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Shale samples with carbonate interlayers have attracted more and more attention in shale oil exploration of lacustrine shale in China, and the characterization of pore structure and wettability of these shales are significant to the study of shale-oil enrichment and effective exploitation. In this work, by examining six shale samples with carbonate interlayers of Shahejie Formation in East China, the pore structure and wettability characteristics of shale are characterized by means of thin section petrography; X-ray diffraction mineralogy; total organic carbon (TOC) analyses; scanning electron microscopy (SEM) imaging; air-liquid contact angle for wettability; as well as N2 physisorption, mercury intrusion porosimetry, and nuclear magnetic resonance (NMR) for pore structure. The results show that the main mineral contents are carbonate (with an average of 51.4%) and clay minerals (mainly mixed-layer illite-smectite). The average TOC content is 2.90%, and there is a strong correlation between TOC and dolomite content. In addition, the obvious layered structure is observed by thin section and SEM methods. The pores below 200 nm with ink-bottle shapes are obviously smaller than those of marine shale, and the pore throats are mainly below 50 nm; however, there are also some micrometer-sized cracks. The droplet contact angle measurement shows that the shale is mainly lipophilic, while moderately hydrophilic, at millimeter observational scales. The NMR T2 spectra of water- and oil-saturated samples have an obvious feature of three peak characteristics, as the pore size-associated wettability of these samples can be divided into three stages: water-wet (0.01–1 ms), oil-wet (1–40 ms), and mixed-wet (>40 ms) in terms of relaxation time of the NMR T2 spectrum. The proportion of the second main peak of T2 spectra (P2) for dodecane-saturated samples is directly proportional to the TOC content, and the relationship between P2 and mineral composition is consistent with water-saturated samples.
Keywords: pore structure, wettability, shale, carbonate interlayers, Dongying depression
INTRODUCTION
Shale oil is mainly produced from lacustrine facies in East China, and carbonate interlayers are found in many lacustrine shales which have a strong correlation with shale oil (Hao et al., 2014; Hargrave et al., 2014; Kang et al., 2015; Liu et al., 2015; Wang Y. et al., 2016; He et al., 2017). The shale lithofacies contributing to an industrial oil production in Dongying Depression are mainly organic-rich laminated shales, which are regarded as the dominant lithofacies (Song et al., 2015). Therefore, it is urgent to study the geochemical and petrophysical characteristics of shales with carbonate intercalation. However, the current research mainly focuses on the origin and source of carbonates, and some scholars have found that the abundance of carbonate intercalation is positively correlated with oil and total organic carbon (TOC) contents (Lerman et al., 1995; Zhu et al., 2005; Martínek et al., 2006; Hargrave et al., 2014; Li et al., 2014; Liu et al., 2015; Wang et al., 2015). Nevertheless, little attention is paid to the pore structure and wettability of shale with carbonate interlayers, which plays a significant role in fluid distribution and petroleum recovery (Sulucarnain et al., 2012; Wang Y. et al., 2016).
The measurements of pore structure for shale include the fluid immersion method and imaging method, such as high-pressure mercury intrusion porosimetry (MIP), low-temperature gas (N2 and CO2) physisorption (GP), nuclear magnetic resonance (NMR), scanning electron microscopy (SEM), small angle X-ray scattering (SAXS), and small angle neutron scattering (SANS) (Zhao et al., 2017; Sun et al., 2018; Zhang et al., 2020). Due to the predominantly small-size (at nano scales) and yet a wide range (from nanometers to micrometers) of pores in shale, the use of a single measurement listed above with different measurable ranges in both pore and sample sizes is not sufficient to effectively characterize the pore structure of shale. Therefore, coupled methodologies, such as MIP in combination with GP, are employed in order to better reflect the pore structure of shale.
In addition to pore structure, due to the structural and chemical heterogeneities in unconventional reservoirs, the wettability of shale formations is very complex (Pan et al., 2021) At present, the wettability measurements mainly include qualitative, quantitative, and field methods (Zhou et al., 2020). For example, some researchers have presented the wettability studies of shale with NMR T2 distribution analyses (Fleury and Deflandre, 2003; Odusina et al., 2011; Zhang et al., 2014; Korb et al., 2018) and NMR techniques based on the relative water and oil absorption capacities of samples (Arif et al., 2021).
