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The complex pore structures and unclear oil-bearing controls in lacustrine shale (such as the Es4 member of the Liaohe Depression) constrain sweet spot prediction. We divided the lithofacies types of reservoirs by mineral composition and organic matter content. Combining field-scanning electron microscopy, high-pressure mercury injection, nuclear magnetic resonance, low-temperature N2 adsorption (pre- and post-oil washing), and rock pyrolysis experiments, we studied the pore structure, oil-bearing characteristics and influencing factors of shale oil reservoirs with different lithofacies. Our results identified five lithofacies in the Es4 interlayer shale, with organic-rich calcareous, felsic, and mixed shales being dominant. Among these, superior oil content in organic-rich calcareous shale is fundamentally linked to its well-developed pore network, characterized by a higher proportion of macropores and well-connected mesopores as quantified by MIP and NMR. Inorganic mineral content primarily controls the inherent pore structure framework, while the integration of lithofacies and resultant pore geometry ultimately governs the oil-bearing of shale oil. The organic-rich calcareous, felsic, and mixed shale facies in the Es4 exhibit distinct enrichment modes: the dissolution-large pore free oil, microfracture ink-bottle pore dual mode, and multi-stage composite pores, respectively. These findings not only provide critical insights into shale oil enrichment mechanisms and sweet spot prediction in the Es4 shale but also provide a reference method for shale oil enrichment prediction in other complex lacustrine basins around the world.
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INTRODUCTION
The successful commercialization of shale oil in China, with production exceeding 6 million tons in 2024, underscores its potential as a pivotal unconventional resource (Yao et al., 2024; Tong et al., 2018; Zhang Y. et al., 2024). However, like many continental lacustrine basins worldwide, the organic-rich shale formations in China exhibit profound vertical and lateral heterogeneity, posing a fundamental challenge to predicting shale oil enrichment and identifying “sweet spots”. This heterogeneity is particularly pronounced in mature exploration areas like the western sag of the Liaohe Depression, where the shift from conventional to unconventional targets is imperative yet is hindered by complex reservoir characterizations.
Shale oil enrichment is known to be controlled by a complex interplay of lithofacies, organic geochemistry, pore network architecture, and preservation conditions (Yao et al., 2024; Jin et al., 2021; Guo et al., 2023; Li et al., 2022; Chang, 2023; Wadas et al., 2023; Wang et al., 2024). In commercially exploited interlayer-type shale oil reservoirs—such as those in the Es4 member—heterogeneity in lithology, pore structure, and oil saturation is extreme (Jing et al., 2014; Lu et al., 2016; Saif et al., 2017; Li et al., 2019; Hu, et al., 2021; Wang, 2022; Liu et al., 2023; Zhang L. et al., 2024). While lithofacies are universally acknowledged as a primary control, a critical knowledge gap persists: a systematic, quantitative understanding of how specific lithofacies at the micro- and nano-scale govern pore geometry and oil-bearing differences remains elusive. The coupling mechanisms between lithofacies-defined pore systems and oil enrichment patterns are inadequately quantified, limiting the development of predictive geological models (Chalmers et al., 2012; Didar and Akkutlu, 2013; Aguilera, 2016; Wang et al., 2016; Bal et al., 2023).
To address this gap, this study presents a multi-methodological investigation targeting the Es4 interlayer shale. First, lithofacies classification based on mineralogy and organic matter content is established. Subsequently, field scanning electron microscopy, high-pressure mercury injection, nuclear magnetic resonance, low-temperature N2 adsorption (pre- and post-oil washing), and rock pyrolysis is used to decouple the controls of lithofacies on pore structure from its effects on effective oil-bearing characteristics. The enrichment model of shale oil with different lithofacies interlayers in the Es4 shale was thus established. This study provides a mechanistic framework for sweet-spot prediction in the Es4 shale, with a methodology transferable to other lacustrine shale systems worldwide that offers a reproducible approach to heterogeneity for evaluating shale oil resources in non-marine basins.
GEOLOGICAL SETTING
The western sag of Liaohe is a secondary negative tectonic unit in the Liaohe Depression of the Bohai Bay basin. It is located in the northeastern corner of the basin and is distributed in a northeastern direction. It is a dustpan-like rift basin with east-fault and west-overlap, east-steep and west-slow (Figure 1a). Its tectonic evolution is controlled by multistage tectonic movement. Since the Paleogene, the basin has experienced strong sedimentary faulting of the Shahejie Formation and strike–slip transformation of the Dongying Formation (Li et al., 2013; Liu and He, 2019; Ma et al., 2022; Liu et al., 2023; Zhang L. et al., 2024). The study area is located in the Dujiatai–Shuguang area, which is located in the middle part of the western slope area of the western depression (Figure 1b), with its south side is close to the Panshan Chenjia sub-sag area. Thick Paleogene strata were deposited in the sag (Figure 1c). The Paleogene Shahejie Formation is the core of oil and gas exploration in the western sag (Li et al., 2013; Liu and He, 2019; Ma et al., 2022). There are many kinds of lithologic reservoirs, such as shale, fine sandstone, siltstone, and dolomite, in the Es4 shale overlying the Dongying Formation and underlying the Fangshenpao Formation (Figure 1b). It is controlled by closed and saline lake basins and was formed in a strong reducing environment (Wu et al., 2021; Ma et al., 2022; Liu et al., 2023). It is the main target layer for shale oil exploration and development, and it is also the key layer of this study. Based on source–reservoir configuration, shale oil in the Es4 member is classified into three types: interlayer, shale, and mixed. The interlayer type, dominated by sand sheet interbeds and controlled by outer-front deltaic facies and gravity flow sand bodies, has a sand ratio of 10%–30% and single-layer sandstone thickness of 1–5 m. In the Dujiatai–Shuguang area, the Es4 is primarily composed of fan delta deposits with a sand ratio below 30%. Sand bodies fine in grain size and thin in thickness form delta-front underwater distributary channels to mouth bars and sheet sands. The planar distribution of interlayer shale oil is controlled by outer-front delta facies and gravity flow sand bodies (Li et al., 2013; Liu and He, 2019).
