging. If the mudstone content is >40%, the porosity is
automatically assigned a value of 0.1%.
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5.3. Single-Well Diagenetic Facies Discrimination

Based on the analysis of diagenetic facies types and the quantitative characterization
method of diagenetic facies logging, a logging data identification model was established
to study the vertical distribution pattern of single-well diagenetic facies in Lishui West
Sag. Taking the Paleocene reservoir of five wells in Lishui West Sag, including L1, L2, L3,
L4, and L5, as an example, the porosity, mudstone content, and diagenetic comprehensive
coefficient (Cg) were calculated through logging interpretation to classify the diagenetic
facies of a single well. Finally, casting thin sections were used to verify the effectiveness of
the identification, and it was found that the identification effect was good, which has good
application potential for the Paleocene reservoir in Lishui West Sag (Figure 10).

The L1 and L2 wells are located inside the LS36 subsag in the southern part of Lishui
West Sag, with the Paleocene reservoir depths ranging from 2000 to 4500 m. The diagenetic
facies of the reservoir are mainly compaction facies, which can reach a maximum thickness
of 11.6 m. The dissolution facies are also relatively developed, which can reach a maximum
thickness of 7.8 m. The development of cementation facies is relatively concentrated,
mostly alternating with the dissolution facies in the vertical direction to develop. The
casting thin section also shows typical characteristics of compaction facies and dissolution
facies. The grains in the compacted faces casting thin section show concave–convex contact,
with little or almost no development of cementation and dissolution. The cementation
facies casting thin section can be seen filling pores with ferrocalcite and ferrodolomite,
while the dissolution facies casting thin section is mainly composed of intergranular and
intragranular dissolved pores (Figure 10).
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Figure 10. Vertical division of diagenetic facies of the Paleocene well L1 and L2.

The location of the L3 well is similar to that of the L1 and L2 wells, and the burial depth
of the Paleocene reservoir is also between 2000 and 5000 m. The reservoir diagenetic facies
are mainly compaction and cementation facies, which can reach a maximum thickness of
8.3 m. The dissolution facies is less developed, and the continuity is poor. Casting thin
sections show that the pores after dissolution of plant fragments are filled with ferrocalcite.
The compacted facies casting thin section can be seen with dense grains; ferrodolomite fills
some pores (Figure 11).
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The L4 well is located in the western ramp zone of the LS36 subsag in Lishui West Sag,
with a buried depth of Paleocene reservoirs ranging from 1500 to 3700 m. The diagenetic
facies of the reservoir are mainly compaction facies, with good continuity of cementation
facies, and undeveloped dissolution facies. This may be due to the deep sampling location,
where the dissolution pores have been filled with cement. The casting thin section shows
typical characteristics of compaction facies and cementation facies. The grains in the
compaction facies of the casting thin section are mainly in concave–convex contact, with
fewer pores, which are micro-pores and cracks. The cementation facies of the casting thin
section has a large area of development of cement, and it can be seen that ferrocalcite fills
the pores extensively (Figure 11).

The L5 well is located on the Lingfeng Ridge on the east side of the Lishui West Sag.
The Paleocene reservoir is buried between 2200 and 2500 m deep, and the diagenetic facies
of the reservoir is mainly cementation facies. Directional compaction can be seen in the
casting thin section of the compaction facies, with the grains mainly in concave–convex
contact. The thin cast sections of the dissolution facies mainly develop intergranular
dissolved pores, and the casting thin section of the compaction facies can be filled with
ferrodolomite pores (Figure 12).
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5.4. Implications of Diagenetic Facies Control on Reservoir Quality for Hydrocarbon Exploration

Since the discovery of the Lishui L1 gas field in 1997, there has been little significant
progress in the Lishui Sag. The main reason is the lack of shallow structural targets, and
the deep burial of the Lingfeng Formation makes the reservoir difficult to predict. The
prediction and identification of high-quality reservoirs in deep layers mainly depend on
geophysical methods. However, dividing into lithofacies may be an effective method to
distinguish the quality of reservoirs and improve the accuracy of reservoir prediction.

In the L1 gas field, the main reservoirs of wells L1, L2, and L3 are located in the lower
section of the Mingyue Peak Group, at a depth of about 2500 m. This part of the stratum is
characterized by a well-developed dissolution phase, thus forming a high-quality reservoir.
In addition, there are fracture channels between the Mingyuefeng Group reservoir and
the Yueguifeng Group source rocks, providing superior conditions for the migration of
hydrocarbons. Furthermore, the thick mudstone layer covering the lower section of the
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Mingyuefeng Group forms a good cap rock, thereby constructing an effective source–
reservoir–cap combination. The dissolution phase in the dominant reservoir is mainly
composed of large-grained, well-sorted sediments. Its burial depth is between 2200 and
2700 m and it is in the early stage of diagenesis. The main diagenetic minerals are calcite
and kaolinite accompanied by feldspar dissolution. These minerals only fill a small amount
of pores in the reservoir, and their impact on the porosity and permeability of the reservoir
is negligible. In contrast, the reservoir of well L4 is developed at a deeper position, mainly
manifested in the development of compaction and cementation phases. Additionally, well
L4 is located on the western slope of the LS36 subsag, far from the source rocks. This
location means that an extremely strong lateral conduction capacity is needed to form
a gas reservoir. Consequently, no gas output is produced. For well L5, located in the
east Lingfeng ridge zone of the Lishui West Sag, there are only stratum deposits in the
upper part of the Mingyuefeng Group. Although it is close to the source rocks and there
is fracture communication, the abundant development of the cementation phase and its
strong cementation action prevent the formation of high-quality reservoirs.

6. Conclusions

(1) Using quantitative characterization parameters such as apparent compaction rate
and apparent cementation rate, and incorporating the diagenetic comprehensive coefficient
method, a standard for the quantitative division of the diagenetic facies of the Paleocene
reservoirs in the Lishui West Sag was established. The diagenetic facies of these reser-
voirs were classified into three distinct types: compaction facies, cementation facies, and
dissolution facies.

(2) The diagenetic comprehensive coefficient (Cg) of the Paleocene reservoirs in Lishui
West Sag was matched with logging curve parameters, establishing a logging calculation
model for the diagenetic comprehensive coefficient. This model enabled continuous quanti-
tative identification and division of vertical diagenetic facies in individual well reservoirs
using logging data. The effectiveness of the model was subsequently validated through
thin-section analysis and physical property data.

(3) Continuous quantitative identification of vertical diagenetic facies in individual
well reservoirs revealed that high-quality Paleocene reservoirs in Lishui West Sag are
primarily concentrated in the LS36 subsag, where wells L1, L2, and L3 are located, char-
acterized by an extensive development of dissolution facies. Considering the region’s
advantageous hydrocarbon source rocks, source–reservoir fracture communication, and a
thick layer of mudstone cap rock, it facilitated the formation of the L1 gas field. This proves
a certain matching relationship between diagenetic facies and oil and gas enrichment, pro-
viding a new approach for the exploration of high-quality deep reservoirs in the Paleocene
of the Lishui West Sag.
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