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Oil saturation index (OSI) serves as an important indicator for potential movable hydrocarbons evaluation of shale oil reservoirs, which is mainly obtained through rock pyrolysis experiments. A new method is proposed to evaluate the OSI of shale quantitatively by NMR logging. The OSI value can be accurately obtained through the experimental measurement of organic carbon content (TOC) and rock pyrolysis of shale samples, which can identify the development of mobile hydrocarbons. Subsequently, the mobile fluid porosity can be obtained based on NMR logging. In order to establish the relationship between OSI value and mobile fluid porosity, it is important to determine the T2 cutoff value corresponding to the mobile fluid porosity. Take shale samples from the first member of the Qingshankou Formation (“Qing 1 Member”) as an example, based on 2D NMR experimental analysis in three different states (original, dried state at 105°C, saturated kerosene), the NMR T2 cutoff value of movable fluid porosity in the shale of Qing 1 Member is clarified as 8 ms. Integrating rock pyrolysis and 2D NMR experiments, it suggests that the NMR bin porosity with T2>8 ms has a good linear relationship with the OSI value obtained by pyrolysis analysis. The NMR bin porosity with T2> 8 ms reflects the OSI value of shale effectively. The larger the NMR bin porosity with T2>8 ms, the higher the mobile oil content of shale reservoir, which is consistent with the understanding of oil-bearing large pores in the Gulong Shale. The NMR bin porosity can continuously evaluate the vertical variation of the mobile hydrocarbon content. Compared with the traditional experimental measurement of finite depth points, this method has significant advantages, and can avoid the possibility of missing potentially movable oil layers.
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1 INTRODUCTION
With the advancement of hydrocarbon exploration and the increasing understanding of petroleum geology, unconventional oil and gas have attracted a great attention in the past few years. And shale oil has become another focus after shale gas, tight oil, and tight gas, (Li and Zhu, 2020; Yao et al., 2022). Terrestrial hydrocarbon-bearing sedimentary basins in China cover an area of 310 × 104 km2, and organic-rich shale formations are widely distributed, providing a rich oil source for conventional petroleum resources. A large amount of oil remains in the shale layer of hydrocarbon source, and the shale oil resources in the basin are much larger than the conventional oil resources outside the source, which is a significant field to achieve sizeable growth of oil and gas reserves and production in the future (Du et al., 2019; Li et al., 2020).
Shale oil reserved in organic-rich, nano-scale pore-size dominated shale formations is mainly in free and adsorbed state in matrix pores and micro-fractures of shale, which needs to be economically extracted by techniques such as horizontal drilling and hydraulic fracturing (Jiang et al., 2014). Due to the unique generation and enrichment mechanisms of shale oil, the source rock quality and engineering quality need to be considered in addition to reservoir quality compared to conventional oil and gas reservoirs. Although both shale gas and shale oil reservoir evaluation include the “three qualities” parameters of organic shale, there are differences in the subjects of attention. In addition, a significant difference is that shale gas exploration focuses on natural gas in the adsorbed and free states, while shale oil exploration focuses on the free oil content in the reservoir. For shale oil, crude oil in the adsorbed state is poorly movable and difficult to be exploited, while free oil is the most realistic resource applying current technology (Yu et al., 2018). Therefore, quantitative characterization of free oil content is crucial for shale oil reservoir evaluation and sweet spot preference. The OSI is an important indicator for evaluating movable oil in shale formations, which has been widely used in the oil-bearing properties evaluation of shale. The shale oil exploration practices in North America show that the OSI in unconventional oil and gas intervals with production capacity is generally greater than 100 mg HC/g TOC (Chen et al., 2019; Sun et al., 2019). The larger the OSI value, the higher the mobility of shale oil.
Currently, the OSI is mainly calculated with TOC and S1 obtained from rock pyrolysis. The major reason that OSI rather than TOC is used to evaluate shale reservoir potential is that OSI accounts for the movable hydrocarbon content in shale, while TOC only evaluates the total organic carbon. TOC cannot specifically distinguish whether it is producible or residual (Piedrahita and Aguilera, 2017), so it does not truly reflect the recoverable resource potential of shale oil. The OSI, an important parameter for the oil content evaluation of shale oil, can only be obtained through rock pyrolysis experiments at present. Due to the limited and discrete data in experimental analysis, the OSI cannot be widely used in the oil content evaluation of actual shale oil reservoirs. NMR logging has been broadly used in the logging evaluation of unconventional oil and gas reservoirs, with the most significant advantage of directly measuring the hydrogen content in rocks. The hydrogen content is mainly related to the organic matter in rocks and fluids (free oil, bound oil, free water, bound water, and constitution water) in the porous space, and different hydrogen-containing components are characterized with varied distribution intervals and response characteristics on the NMR T1-T2 spectrum (Li et al., 2020; Liu et al., 2019).