[image: Map of the Liaohe Western Depression with various tectonic units labeled, including the Chenjia subsag area and Niuzhuang inversion structural belt. A log chart depicts the stratigraphy with gamma-ray (GR) and resistivity (RT) curves, indicating layers of shale, fine sandstone, siltstone, and dolomitic mudstone. A legend details well locations, regions, cities, place names, and tectonic units. Scale bars are included.]FIGURE 1 | Regional geological background map. (a) Division map of the tectonic area in Liaohe Depression. (b) Structural diagram of western depression and location of study area. (c) Lithological column chart of Es4.SAMPLES AND METHODS
Samples
We selected 15 shale samples from 7 representative wells in the Es4 member (Figure 1a) and processed them for multi-method analysis. Each sample was divided into three portions: one ground to 80 mesh for low-temperature N2 adsorption (pre- and post-oil washing); another crushed to below 200 mesh for rock pyrolysis, XRD, and total organic carbon (TOC) measurements; the third used to prepare 2.5 cm × 5 cm plug samples for NMR, high-pressure mercury intrusion, and physical property tests. Additionally, 1-cm-thick sections were prepared from large samples for field emission scanning electron microscopy (FE-SEM) observation.
Experiments
Rock-eval pyrolysis, XRD, and TOC analysis
Powdered samples (<200 mesh) were decarbonated using 10% HCl heated in a water bath, rinsed to neutrality, and dried at 80 °C for 12 h. TOC was measured with a carbon/sulfur analyzer via combustion and standard calibration. For Rock–Eval rock pyrolysis, samples of approximately 1 g were heated from 300 °C (held 3 min) to 650 °C to quantify free hydrocarbons (S1), pyrolysis hydrocarbons (S2), and maximum pyrolysis peak temperature (Tmax). Mineral composition was determined by XRD (scan range: 5°–70°; speed: 2°/min) on pressed powder samples, with quantification using Jade 6.5 software.
FE-SEM observation
Sample blocks (1 cm × 1 cm) were polished (sandpaper + Ar-ion milling) to create smooth surfaces (400 μm × 400 μm), which were then coated with carbon and imaged with a Zeiss SU5000 FE-SEM to characterize pore systems.
Low-temperature N2 adsorption
The specific surface area was measured via the BET method using an ASAP2460 analyzer on 80 mesh samples pre- and post-oil extraction.
Nuclear magnetic resonance (NMR) and high-pressure mercury intrusion (HPMI)
Low-field NMR analysis was conducted using a MesoMR23-060H-I instrument with a magnetic field strength of 0.05 ± 0.01 T (corresponding to a proton resonance frequency of 2 MHz). Measurements were performed on both dried and oil-saturated plug samples (2.5 mm × 5 mm) to obtain T2 relaxation spectra and characterize pore size distribution. HPMI utilized an AutoPore IV 9500 porosimeter with intrusion pressures up to 200 MPa to evaluate the pore and throat size distribution in dried core plugs.
RESULTS
Organic geochemistry
Organic geochemical characterization of the Es4 shale revealed the key parameters that govern its shale oil potential (Table 1). The samples exhibited good-to-excellent hydrocarbon generation potential, with high TOC content ranging 0.46%–4.92% (avg. 3.53%), supported by high S1 (0.07–3.46 mg/g) and S2 (0.85–43.11 mg/g) values. Furthermore, the thermal maturity, as indicated by Tmax values of 430–448 °C, places the shale within the low maturity oil window. This interpretation is corroborated by measured vitrinite reflectance (Ro) values of 0.46%–0.68%. According to the correlation between HI and Tmax (Figure 2a), the organic matter type of the Es4 shale is predominantly Types I and II1, with a minor proportion of Type II2, characteristic of a lacustrine depositional environment rich in algal organic matter. The content of vitrinite is less, the fluorescence of algae is stronger, the fluorescence of vitrinite is also weaker, and the measurement of vitrinite reflectance is further inhibited (Wenger and Baker, 1987; Wilkins et al., 1992; Josh et al., 2012; Curtis et al., 2012; Zhang Y. et al., 2024; Ma et al., 2025; Wang et al., 2025).