In this study, six shale samples with carbonate interlayers from Shahejie Formation of Dongying Depression in Bohai Bay Basin of East China were selected. Utilizing integrated and complementary methods of thin section, x-ray diffraction (XRD), TOC, N2-GP, MIP, SEM, contact angle, NMR, and imbibition, the morphological characteristics, pore structure, and wettability of shales with carbonate interlayers were examined. In addition, the relationships between NMR responses with respect to oil-water phases and pore types and mineralogical compositions were analyzed.
SAMPLES AND ANALYSES
Six shale samples with substantial carbonates interlayers, consisting of mudstones and shale and carbonate laminae, were collected for this study from Shahejie Formation of Dongying depression in Bohai Bay Basin of East China, which was formed in a deep and semi-deep lakes facies sedimentary environment (Chen et al., 2017), of which Sample 4 contains carbonate veins up to 4 mm thick. Each sample was processed into three different sizes for a wide range of analyses: 1) cylindrical core plugs (2.54 cm in diameter and 3 cm in height) for NMR tests, except for Sample No. 1 which was too small to be plugged; 2) rectangular-shaped cubes with a length of 1 cm for spontaneous fluid imbibition and MIP tests, as well as SEM and contact angle tests on half of the cube (0.5 cm × 1 cm × 1 cm); and 3) granular samples being crushed with mortar and pestle to 35, 100, and 200 mesh sizes for N2-GP, Rock-Eval, and XRD analyses.
Field emission-SEM (FE-SEM) imaging was conducted using Helilios Nanolab 650, which has a magnification of up to 400,000 times and a resolution of down to 0.9 nm. The samples were cut into slices at 0.5 cm × 1 cm × 1 cm and then argon ion-polished with LEICA EM RE102 for 30 min. A thin (10–20 nm) carbon coating was sprayed onto the polished surface to increase the electrical conductivity for better image quality. Subsequently, the high-resolution FE-SEM instrument was used to observe the polished surface for pore morphologies.
Low-pressure GP isotherm tests were performed on crushed samples (35 mesh sizes; 500 μm) by a Micromeritics ASAP 2020 Surface Area and Porosimetry Analyzer. The granular samples were dried in an oven at 60°C for 48 h to remove volatile substances and free water in the connected pore space, and then degassed under high vacuum (<10 mmHg) for 12 h at 110°C. With the relative pressure (P/Po) from 0.001 to 0.998, N2 adsorption and desorption isotherms and pore structure parameters were obtained for the shale samples controlled at a liquid nitrogen temperature of −196.15°C. The pore surface area (m2/g) was obtained using the Brunauer–Emmett–Teller (BET) method (Brunauer et al., 1938), whereas pore volume and pore size distribution were determined by density functional theory (DFT) (Lastoskie et al., 1993). Using the same instrument and DFT data reduction, CO2-GP adsorption analyses with a lower and narrower measurable pore size distribution than N2-GP were performed for relative pressure from 0.001 to 0.998 at a temperature of 0°C controlled by water bath.
The Micromeritics AutoPore IV 9520 Porosimeter instrument was used to obtain a range of petrophysical properties by monitoring mercury volume changes as a function of increasing and decreasing pressures, which is related to pore-throat sizes using modified Washburn equations (Washburn, 1921; Wang S. et al., 2016). In this study, cubic samples (∼1 × 1 × 1 cm3) were oven-dried at 60°C for at least 48 h and cooled to room temperature before the MIP tests. The sample was then placed inside the instrument and evacuated until 50 μm Hg pressure (at 6.7 Pa or 99.993% vacuum) to remove any air or moisture inside the sample (Hu et al., 2017), and then subjected to low- (5–30 psi) and high-pressure tests incrementally up to 60,000 psi (414 MPa) with equilibration times at 10 and 60 s, respectively.