In this regard, we propose a new method to calculate the OSI of shale oil. As oil and gas in shale oil reservoirs are easily dispersed, traditional experimental measurement cannot accurately reflect the physical properties and oil content. In order to accurately obtain the shale physical properties and oil content, two-dimensional nuclear magnetic resonance measurement of shale oil samples is conducted in this study under three states: original, drying and saturated kerosene. Based on the changes of 2D NMR spectra under different states, the distribution characteristics of different hydrogen-containing components on 2D NMR T1-T2 are defined, especially the free hydrocarbon component through 2D NMR measurements in three states of shale oil. Combining the TOC, S1 and OSI values of rock samples obtained from rock pyrolysis experimental analysis, the relationship between the NMR free hydrocarbon porosity and the OSI values analyzed by experimental measurements is constructed, and the quantitative calculation of OSI values using NMR logging is realized. Compared with the traditional geochemical experimental measurement, this method has distinct advantages in obtaining continuous OSI curves along the well section, which can be applied to the whole study area to better evaluate the oil content of shale oil reservoirs and minimize the possibility of missing the “sweet spot”.
2 EXPERIMENTAL MEASUREMENTS
The experimental samples all organic-rich shales, were collected from the First Member of Qingshankou Formation in Gulong Sag, Songliao Basin, NE China. In order to carry out the experimental analyses such as rock pyrolysis and 2D NMR respectively, for the specific rock samples, the plunger samples required for the 2D NMR experiments were obtained by wire-cutting. The remaining irregular samples were used for organic carbon content measurement and pyrolysis experimental analyses. The operations are as follows.
2.1 Organic carbon content measurement and rock pyrolysis experiment
The measurement of organic carbon content and the experimental analysis of rock pyrolysis were carried out according to the national standards “GB/T 19145-2003″ and “GB/T 18602-2012″ respectively. The measurement of organic carbon content was carried out by CS230 carbon and sulfur analyzer, and the experimental measurement of rock pyrolysis was carried out by OGE-VI rock pyrolyzer of Beijing Otto Technology Ltd, both of which were conducted under the conditions of room temperature and pressure. The specific experimental operation process is not described here.
The TOC of rock samples and the parameters S1, S2, S4 and Tmax of rock pyrolysis were obtained by the measurement of organic carbon content and the experimental analysis of rock pyrolysis, respectively, as shown in Table 1.
TABLE 1 | Measured results of organic carbon content and pyrolysis experimental parameters of shale samples.
[image: Table 1]The results show that the shale in the Qing 1 Member is characterized by high TOC, ranging from 1.91% to 7.87% (average value 3.62%). S1 ranges from 4.13 mg/g to 15.15 mg/g; except for sample 6, which contains more than 10 mg/g (average value 7.85 mg/g), indicating a high content of free hydrocarbons. Tmax is between 413°C and 453°C, which is in the main oil generation stage (Bai et al., 2021). The OSI values range from 99.1 mg/g to 401.57 mg/g. If regarding the OSI of shale greater than 100 mg/g as the basis for evaluating the recoverable resource potential of shale oil, the shale in the Qing 1 Member suggests its recoverable resource potential (Wang et al., 2020). TOC and S1+S2 have an excellent correlation with a linear correlation coefficient of 0.997. However, the correlation of TOC and S1 is poor, with a correlation coefficient of 0.4339 (Figure 1), reflecting that the free hydrocarbon content of the shale in the Qing 1 Member does not have a monotonic positive correlation with the organic carbon content; i.e., the higher the organic carbon content, the not definitely high the free hydrocarbon content. There is a large amount of residual hydrocarbons (asphaltenes) in the shale, which is manifested more clearly in the T1-T2 spectra of 2D NMR experiments, therefore it cannot be simply assumed that high organic carbon content indicates high oil content of the shale.
[image: Figure 1]FIGURE 1 | (A) and (B) showing the correlation of TOC with S1+S2 and S1, respectively.
2.2 Two-dimensional NMR experiments
The 2D NMR experiments of rock samples were conducted following the national standard “SY/T6490-2007.” The experimental equipment is a GeoSpec2 high precision multi-dimensional NMR core analyzer from Oxford, U.K., with an operating frequency of 2 MHZ. The acquisition parameters of 2D NMR are: number of scans 128, gain value 40, waiting time 1 s, number of echoes 5000 and echo time 0.1 ms.
In order to clarify the distribution characteristics of different hydrogen-containing components on the T1-T2 NMR spectra, the experiment was carried out for rock samples in three states: original sample, dried state at 105°C and saturated kerosene, respectively, to perform 2D NMR measurements. The specific operations were as follows.