TABLE 1 | TOC, lithofacies and organic geochemical parameters of shale samples.	Sample number	Depth (m)	TOC (%)	Ro (%)	S1 (mg/g)	S2 (mg/g)	Tmax	HI
	L1	2,717.16	3.41	—	0.57	9.91	440	426.3282
	L2	2,584	3.48	—	0.07	0.85	436	197.2556
	L3	3,101.63	4.66	—	0.7	15.56	448	598.3881
	L4	3,277.36	4.14	—	2.48	14.49	443	645.149
	L5	3,276.26	3.34	—	1.46	28.79	445	585.4234
	L6	3,119	3.22	0.52	1.01	16.05	444	668.1549
	L7	3,091.27	3.27	0.68	0.73	43.11	438	622.975
	L8	3,563.77	0.47	—	3.46	24.47	441	599.884
	L9	3,563.27	2.46	—	3.05	19.17	440	536.7668
	L10	3,562.67	0.46	—	1.42	16.48	439	513.9986
	L11	3,561.87	4.33	—	2.06	13.61	438	460.0029
	L12	3,567.87	3.88	—	2.78	16.06	439	575.9354
	L13	3,566.87	4.17	—	2.74	17.12	441	617.1727
	L14	3,565.87	4.92	—	2.58	17.51	443	601.7132
	L15	3,564.37	3.97	0.46	3.31	21.5	440	572.5693


[image: Diagram consisting of two graphs labeled (a) and (b). Graph (a) plots Hydrogen Index (HI) in milligrams per gram against Maximum Temperature (Tmax) in degrees Celsius, with multiple lines indicating different ranges and data points clustered around 440°C. Graph (b) maps S1 in milligrams per gram against Total Organic Carbon (TOC) percentage with data points and a highlighted area, suggesting a specific range of interest.]FIGURE 2 | Organic geochemical characteristics of Es4 shale: (a) correlation between HI and Tmax; (b) correlation between S1 and TOC.A critical insight emerges from the relationship between S1 (free hydrocarbons) and TOC (Figure 2b). The rapid increase in S1 within the 2% < TOC < 4% interval suggests efficient hydrocarbon generation and retention. When TOC > 4%, the growth rate gradually slows, which may indicate a threshold effect potentially related to hydrocarbon saturation or limited expulsion efficiency within the organic-rich matrix. This nonlinear relationship is a crucial control on the effective oil content in shales of varying richness.
Mineralogy and lithofacies classification
Figure 3 and Table 2 illustrate the XRD analysis results and classification scheme for the 15 shale samples. As shown in Table 2, the Es4 shale has the highest clay content, ranging 6.9%–72.7% (avg. 37.4%), followed by quartz minerals (avg. 26.6%), plagioclase (avg. 6.9%), K-feldspar (avg. 5.3%), and calcite (avg. 8.8%). Some minerals have high dolomite content of up to 81.5%. The content of other minerals is less than 5% (Figure 3a). The content of the main minerals varies greatly in different shales, reflecting the strong heterogeneity of continental shale. The ternary diagram (Figure 3b) is based on the mineral composition and TOC content of the four-element comprehensive lithofacies division scheme (Li et al., 2022; Wang et al., 2024). The classification identifies three dominant lithofacies that are critical for shale oil enrichment: organic-rich mixed shale, organic-rich calcareous shale, and organic-rich felsic shale. The proportion of organic-rich and -poor clay shale is small. The prevalence of these organic-rich, brittle mineral-bearing deposits suggests a favorable precondition for the development of a competent pore network capable of storing and releasing hydrocarbons.
[image: Stacked bar chart and triangular scatter plot display mineral contents and compositions. The bar chart shows percentages of various minerals at different depths. The triangle plot categorizes samples into felsic, calcareous, and clay with total organic carbon percentages. Various colors represent different minerals and contents.]FIGURE 3 | Mineral composition (a) and lithofacies division (b) of the Es4 shale, Western Depression, Baohai Bay Basin.TABLE 2 | Mineral composition and lithofacies distribution of interlayer shale oil.	Sample number	Depth (m)	TOC (%)	Felsic content (%)	Calcareous content (%)	Clay content (%)	Lithofacies
	L1	2,717.16	3.41	30.8	0	64.7	Organic-rich clay shale
	L2	2,584	3.48	17.2	3.6	72.7	Organic-poor clay shale
	L3	3,101.63	4.66	37.1	8.2	49.9	Organic-rich mixed shale
	L4	3,277.36	4.14	9.1	81.2	9.7	Organic-rich calcareous shale
	L5	3,276.26	3.34	23	44.9	28.1	Organic-rich mixed shale
	L6	3,119	3.22	9.5	82.2	7.8	Organic-rich calcareous shale
	L7	3,091.27	3.27	38.9	51	6.9	Organic-rich calcareous shale
	L8	3,563.77	0.47	46.1	3.3	42.9	Organic-rich mixed shale
	L9	3,563.27	2.46	40.8	1.9	45.4	Organic-rich mixed shale
	L10	3,562.67	0.46	52.5	1	42.5	Organic-rich felsic shale
	L11	3,561.87	4.33	49.5	1.4	43.1	Organic-rich mixed shale
	L12	3,567.87	3.88	41.9	8.2	39.2	Organic-rich mixed shale
	L13	3,566.87	4.17	39.8	15.9	33.9	Organic-rich mixed shale
	L14	3,565.87	4.92	41.2	16.4	32.1	Organic-rich mixed shale
	L15	3,564.37	3.97	51.6	3.2	41.6	Organic-rich felsic shale


Characteristics of different lithofacies reservoirs
Pore type