The NMR experiments were performed on 10 cylindrical samples (two each from Samples 2–6) under ambient conditions of 20°C and 32% humidity. The core samples were used without oil washing before the NMR measurements (Yang et al., 2021). Firstly, the samples were dried in a convection oven at 60°C for 72 h. Subsequently, the samples were evacuated for 24 h, and then saturated with distilled water and n-dodecane, respectively, at 16 MPa for 72 h, in a custom-designed pressure-cell apparatus to attain its maximum saturation, the dry-and-saturated samples were then weighed to calculate the porosity by water immersion porosimetry (WIP) method based on the Archimedes principle, which was then subjected to the NMR test for T2 spectral distribution. The NMR measurements were performed using a Niumag MesoMR12-070H-I instrument with a low constant magnetic field of 0.3 T and resonant frequency of 12 MHz. NMR T2 distributions were measured using CPMG sequence and other measurement parameters of waiting time (TW) at 5,000 ms, echo number (NECH) at 12,000, echo interval (TE) at 0.1 ms, and scan times at 128.
In addition, we took Sample 5 out from the dodecane-saturation pressure cell, then immersed the core in the imbibition cells filled with 25% MnCl2 solution which has no NMR signals. Therefore, the NMR apparatus can only detect the signals from dodecane within the shale pores connected to the sample surface. The NMR analyses were conducted at selected time intervals of 0.5, 5, 10, 15, 30, and 45 days for wettability of lacustrine shale.
RESULTS AND DISCUSSION
Geological Properties of Shales With Carbonate Interlayers
The basic parameters of the samples are listed in Tables 1, 2. The results of TOC, Rock-Eval pyrolysis, and porosity are presented in Table 1. TOC contents range from 2.28 to 3.24 wt%, with an average of 2.9 wt%. The porosity measured by WIP on cylindrical sample range from 5.16% to 8.12%, with an average of 5.84%.
TABLE 1 | Sample information and basic properties.
[image: Table 1]TABLE 2 | Mineral composition in weight percentage (%).
[image: Table 2]The mineralogical compositions are listed in Table 2. These six samples with substantial carbonate interlayers contain the contents of carbonates (29.7–76.1 wt%; mainly calcite and some dolomite) and clays (12.8–41.1 wt%).
Figure 1 shows a positive relationship between dolomite and TOC contents with a correlation coefficient of 0.85, which suggests that the dolomite mineral in Shahejie Formation is partially biogenic in origin (Bertassoli et al., 2016).
[image: Figure 1]FIGURE 1 | Cross-plot of TOC and dolomite contents.
In combination with thin section petrography and SEM images, the samples are observed to exhibit the lithological features at multiple scales from centimeters to micrometers. The carbonate interlayers develop continuously in the transverse direction, varying greatly with the thick layers up to centimeter levels and thin ones less than 1 mm. Carbonate minerals are mainly calcite with a good crystallinity, and most surfaces are clean and bright (as shown in Figures 2A–D).
[image: Figure 2]FIGURE 2 | Multi-scale carbonate interlayers within the organic-rich shale; (A–D) core photos of interbedded mudstones and shales with crystalline carbonates; (E–H) thin-section petrography under the cross-polarized light, with crystalline carbonate interlayers showing a well-crystalized morphology; (I) SEM image of interbedded mudstone and crystalline carbonate; (J) SEM image showing the boundary between layered mudstone and carbonate; (K) SEM image of well-crystallized carbonates with clean surface and bedding fracture; and (L) SEM image of layered mudstone and banded organic matter.
Interbedded mudstone and shale mainly composed of clay minerals is developed above and below the carbonate interlayers from the thin section petrography (shown in Figures 2E–G), and some interlayers show sharp boundaries against the neighboring shale (Figure 2H). Mostly calcites seem to have simple composition and structure with relatively clean surfaces, while some calcites are relatively dirty with attached clay minerals and residual calcite pores being filled with clay minerals (Figures 2F,G). Obviously, calcite with different crystalline forms can be seen in the same sample (Figures 2E–H).