State 1. For the original sample, without oil washing and salt washing measurements, a high precision NMR imaging analyzer was used for 2D NMR T1-T2 mode signal acquisition in the original state. In this step, the fluid components in the rock sample mainly included bound fluids in organic and inorganic pores and some information of movable oil that may be found.
State 2. The original sample was dried by setting the drying temperature at 105°C for 24 h; when dried at 105°C, no capillary bound water could be existed in the sample except for clay-bound water (Dong, 2017). In the meantime, 2D NMR T1-T2 measurements could be performed to obtain the T2 cutoff value of clay-bound water.
State 3. The dried samples were vacuumed and saturated with pressure, in which the vacuuming time was 24 h and the pressure was 50 MPa, and saturated with kerosene to revert the fluid distribution characteristics in the state of formation. Later the same equipment and parameters were used for acquiring 2D NMR T1-T2 signals, and the T2 cutoff value of the movable fluid could be obtained.
Figure 2 shows the results of 2D NMR measurements in different states of two shale samples. For the original sample state, the measured NMR signals include bound water, bound oil, asphaltene and a small amount of movable oil information. In the drying state at 105°C, bound oil and capillary bound water are dispersed, and obvious changes are visible on the T1-T2 spectrum, such as T1<1 ms, T2<1 ms and T2>1 ms regions, and there is a significant weakening of the NMR signals compared with the original sample state. As for the saturated kerosene state, the fluid distribution state can be identified using the T1/T2 ratio. When the T1/T2 ratio is greater than 3, the fluid is mainly distributed in organic pores. When the T1/T2 ratio is in the range of 1-3, the saturated kerosene mainly exists in the intergranular pores of inorganic minerals (Ding et al., 2020; Shi et al., 2021). Compared with the drying state at 105°C, the signals of both yellow and red dashed box parts of sample 2 are significantly enhanced, indicating that the saturated kerogen not only enters the macropore space, but also partly enters the bound oil zone. In terms of the T1/T2 ratio, it mainly falls in the range of 1-3, showing that it mainly penetrates the inorganic pore space. As for sample 6, the signal of the part in the red dashed box is obviously enhanced, reflecting that the kerosene mainly penetrates the inorganic macro-pore space.
[image: Figure 2]FIGURE 2 | Characteristics of 2D NMR T1-T2 spectrum in different states.
3 EXPERIMENTAL ANALYSES
3.1 NMR experimental analysis
According to the three states above, 2D NMR experimental measurements were carried out on each of the 8 organic-rich shale rock samples in the Qing 1 Member. Previous studies have concluded that the Gulong shale has many light components with high volatility characteristics (Yan et al., 2021), so the original shale rock samples from the field have dissipated some of the light hydrocarbon components. If the analysis was carried out based on the original sample, it could be difficult to truly reflect the actual state of the shale reservoir. For this reason, we dried the rock samples at 105°C for 24 h after measuring the 2D NMR experiments in the original state, to make the movable oil and gas and capillary-bound fluid in the rock samples completely volatilized. Then we vacuumed and saturated them with kerosene to convert them back to the original subsurface fluid distribution state. By comparing the differences in 2D NMR spectrum between the dried and saturated kerosene states, the T2 cutoff values of the movable fluid portion can be clarified. The 2D NMR T1-T2 fluid identification plate given by Kausik et al. (2016) concludes that for the 2 MHZ instrument, the kerogen signal is undetectable, the clay-bound water relaxation rate is faster and the T2 value is smaller, T1-T2 values are between 1 and 2. The asphaltene relaxation rate is faster and the T2 value is smaller, T1/T2 values are between 4 and 15. The oil in organic pores relaxes faster, with T1/T2 values between 2 and 6. Smaller oil relaxation rates occur in inorganic pores, usually with larger T2 values and T1/T2 values between 1 and 2 (Kausik et al., 2016). Based on this understanding, the T2 cutoff value of movable fluid porosity in Gulong Shale is clarified for the first time in combination with the 2D NMR experiments.
In Figure 2, the red solid box mainly shows the signal of clay-bound water, and the yellow dashed box mainly shows the signal of oil in asphaltene, organic pores and inorganic pores. Comparing the two-dimensional NMR spectrums in dried and original sample states, it suggests that the oil and gas signals in the clay-bound water in the red solid box and the T2>1 ms region in the yellow dashed box of sample 2 are significantly weakened. In contrast, the asphaltene portion in the T2<1 ms and T2>5 regions in the yellow dashed box of sample 6 remains unchanged. Based on the difference of T1/T2 NMR spectrum in the two states and the one-dimensional T2 distribution spectrum projected in the corresponding T2 direction, the T2 cutoff value of clay-bound water can be determined. Through the comparative analysis of 8 rock samples, the T2 cutoff value of clay-bound water in the Qing 1 Member of Gulong shale is finally determined to be 1 ms.