According to the FE-SEM image (Figure 4), the pore system within the low-maturity Es4 shale is dominated by inorganic pores, a direct consequence of its thermal evolution stage where organic matter (OM) has not yet generated significant internal porosity (Figure 4a). The reservoir quality is thus primarily controlled by a combination of depositional texture and diagenetic processes. There are four main types of pores: intergranular pores, intercrystalline pores, dissolution pores, and microcracks. The intergranular pores in the Es4 shale are generally developed at the edge of brittle mineral particles such as quartz and plastic organic matter or incomplete compaction between particles (Figures 4b,c), and the pores are mostly irregular multilateral shapes such as slits and wedges which can provide essential storage space and potential connectivity. Intergranular pores are mainly developed in pyrite and dolomite mineral particles, mostly irregularly shaped (Figure 4d), contributing to overall porosity but often isolated. The dissolution pores are mostly related to the interaction between organic acids and easily dissolved minerals in the hydrocarbon generation process of organic matter—mainly intergranular and intragranular dissolution. The intragranular dissolution is dominated by feldspar mineral dissolution pores and carbonate mineral dissolution pores. The pores are mostly round or oval and are often isolated (Figures 4e,f). This process significantly enhances porosity in specific lithofacies rich in these soluble minerals. In addition, the micro-cracks are mainly intergranular cracks in brittle minerals (Figure 4g), interlayer cracks in clay minerals (Figure 4h), and organic matter hydrocarbon generation shrinkage cracks (Figure 4i). They are critical for providing permeability pathways, effectively connecting otherwise isolated pore networks. In low-maturity shales such as Es4, the effective reservoir space is not the porosity provided by organic matter but the combination of primary intergranular pores and secondary dissolution pores contributing to the reservoir space. Microfractures are important transport systems.
[image: Nine grayscale microscopic images labeled a to i, showing geological features. Image a depicts organic matter shrinkage cracks. Image b highlights interlayer cracks and intergranular pores. Image c features intergranular and dissolution pores. Image d shows a cluster of pyrite and intergranular pores. Image e has interlayer cracks and dissolution pores. Image f displays dissolution pores in calcite/dolomite. Image g shows interlayer cracks with measurements. Image h highlights clay with interlayer cracks. Image i shows organic matter shrinkage crack. Yellow arrows and labels indicate features.]FIGURE 4 | FE-SEM photos of Es4 shale pores. (a) OM pores do not develop; OM shrinkage cracks; organic-rich calcareous shale. (b) Mineral intergranular pores and mineral intergranular cracks; organic-rich mixed shale. (c) Mineral intergranular pores and dissolution pores; organic-rich felsic shale. (d) Pyrite intergranular pores; organic-rich calcareous shale. (e) Mineral intergranular pores; dissolution pores and intergranular cracks; organic-rich calcareous shale. (f) Dissolution pores; organic-rich mixed shale. (g) Intergranular cracks; organic-rich mixed shale. (h) Clay intergranular cracks; organic-poor clay shale. (i) OM shrinkage cracks; organic-rich mixed shale.Nitrogen adsorption hysteresis loop
Low-temperature nitrogen adsorption analysis on oil-washed samples reveals distinct pore network architectures across different lithofacies, as defined by their adsorption–desorption isotherms and hysteresis loop shapes (Figure 5). All samples exhibit Type IV isotherms with H1, H2, and H3-type hysteresis loops, indicative of complex pore systems containing cylindrical, ink-bottle, and slit-like pores, respectively (IUPAC et al., 1994). This aligns with FE-SEM observations and provides quantitative evidence for pore geometry. The clay minerals have strong adsorption, and the adsorption capacity of rich/poor organic clay shale is large. The organic clay composite pores are developed in the organic-rich clay shale, and the pores are ink-bottle shaped (Figure 5a). The organic-poor clay shale mainly develops intergranular and interlayer pores of clay minerals—mainly slit-type pores (Figure 5b). Due to pore-throat restriction, it is difficult for larger nitrogen molecules to enter larger pores through smaller pore throats in low temperature nitrogen adsorption experiments. Therefore, the adsorption amount measured by organic-rich clay shale mainly reflects adsorption near the pore throat surface, the outer surface of the particles, and a small number of pore openings, and the overall adsorption amount is lower than that of organic-poor clay shale (Figures 5a,b). The organic-rich mixed shale is controlled by multi-mineral mixing, and the pore morphology is the coexistence of slit type and ink-bottle type (Figure 5c). The organic-rich calcareous shale has cylindrical pores and mostly develops dissolution pores (Figure 5d). Organic-rich felsic shale develops ink-bottle pores (Figure 5e). The felsic minerals provide a rigid framework to protect some large pores from compaction, but the pore throat is narrowed by the shrinkage of organic matter. Therefore, lithofacies determine the pore throat geometry that controls the efficiency and mobility of oil and gas reservoirs.