The surface of most calcite is relatively clean and the internal material components are relatively pure, as shown from SEM images (Figures 2I–K). It can also be observed that well-crystallized calcite particles from the petrography (Figure 2G) have the purest composition under the SEM with nearly no pores (Figure 2K), or only filled with a small amount of clay minerals (Figure 2J). The organic matter developed in the laminated shale is of filamentary or ribbon-like shape (Figures 2I,J), which is often related to the growth of algae (Bai et al., 2018). Calcite interlayers exist in the form of coarse strip (Figures 2I–K) and are dispersed (Figure 2L), which are mainly the products of dissolution and reprecipitation of shale with the thermal evolution of organic matter in the late diagenetic stage (Wang et al., 2005). The bedding fractures formed between interlayers are parallel to the bedding planes (Figure 2K) and wider than 10 μm to potentially serve as the important migration channels for petroleum movement (Wang et al., 2015).
Pore Structure of Shale With Carbonate Interlayers
Table 3 compiles the results from the N2 physisorption isotherm method, including the total pore volume V at the maximum relative pressure, BET surface area A, and average pore size (4V/A). The pore volume of the Shehejie Shale varies from 0.0048 cm3/g to 0.024 cm3/g with an average of 0.0096 cm3/g, and the specific surface areas range from 1.78 to 14.8 m2/g with an average of 8.20 m2/g. The average pore diameter is from 6.08 to 10.2 nm for a total of six samples.
TABLE 3 | Low pressure N2-GP results for Shahejie samples.
[image: Table 3]According to the classification scheme of the International Union of Pure and Applied Chemistry (IUPAC) (Rouquerol et al., 1994), Figure 3A shows that the CO2 physisorption isotherm of Shahejie Shale is type I isotherm, which can be interpreted as a micropore filling under low relative pressures, suggesting that a certain number of micropores (<2 nm in diameter) are present in the Shahejie Shale.
[image: Figure 3]FIGURE 3 | (A) CO2 adsorption-desorption isotherms; (B) N2 adsorption-desorption isotherms; (C) pore size distribution calculated by CO2 and N2 isotherms and their measurable ranges.
According to the IUAPC classification, the adsorption curves of N2 isotherm for all of six shale samples are type II isotherm (Figure 3B) (Brunauer et al., 1938), which rise rapidly in the low relative pressure region, then rise slowly (0.05 and 0.95) to form a slightly convex shape. When the maximum relative pressure is about 1.0, there is no obvious saturation of the adsorption, indicating that there are macropores (>50 nm in diameter) in samples. It should be noted that the adsorption volume of samples is less than 6 ml/g which is consistent with the result of Wang et al. (2018) for Shahejie Shale, but only half or less of the corresponding volume of shale samples from marine-sourced Wufeng Formation (Yang et al., 2017), indicating that there are few mesopores (2–50 nm) in the lacustrine Shahejie samples (Figure 3B).
A significant hysteresis loop is observed for the adsorption and desorption branches (Figure 3B), which can reveal the pore structure of shale samples according to the shape of the hysteresis loop (Gregg and Sing, 1982). Based on the IUPAC classification (Sing, 1985), shale Samples 1–4 and 6 are typical of H3 hysteresis loop, which indicates that most samples mainly develop narrow plate- or slit-like pores. However, Sample 5 is indicative of type H2 (Figure 3B), which corresponds to ink-bottle pore shapes with a small number of cylindrical pores. The pore size distribution of Shahejie Shale obtained by the combination of low-pressure N2 and CO2 physisorption isotherm methods range from 1.6 to 180 nm (Figure 3C). Overall, there are two main peaks at about 1.5 nm from CO2-GP and 5 nm from N2-GP techniques.