[image: Five graphs labeled (a) to (e) show adsorption isotherms of different samples. Each graph plots adsorbed volume (cm³/g STP) against relative pressure (P/P₀). Graph (a) is for L1, (b) for L2, (c) for L3, L8, L9, L11, L14, L13, (d) for L4, L6, L7, and (e) for L10, L15. Each line represents a different sample with distinct colors.]FIGURE 5 | Characteristics of N2 adsorption–desorption curves of interlayer shale oil samples in the western sag of Liaohe depression. (a) Organic-rich clay shale. (b) Organic-poor clay shale. (c) Organic-rich mixed shale; (d) Organic-rich calcareous shale. (e) Organic-rich felsic shale.Pore structure
Quantitative pore structure parameters, derived from the BET (specific surface area, SSA) and BJH (pore volume, PV) methods (Loucks et al., 2012; Vafaie et al., 2015; Kelly et al., 2016; Zhang et al., 2023; Wei et al., 2025) reveal systematic variations controlled by lithofacies (Table 3). The data delineate a clear spectrum of pore characteristics. Organic-poor clay shale exhibits the highest SSA (42.214 m2/g) and a relatively large PV (0.04 cm3/g), attributable to the abundant microporosity associated with clay mineral aggregates. In stark contrast, the organic-rich calcareous shale, a principal reservoir lithofacies, possesses the lowest SSA (3.118 m2/g) but the largest average pore diameter (11.128 nm). This inverse relationship highlights a fundamental law that clay-rich facies provide extensive surface area for adsorption but are dominated by small pores, whereas calcareous facies develop larger, more capacious pores conducive to storing free hydrocarbons. The organic-rich felsic and mixed shales exhibit intermediate characteristics.
TABLE 3 | Pore structure parameters of nitrogen adsorption experiment after oil washing of different lithofacies’ shale in the western sag of Liaohe.	Sample number	Lithofacies	Specific surface area (m2/g)	Pore volume (cm3/g)	Average pore size (nm)
	L1	Organic-rich clay shale	8.829	0.015	7.515
	L2	Organic-poor clay shale	42.214	0.040	5.588
	L3	Organic-rich mixed shale	11.197	0.015	5.209
	L4	Organic-rich calcareous shale	3.680	0.010	10.500
	L5	Organic-rich mixed shale	2.054	0.009	15.621
	L6	Organic-rich calcareous shale	1.920	0.004	8.5273
	L7	Organic-rich calcareous shale	3.753	0.0150	14.357
	L8	Organic-rich mixed shale	10.293	0.020	7.863
	L9	Organic-rich mixed shale	10.212	0.020	7.906
	L10	Organic-rich felsic shale	6.798	0.015	8.759
	L11	Organic-rich mixed shale	11.708	0.019	7.012
	L12	Organic-rich mixed shale	12.130	0.022	7.353
	L13	Organic-rich mixed shale	7.865	0.012	6.216
	L14	Organic-rich mixed shale	10.452	0.022	8.524
	L15	Organic-rich felsic shale	3.383	0.012	12.781


High-pressure mercury injection combined with nuclear magnetic resonance is used to realize the full-aperture characterization of the interlayer shale oil of Es4 shale in the western sag of Liaohe. See the literature for data processing and the method calculation process (Chalmers et al., 2012; Daigle et al., 2014; Chen et al., 2018; Fleury et al., 2022; Liu et al., 2023). The pore size distribution shows bimodal characteristics. Organic-rich/-poor clay shales show a dominant left peak (<10 nm), indicating a pore system governed by clay-related micropores and mesopores (Figures 6a,b). This structure offers high surface area for adsorption. The left peak of the organic-rich mixed shale moves slightly to the right, and the right peak becomes larger (Figure 6c). The pore size of 0.01–100 nm contributes to the total pore volume. The pore development size is different, and the heterogeneity is strong. The left peak of the organic-rich calcareous shale continues to move to the right, and the right peak becomes larger (Figure 6d). The pore size of 1–100 nm is mainly contributed by pores, and the peak pore-size distribution is consistent, indicating that pore development was relatively uniform, with mainly dissolved pores. The organic-rich felsic shale has typical bimodal characteristics. The pore size of the left peak is distributed in 0.01–1 nm (Figure 6e), mainly developing intergranular dissolution pores and intragranular dissolution pores. The peak value of the right peak is distributed in 100–1,000 nm, mainly developing organic matter and brittle mineral edge shrinkage joints. According to the contribution of pores with different pore sizes to the total pores, the Es4 shale is dominated by mesoporous development. Although mesopores (particularly < 10 nm) dominate the total pore volume, the producibility of the shale is primarily determined by the connectivity and abundance of larger mesopores and macropores (> 50 nm), which are most prevalent in calcareous and felsic lithofacies.
[image: Five graphs labeled (a) to (e) display pore proportion (%) against pore size (nm). Graph (a) shows a single black curve, (b) a single red curve, (c) multiple colored curves, (d) three blue-toned curves, and (e) two pink and yellow curves. Each graph's curves represent different sample labels.]FIGURE 6 | Full pore-size characterization of Es4 combined with high pressure mercury intrusion and nuclear magnetic resonance technology. (a) Organic-rich clay shale. (b) Organic-poor clay shale. (c) Organic-rich mixed shale. (d) Organic-rich calcareous shale. (e) Organic-rich felsic shale.Shale oil-bearing difference
The oil-bearing properties of different lithofacies shales in Es4 shale are reflected in the occurrence characteristics, occurrence space, and oil content of hydrocarbons (Jiang et al., 2016). Core observation of typical wells in the study area revealed an obvious oil and gas taste. Some have found hydrocarbons in intergranular pores and intergranular pores such as silt particles and dolomite crystals in the interlayer shale oil reservoir of the Es4 shale through fluorescence thin-section observation; feldspar and dolomite dissolution pores and micro-cracks are filled with oil (Guo et al., 2023).