Pore Throats of Shales With Carbonate Interlayers
MIP tests can reflect the distribution of connected pore throats for shale samples, which plays an important role in the flow of shale oil. Figure 4A shows the plots of cumulative intrusion and extrusion volumes vs. the applied pressure for six Shahejie Shale samples with carbonate interlayers. The maximum pressure of an MIP test is 414 MPa, which corresponds to a pore-throat diameter of 2.8 nm, using a variable contact angle and surface tension of Sen Wang et al. (2016). The intrusion and extrusion curves of MIP tests show obvious hysteresis loops, indicating that a large part of mercury still remains in the larger pore space controlled by smaller pore throats (narrow plate- or slit-like pores) after extrusion (Jiang et al., 2015; Hu et al., 2017). The intrusion volume of mercury at the maximum pressure are between 0.011 and 0.025 ml/g. From the combined plots of incremental intrusion distribution and pore volume percentage distribution from MIP tests (Figures 4B,C), we can see that significant amounts of pore throats are within the range of 2.8–50 nm (Hu et al., 2017). Meanwhile, there are some micrometer-sized pore throats in the samples (Figure 4C), which may be related to the interlayer cracks and microcracks observed directly from SEM images (Figure 3K).
[image: Figure 4]FIGURE 4 | (A) Cumulative mercury intrusion and extrusion vs. applied pressure from MIP tests; (B) Incremental intrusion distribution across nanometer-micrometer spectrum; and (C) pore volume percentage as a function of pore-throat size distribution.
The Wettability of Shale With Carbonate Interlayers
Contact Angle
Since the surface roughness has a significant effect on the contact angle measurement (Singh, 2016), a sample preparation step of obtaining a smooth solid surface polished with 220 mesh sandpaper is needed before measurements for the droplet air-liquid contact angle measurements; the measured surface roughness for two similar samples is 2.29 ± 0.08 and 2.08 ± 0.28 with both triplicate measurements. In addition, considering the heterogeneity of shale samples, the vertical bedding plane of shale and carbonate interlayers is used for the measurement. A droplet of 2 μl liquid, either n-dodecane (as an oil-wetting fluid) or deionized water (DIW), was placed onto the surface of two different shale samples to capture the images of the air-liquid-solid interface; the contact angle was calculated by the CAST™ 2.0 software associated with a contact angle meter and interface tensiometer (Model SL200KB, Kino) (Figure 5).
[image: Figure 5]FIGURE 5 | Air-liquid contact angle droplet tests: (A) n-dodecane; (B) DIW liquids.
Figure 6 shows the contact angle measurements using two different fluids obtained for the Shahejie Shale with carbonate interlayers. The contact angles of DIW are in the range of 36.0°–69.5°, after the droplet comes in contact with the sample surface. While the n-dodecane wets the sample surface very quickly and shows a much lower contact angle (12.5°–18.6°) at a fraction of a second and then spread to an angle below the detection limit of ∼3°. As can be seen from Figure 6, the shale samples at the millimeter scale of observation show an excellent lipophilicity and relatively weak hydrophilicity which have some differences between the samples, consistent with the results of Hu et al. (2018). Most recently, Ma et al. (2022) presented a liquid-liquid extraction technique to better assess the wettability of shale samples at micrometer scales.
[image: Figure 6]FIGURE 6 | Contact angle measurements for n-dodecane (at 0.02 s) and DIW (at 30 s) liquids.
Determination of Wettability Through NMR
NMR T2 spectra can provide substantial information about the physical and fluid properties of samples (Coates et al., 1991; Wang and Li, 2008; Daigle et al., 2014; Lai et al., 2018), and the wettability determines the pore-scale fluid distributions (Pan et al., 2020). To determine the wettability and associated pores of shales with carbonate interlayers, in this study, we compared the saturation state of DIW and dodecane, respectively, and Figure 7 shows the NMR T2 spectra of DIW- and dodecane-saturated states.
[image: Figure 7]FIGURE 7 | T2 spectra for five samples from Shahejie member; a.u.: absolute unit: (A, C, E, G, I) DIW-saturated (left panel); (B, D, F, H, J) Dodecane-saturated (right panel).