By comparing the increment of pore volume with the change of pore size measured by the nitrogen adsorption experiment of samples pre- and post-oil washing (Figure 7), the main occurrence space of residual oil in different lithofacies shale was explored. The experimental results show that the pore volume with a pore size less than 2 nm pre- and post-oil washing does not change much, indicating that pores with a size less than 2 nm are not the main storage space of residual oil. Pore volume with a pore size of 10–100 nm changes more obviously, and pore volume with q pore size of 30–100 nm changes even more obviously, indicating that pores with a size of 30–100 nm are the main storage space of residual oil.
[image: Five graphs labeled L1, L2, L3, L7, and L15 show pore volume versus pore size. Two lines in each graph represent pre-oil washing and post-oil washing conditions. Graphs indicate variations in pore volume across different pore sizes, with each line displaying slightly different trends. A legend at the bottom explains the color coding.]FIGURE 7 | Distribution of nitrogen adsorption pore size before and after oil washing of the fourth section of the sand sample. (a) Organic-rich clay shale. (b) Organic-poor clay shale. (c) Organic-rich mixed shale. (d) Organic-rich calcareous shale. (e) Organic-rich felsic shale.The pore volume of the mechanism-rich clay shale had a high value in the small pores (<10 nm) before oil washing, and the large pore section also has a certain distribution. The pore volume of the macropore section decreased slightly after oil washing (Figure 7a). The pore shape is related to the ink-bottle shape, and the pore release space is small. After oil washing, the volume of small pores and some medium pores of organic-poor clay shale becomes smaller, and the pore volume of 30–100 nm increases (Figure 7b). The pore volume of organic-rich mixed shale has a significant peak in the middle pores (approximately 10–100 nm) before oil washing. After oil washing, the pore volume increased to a certain extent from small to large pores (Figure 7c). The pore volume of organic-rich calcareous shale has a prominent peak in medium-large pores (30–100 nm and above) before oil washing. After oil washing, all pore volumes increase—related to the cylindrical pore shape—and the pores easily released during the washing process (Figure 7d). The pore volume of organic-rich felsic shale has a significant peak in the middle pores (approximately 20–100 nm) before oil washing. After oil washing, pore volumes of less than 30 nm increase, and pore volumes of more than 30 nm decrease (Figure 7e). Therefore, the effective occurrence and mobility of shale oil are predominantly controlled by lithofacies, as it dictates pore geometry and connectivity. The dominance of meso-macropores (30–100 nm) as the primary storage space is evident, but the key insight is that the efficiency of oil release from these pores—determining its mobility—varies systematically with lithofacies due to differences in pore-throat structure (e.g., cylindrical vs. ink-bottle).
DISCUSSION
Influencing factors of reservoir pore development
The western sag of Liaohe Depression is a deep lacustrine deposit, and the influencing factors of shale reservoir pore structure are complex, being are affected by TOC, mineral composition, diagenetic evolution, fluid transformation, tectonic activity, and other factors (Chang, 2023; Liu et al., 2023; Zhang Y. et al., 2024; Zhang L. et al., 2024). There is no significant correlation between the specific surface area and pore volume of the Es4 shale and TOC distinct from typical marine shales. Because the organic matter of the continental shale reservoir is mature and low, the organic matter pores are not developed, and the contribution to the pore specific surface and pore volume is limited. In contrast, marine shale (e.g., the Longmaxi formation) has a stable mineralogy primarily composed of quartz and clay minerals, with a simpler pore system where organic matter pores contribute more significantly to porosity than in continental shales. These shales are typically more thermally mature (Ro>2.0%), promoting organic pore development. Although dissolution occurs in marine shales, it plays a subordinate role to organic-matter pores, whereas in continental shales, organic acid dissolution is key to enhancing reservoir quality (Ning et al., 2024; Miao et al., 2025).
The interlayer shale oil in the Es4 shale is dominated by inorganic pores. The PV and SSA has good correlation of shale oil in Es4, indicating that the developed pores are mainly small and medium and can provide both PV and SSA (Figure 8a). The pore SSA has a negative correlation with the average pore size (Figure 8b), indicating a pore network dominated by small- to medium-sized pores. This geometry provides a substantial surface area for hydrocarbon adhesion but poses challenges for fluid flow. The controlling mechanisms can be dissected by mineral type.