The dry state clearly exhibits a predominant peak at ∼0.1 ms, and this is related to the residual liquids not removed at the drying condition of 60°C for 3 days. This T2 time corresponds to the sub-nanometer pores wherein the fluids strongly help via the capillary pressure. A comparison between the T2 spectra of dry and DIW-saturated states shows that the first peak of samples (termed as P1 in this work; Figure 7) increases significantly after water saturation, and the position shifts slightly to the right for a larger T2 time. The T2 spectra for the DIW-saturated samples commonly show three peaks, with the first and dominant peak below 3 ms which can be a combination of clay-bound water and water-filling inside the nano-size pores. In addition, there is also a smaller peak (P3) in the T2 spectra, around and more than 40 ms, which may originate from water inside interlayer cracks and microfractures in these Shahejie Shale samples (Figures 7A,C,E,G,I). As we can see, the P1 is present in all samples, but P2 and P3 in Sample 4 are lumped together as a combined peak (P2 + P3) while this sample has more carbonate veins (Figure 7G). Remarkably, the T2 amplitude of P1 is higher than that of P2, and the T2 distributions of all five samples are similar in T2 pattern and amplitude; this phenomenon confirms that the NMR T2 spectrum is replicable and sensitive to the pore structure evaluation of rock samples (Yao et al., 2010; Zhang et al., 2017).
The T2 spectra of dodecane-saturated states for six samples are also characterized by triple peaks, and the corresponding times of P1, P2, and P3 are distributed in the ranges of 0.01–1 ms, 1–40 ms, and >40 ms, respectively (Figures 7B,D,F,H,J). The T2 amplitude of P1 was slightly lower than that of water-saturated samples, while the opposite is true for P2, suggesting that the pores corresponding to the ranges from 1 ms to 40 ms are oil-wet since the signals of dodecane-saturated states were greater than those of DIW-saturated ones. However, the P2 of Sample 4 exhibit nearly no increase since this sample has more carbonate veins with corresponding larger pore sizes, which also seems to be generally oil-wet from its larger amplitude of P3 in the dodecane-saturated state.
Because the T2 spectrum responds differently to the saturation of water- and oil-phase liquids, the wettability could be examined separately for pores of different sizes (Zhang et al., 2014). A comparison of T2 spectrum for DIW- or dodecane-saturated states indicates that the small pores (at P1 position) are mainly water-wet in the Shahejie Shale samples since an increase of signal amplitude is observed after water saturation. Similarly, it can be concluded that corresponding pores of P2 position is oil-wet since the amplitude of P2 increases significantly after oil saturation. In addition, we observe notable increases in the amplitude beyond 40 ms (P3), with its negligible presence at dry state with neither oil nor water contained, and the contents of oil- or water-saturation within these pores are almost the same, indicating that the micro-fractures of Shahejie Shale are mixed-wet in terms of wettability.
Furthermore, the relationship between shale pore wettability and types has been analyzed by evaluating the change of NMR T2 distribution in combination with FE-SEM images. The pore types of shale can be divided into organic and inorganic pores (Sondergeld et al., 2010; Li et al., 2014; Wang et al., 2014; Zhang et al., 2019). Organic matter-hosted pores of shale are commonly lipophilic, while inorganic pores are hydrophilic owing to the presence of clay minerals (Mitchell et al., 1990).
Organic pores are commonly developed inside or on the edge of organic matter (Wang et al., 2018). The studied samples are in the early oil generation stage (Table 1), and there is a modest presence of nanometer-sized organic pores in these six samples; they mainly include organic matter pores with a good protection by mineral particles (Figure 8A), intergranular organic matter pores within pyrite (Figure 8B), pores in organic matter symbiotic with clay minerals (Figure 8C), and shrinkage cracks at organic matter edge (Figures 8D–F). In addition, fractures could be developed at the edges of organic matter bands and minerals (upper part of Figure 8E), but not at nearby locations (lower part of Figure 8E).
[image: Figure 8]FIGURE 8 | Pore morphology and distribution of organic matter in the shales: (A) Sample 1, 3783.69 m; (B) Sample 2, 3784.25 m; (C) Sample 3, 3784.60 m; (D) Sample 4, 3784.87 m; (E) Sample 5, 3785.12 m; (F) Sample 6, 3785.43 m. (The yellow-color numbers are the measured sizes of organic matter-hosted pores with a unit of micrometers).