[image: Six graphs display relationships between pore volume, surface area, average pore size, clay content, felsic content, and calcareous content. Each graph includes scatter plots with trend lines, equations, and R-squared values showing positive or negative correlations, varying in strength across different variables.]FIGURE 8 | Correlation analysis of influencing factors of pore structure. Correlation between: (a) pore volume and specific surface area; (b) pore surface area and pore size; (c) pore surface area and clay mineral content; (d) pore volume and clay mineral content; (e) pore volume and felsic content; (f) pore volume and carbonate minerals.The strong positive correlation between SSA and clay content (Figure 8c) is mechanistically explained by the intrinsic microporosity of clay particles (e.g., illite/smectite mixed-layer). During burial diagenesis, the dehydration and illitization of smectite can generate localized micropores and microcracks. However, the ductile nature of clay minerals promotes mechanical compaction under overburden pressure, which efficiently collapses larger primary pores. This dual effect explains how weak correlation between clay content and PV (Figure 8d) clays contribute significantly to SSA (Aplin et al., 2006) but are detrimental to the preservation of the macroporosity essential for hydrocarbon storage and flow. These minerals are pivotal for creating and preserving effective pore space. The positive correlation between PV and felsic mineral content (Figure 8e) stems from their role in forming a rigid granular framework that resists compaction, thereby protecting primary intergranular pores (Dong and Harris, 2020). The negative correlation with carbonate minerals (Figure 8f) likely reflects the fact that non-dissolved, dense carbonate nodules occlude porosity, whereas dissolved carbonates are a major source of secondary porosity. Thus, the key is not just the abundance but the diagenesis of carbonate minerals. A high content of brittle minerals (especially quartz) is conducive to pore preservation and provides a material basis for later dissolution. The highest-quality reservoir occurs at an optimal balance of mineralogical components, sufficient brittle minerals to create a compaction-resistant skeleton that preserves pore volume, and a moderate clay content that contributes to storage capacity.
Influencing factors of shale reservoir oiliness
The accurate assessment of in situ oil content (S1) is critical for evaluating shale oil potential, yet core storage often leads to volatile hydrocarbon loss, resulting in underestimation. The measured S1 cannot accurately characterize the oil content in the original state of the sample (Chang, 2023; Zhang Y. et al., 2024; Zhang L. et al., 2024; Wang, 2022). Therefore, in order to realize the correction of light hydrocarbon and heavy hydrocarbon of pyrolysis parameter S1, it was necessary to find the S1 recovery method in the area with similar organic geochemical characteristics (organic matter type) and similar thermal evolution degree of the fourth member of Shahejie formation in the western sag of Liaohe Depression—such as the Shahejie formation in Dongying Sag (Wang, 2022)—as shown in Formula 1. The corrected S1 values reveal pronounced lithofacial control: organic-rich calcareous shale exhibits the highest oil content (avg. S1* = 11.367 mg/g), followed by mixed and felsic shales (avg. S1* = 10.2 mg/g), with clay-rich shales showing significantly lower values.
S1*=C1×S1+S2+S1+C2×S2(1)
Here, S1* is the pyrolysis parameter of recovered light hydrocarbons, mg/g, and C1 and C2 are the light hydrocarbon and heavy hydrocarbon recovery coefficients of pyrolysis parameters—0.1 and 0.3, respectively.
Correlation analysis between S1* and TOC, Tmax, and hydrogen index (HI) was used after light hydrocarbon and heavy hydrocarbon correction. The strong positive correlation between S1* and TOC (Figure 9a) confirms the prerequisite of a sufficient hydrocarbon-generating base. Only organic matter with a certain abundance can generate shale oil and form enrichment. Tmax can reflect the maturity of organic matter. The peak in S1* around Tmax = 440 °C (Figure 9b) aligns with the onset of the primary oil window, indicating that optimal enrichment occurs at peak oil generation maturity. There is a positive correlation between S1* and HI, indicating that the better the type of organic matter, the more conducive it is to shale oil enrichment (Figure 9c).
[image: Nine scatter plots display the relationship between \( S^* \) (in mg/g) and various factors across different panels: (a) Total Organic Carbon (\(TOC\)), showing a positive linear correlation; (b) Maximum Temperature (\(T_{\text{max}}\)) with a non-linear trend; (c) Hydrogen Index (HI), showing a moderate positive linear correlation; (d) Felsic Content, displaying scattered data with no clear trend; (e) Clay Content, with a slight negative linear trend; (f) Calcareous Content showing a non-linear trend; (g) Surface Area, with scattered data; (h) Pore Volume, and (i) Porosity, both showing scattered distributions. Each plot includes trend lines and equations where applicable.]FIGURE 9 | The correlation of S1* with pore structure, physical properties, and organic geochemical parameters. Relationship between: (a) S1* and TOC; (b) S1* and Tmax; (c) S1* and HI; (d) S1* and felsic content; (e) S1* and clay content; (f) S1* and calcareous content; (g) S1* and surface area; (h) S1* and pore volume; (i) S1* and porosity.More profoundly, the relationships with mineralogy and pore structure reveal secondary control on effective enrichment. The mineral content has a complex effect on the oil content of shale and is not affected by a single mineral. S1* has a positive correlation with the content of felsic minerals (Figure 9d) and has a negative correlation with the content of clay minerals (Figure 9e). With the content of carbonate rocks, it first increases and then decreases (Figure 9f). Brittle mineral-supported pore networks provide the essential volume and connectivity for storing free oil, which is more readily producible. The non-linear relationship with carbonate content (Figure 9f) suggests a threshold effect, where moderate dissolution enhances porosity but excessive, non-dissolved carbonate acts as pore-filling cement.