In this study, the organic matter pores in the shale samples are measured and marked by ImageJ software. Figure 8 shows that these pores are not homogeneously distributed in organic matter. The FE-SEM observations show that the pores associated with organic matter in the Shahejie Shale samples are dominantly at 20 nm−1 μm in size (Figures 8D–F) and mainly belongs to several hundreds of nanometers. In addition, the organic pores are found to be mainly located in the second peak (P2 at 1–40 ms) from the NMR T2 spectra, which is consistent with relatively large (∼100 s nm) organic pores observed in SEM images. Therefore, the relationships between T2 distribution and pore size of various pore types are qualitatively obtained in this study.
Inorganic pores mainly include intergranular pores (InterP) and intragranular pores (IntraP) (Loucks et al., 2012). A large number of intergranular pores are developed in these six Shahejia samples, and they are intergranular pores of clastic minerals (Figure 9A) and intergranular pores of clay minerals with a diameter of 100 nm to several 100 s nm(Figure 9C). Many intragranular pores are also developed, including calcite (Figure 9B) and feldspar dissolution pores (Figure 9F). Micrometer-nanometer scaled microfractures (Figures 9A,B,D,E) are also observed in the samples, mainly as bedding fractures and diagenetic shrinkage fractures. In addition, through a large number of core observations, Jiu et al. (2013) also found that there are structural fractures and overpressure fractures in the Shahejie Shale.
[image: Figure 9]FIGURE 9 | Morphology and distribution of various inorganic pores developed in the Shahejie Shale: (A) Sample 2, 3784.25 m; (B) Sample 3, 3784.60 m; (C) Sample 3, 3784.60 m; (D) Sample 5, 3785.12 m; (E) Sample 6, 3785.43 m; (F) Sample 6, 3785.43 m.
The T2 spectrum curves during the process of spontaneous imbibition in MnCl2 solution are shown for Sample 5 in Figure 10. When MnCl2 solution is injected, the amplitudes of the NMR signals representing fluids in the water-wet and mixed-wet pores are expected to change, and the migration of oil in the shale pores is characterized by the alteration of T2 spectrum obtained from the NMR technique during the process of spontaneous imbibition (Liu et al., 2019; Liu and Sheng, 2019), while signals from 100% oil-wet pores should remain unaffected since variable wettability states lead to different capillary trapping capacities (Pan et al., 2021). The experimental results show that the NMR signals of P1 (<1 ms) continue to decrease as the imbibition process proceeds, indicating that MnCl2 solution (with no NMR signals) can enter the small pores by spontaneous imbibition to displace oil. Moreover, the NMR signals of P3 are drastically reduced but those of P2 are almost unchanged. Therefore, the corresponding pores for P2 at 1–40 ms in Shahejie samples are likely oil-wet. The results indicate that the wettability of inorganic pores, organic pores, and micro-fractures corresponding to the peaks of P1 (0.01–1 ms), P2 (1–40 ms), and P3 (>40 ms) in the NMR T2 spectra, were mainly water-wet, oil-wet, and mixed-wet, respectively. This dynamic imbibition tests show the consistent results as the static fluid saturation tests presented early in this section. However, previous studies of Yong Wang et al. (2016) demonstrated that the wetting types of organic pores (0.01–0.4 ms), inorganic pores (0.4–15 ms), and microfractures (>15 ms) for Shahejia shales with carbonate interlayers were oil-wet, water-wet, and mixed-wet, respectively.
[image: Figure 10]FIGURE 10 | T2 spectral curves of Sample 5 during the process of spontaneous imbibition.
Influencing Factors of Shale Wettability
In order to characterize the wettability for shales with carbonate interlayers, the amplitude of dry samples was taken as the background to be subtracted, and the proportion of peak area for three peaks were studied in Figure 11. The results show that the proportion of P1 in DIW-saturated samples is significantly higher, while the proportions of P2 and P3 decrease in turn. However, the proportion of P2 in dodecane-saturated samples is the highest, and the proportions of P1 and P3 decrease in tandem except for Sample 4 containing carbonate veins up to 4 mm thick. Overall, these results indicate that the hydrophilic and lipophilic pores of these shale samples with carbonate interlayers were significantly different.
[image: Figure 11]FIGURE 11 | Peak area percentage of three peaks (P1, P2, and P3) for (A) DIW- and (B) dodecane-saturated Samples 2–6.
TOC is a good indicator for oil preference and the shale formations with high TOC contents may have many organic pores and be oil-wet (Loucks et al., 2012). The proportion of P2 for dodecane-saturated samples exhibit a positive linear relationship with TOC contents (R2 = 0.597; Figure 12B). In addition, the T2 amplitude of P2 is higher than that of DIW-saturated samples (Figure 10), indicating that the organic matter pores are lipophilic and mainly located in the second peak of T2 spectra. However, the proportions of P1 and P3 for dodecane-saturated samples demonstrate a negative linear relationship with TOC contents (Figures 12A,C). On the other hand, the proportions of P1 and P2 for DIW-saturated samples are not correlated with TOC contents, while only the proportion of P3 is weakly correlated (Figure 12F).
[image: Figure 12]FIGURE 12 | A relationship between TOC and proportion of three peaks for (A–C) dodecane-and (D–F) DIW-saturated samples.
To illustrate the influence of the mineralogical composition on wettability, the relationship between the areas of three peaks from NMR for DIW-saturated samples and its mineral composition was also studied (Figure 13). The area of P2 was plotted against the contents of calcite (Figure 13E), while the contents of quartz and clay were positively correlated (Figures 13B,H). The areas of P1 and P2 for dodecane-saturated samples have the same relationship with mineral compositions, which is negatively correlated with calcite (Figures 13A,G), but have a good correspondence with quartz and clay and P3 (representing fractures and macropores) (Figure 2K).
[image: Figure 13]FIGURE 13 | Relationship between mineral compositions of quartz (A)–(C), calcite (D)–(F) and clays (G)–(I) and areas of three peaks from NMR tests for dodecane-saturated samples.
For dodecane-saturated samples, P2 exhibits a positive linear relationship with the contents of quartz and clay and a negative linear relationship with calcite content (Figures 14B,E,H). P1 is negatively correlated with clay minerals (Figures 14B,E,H,K), while the area of P3 is independent of mineral composition. On the whole, P3 representing fractures and macropores has no obvious correlation with minerals. The P1 is mainly hydrophilic, which is mainly proportional to quartz and clay minerals and inversely proportional to calcite. While P2 is mainly lipophilic, and the relationship between P2 and mineral composition of dodecane- and water-saturated samples is consistent, which means that though quartz and clay minerals provide a storage space for the sample, these minerals have different contributions to the wettability of shale. An improved understanding about the wettability of different minerals will be one of our future research directions.
[image: Figure 14]FIGURE 14 | Relationship between mineral compositions and areas of three peaks for dodecane-saturated samples.
CONCLUSION
Six Shahejie shales with carbonate interlayers were illustrated to study the nano-pore structure by combined tests of N2, CO2, MIP, and wettability characteristics by the NMR method with T2 spectrum assisted with static saturation and dynamic imbibition approaches. The NMR T2 spectra of DIW- and dodecane-saturated samples clearly exhibit three-peak characteristics, showing that the internal wettability of the Shahejie samples is mainly divided into three regions: water-wet at 0.01–1 ms, oil-wet at 1–40 ms, and mixed-wet at >40 ms in the NMR T2 spectra.
NMR has been a powerful method for wettability characterization for shale oil reservoirs. More research is needed in order to increase the validity of the interpretations from this work, such as the influence of mineral and carbonate interlayers on pore structure as well as shale oil occurrence and flow. For samples with high organic matter contents and in mature windows, oil washing (as reported in Yang et al., 2021) before and after sample analyses is needed to obtain more accurate information of pore structure and fluid distribution among differently sized pores.
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