In general, a certain mineral content cannot directly control the enrichment of shale oil and lithofacies, as all rock characteristics formed in a certain sedimentary environment can better reflect the enrichment of shale oil. The correlation between S1* and the pore structure parameters of different lithofacies shows that pore structure and physical parameters have an obvious control effect on shale oil enrichment. There is a significant negative correlation between S1* and specific surface area (Figure 9g). Due to the larger specific surface area, the more adsorbed oil is not conducive to shale oil enrichment. There is a positive correlation between S1* and pore volume (Figure 9h), indicating that the larger the pore volume, the more enriched the shale oil. No matter the smaller or larger part of the pore volume, it also has a higher S1*, and there is more shale oil trapped inside the pore to form enrichment. There is a good positive correlation between S1* and porosity (Figure 9i), indicating that the better the physical properties of shale reservoirs, the more conducive it is to the enrichment of shale oil. Therefore, shale oil enrichment is not determined by a single parameter but the result of synergy. High TOC and optimum maturity generate oil, and lithofacies determine the pore system as the occurrence space of free oil. This explains why organic-rich calcareous shale with both good hydrocarbon generation potential, large reservoir space, and well-connected pore structure is the best “dessert” lithofacies.
Shale oil enrichment modes of different lithofacies interlayers
The enrichment of interlayer shale oil in the western sag of Liaohe is not random but is controlled by the unique diagenesis path of lithofacies, forming different pore structures and three identifiable enrichment modes. There are three main lithofacies of interlayer shale oil in the western sag of Liaohe: organic-rich mixed shale, organic-rich calcareous shale, and organic-rich felsic shale. The TOC is high and is a high-quality source rock. Among these, the average pore size of organic-rich calcareous shale is the largest and has a good pore structure; it is a better reservoir. The occurrence state of shale oil is mainly free oil, and the oil-bearing property is the best. It mainly occurs in 30–100 nm (Figure 5d), and the pores are mainly cylindrical (Figure 7d). The organic-rich calcareous shale has the best oil-bearing property, which is not caused by a single factor, mainly due to its superior dissolution pore connectivity and strong organic-inorganic interaction. Dissolution is the most important constructive diagenesis, contributing greatly to the pore development of shale oil reservoirs. The organic acids and CO2 released during the maturation of organic matter (the main oil window stage) can effectively dissolve unstable minerals, mainly carbonate, and form secondary dissolution pores (intragranular dissolution pores, mold pores, and intergranular dissolution pores) and microfractures. This is one of the key mechanisms of pore development in global continental shale oil reservoirs such as the western sag of the Liaohe Depression. The interlayer shale oil of organic-rich calcareous shale facies is a dissolution pore-large pore-free oil enrichment mode (Figure 10a).
[image: Diagram showing shale samples with a legend for mineral content, including quartz, feldspar, dolomite, calcite, and clay. Insets (a), (b), and (c) detail varying mineral arrangements, highlighting pyrite, organic matter, absorbed/free oil, and microcracks.]FIGURE 10 | Enrichment patterns of shale oil with different lithofacies interlayers in the fourth member of the Shahejie Formation in the western sag of Liaohe Depression. (a) Organic-rich calcareous shale. (b) Organic-rich felsic shale. (c) Organic-rich mixed shale.Additionally, the average pore diameter of organic-rich felsic shale is larger, and it is a dual-modal pore structure type of intergranular pore and micro-fracture. Free oil is enriched in micro-fractures, and adsorbed oil occurs in ink-bottle pores. Brittle minerals such as felsic minerals can resist compaction and protect pores during diagenesis. The organic-rich felsic shale facies intercalated shale oil is a micro-fracture ink-bottle-hole dual-mode pore enrichment model (Figure 10b).
The average pore diameter of organic-rich mixed shale is medium; the pore type is more complex, a multi-pore combination, and the oil-bearing property is medium. In the process of diagenesis, there is differential dissolution of minerals, and multiple minerals cooperate to form pores. The organic-rich mixed shale facies interlayer shale oil is a multi-stage pore-composite pore enrichment mode (Figure 10c). This hierarchy is fundamentally controlled by the diagenetic reactivity of the dominant minerals within each lithofacies.
CONCLUSION
Based on organic matter and mineral composition, the interlayer shale oil reservoirs in the Es4 member can be classified into five lithofacies, predominantly comprising organic-rich mixed shale, organic-rich calcareous shale, and organic-rich felsic shale. The reservoir space is dominated by intergranular pores, intercrystalline pores, dissolution pores, and microfractures within inorganic minerals. Pore geometries include cylindrical, ink-bottle, and slit-shaped types. Mesopores (pore size < 10 nm) contribute the most to the total pore volume, while pores within the 30–100 nm range represent the primary storage space for residual oil.
Inorganic minerals play an important role in controlling the pore structure of reservoirs. Specific surface area and pore volume show a positive correlation with clay mineral content. However, the high plasticity of clay minerals facilitates compaction, which is unfavorable for the preservation of macropores. Pore volume correlates positively with felsic mineral content and negatively with carbonate mineral content. A high abundance of felsic minerals coupled with moderate carbonate content facilitates the formation of a rigid framework that resists compaction—key to preserving primary porosity.
Hydrocarbon-bearing capacity is co-controlled by lithofacies and pore structure. After correction for light and heavy hydrocarbons, the organic-rich calcareous shale facies exhibits the highest oil saturation, corresponding to a dissolution-pore–large-pore-free oil enrichment model. The organic-rich felsic shale, with moderately good oil content, follows next, characterized by a microfracture–ink-bottle-pore dual-mode enrichment model. The organic-rich mixed shale shows intermediate oil-bearing capacity, governed by a multi-scale composite pore network model. For lacustrine shales with low thermal evolution, the search for easily dissolved and brittle large lithofacies (such as calcareous shale and felsic shale) should be a priority for global exploration.
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