Comparing the 2D NMR spectrum of the dried and saturated kerosene states, we find that the signal of the macro-pore part is almost absent in the dried state at 105°C. In contrast, after saturated kerosene, the signals of bound oil and macro-pore region are obviously enhanced, especially in the zone of T2>8 ms (red dashed box), indicating that kerosene mainly enters the macro-pores. The T1/T2 values in this zone are in the range of 1–3, which is the signal of movable oil in inorganic pores, and both rock samples show the same characteristics. Based on the comparative analysis of the 8 rock samples, it can be determined that the T2 cutoff value of movable fluid porosity in the Qing 1 Member of Gulong Shale is about 8 ms.
Centrifugal - NMR measurements can effectively characterize the movable oil content of shale (Zhang, 2019). In order to further determine the T2 cutoff value of movable fluid porosity, NMR measurements were carried out for Gulong shale samples before and after centrifugation. The amplitude of T2 spectrum signal decreases after centrifugation of saturated kerosene shale (the centrifugal force is about 2.76 Mpa). The cumulative signal amplitude difference before and after centrifugation reflects the movable oil quantity of shale oil. The T2 value corresponding to the intersection of the horizontal extension line of the stable section of the cumulative curve after centrifugation and the cumulative curve before centrifugation is the T2 cutoff value of the moving fluid. By analyzing the shale samples measurement results, it is found that the T2 cutoff values range from 6.8 ms to 10.7 ms (Figure 3), most of which are distributed around 8 ms.
[image: Figure 3]FIGURE 3 | NMR measurements of rock samples before and after centrifugation.
The 2D NMR T1-T2 spectrum and the corresponding 1D T2 distribution spectrum at different states (Figure 4) are used to further analyze the physical characteristics of the shale reservoir in the Qing 1 Member in combination with the identified T2 cutoff values. For the saturated kerosene state, the measured porosity of the shale ranges from 6.6% to 9.4%, with an average of 7.5%. The porosity of movable fluid is lower, and the movable fluid porosity of 8 rock samples ranges from 0.3% to 1.6%, with an average of only 1%. This indicates that the Gulong shale reservoir is dominated by small pores with high bound fluid content.
[image: Figure 4]FIGURE 4 | NMR T2 distribution spectrums in different states (sample 3).
3.2 Comprehensive analysis of NMR and pyrolysis experiments
In order to understand the oil-bearing characteristics of the Gulong shale, we analyzed the rock pyrolysis experimental data of the 8 rock samples. In the cross plots of Figure 5, the correlation between free hydrocarbon S1 and organic carbon content TOC is poor. For example, the TOC of sample 5 is as high as 6.67%, but the S1 is only 6.61 mg/g. For sample 8, although the TOC is only 2.07%, the S1 is 8.2 mg/g, which is higher than that of sample 5. Comparing the 2D NMR T1-T2 spectrum of the two drying states, although the TOC of sample 5 is high, it is mainly caused by the high asphaltene content and has a strong signal in the region of T2<1 ms and T1/T2>5 in the 2D NMR T1-T2 spectrum. In contrast, the signal in the corresponding region of sample 8 is weaker, which indicates almost no occurrence of asphaltene. Although asphaltenes can increase the organic carbon content, they do not contribute to the free hydrocarbon content, so the “high TOC, low S1” pattern of sample 5 is observed. This also suggests that for the organic-rich shale in the Qing 1 Member, high organic content is not necessarily associated with high free hydrocarbon content, since the influence of solid organic matter such as kerogen and asphaltene on organic carbon cannot be ignored.
[image: Figure 5]FIGURE 5 | Relationship between the S1 and TOC.
The OSI truly reflects the resource potential of free hydrocarbons in shale oil: OSI=100×S1/TOC (mg/g), where S1 is the free hydrocarbon content of pyrolysis and TOC is the total organic carbon content of rock samples (Cui et al., 2020). The higher the OSI, the better the mobility of the shale oil and the more the mobile hydrocarbon content. For example, the OSI value of sample 5 is 99.1 mg/g, while the OSI value of sample 8 is 396.14 mg/g; although the organic carbon content of sample 5 is higher, the OSI of sample 8 is significantly higher than that of sample 5, indicating that the shale oil in sample 8 is more movable.
Zeng et al. (2019) found that the pore structure of the shales of the Qingshankou Formation in the Songliao Basin significantly influenced the shale oil enrichment, and there is a positive correlation between the OSI and the porosity obtained by mercury injection, with shale oil mainly reserved in the larger pores. Based on the principle of NMR logging, it is known that the NMR T2 spectrum can quantitatively characterize the development of pores with different sizes. The NMR T2 spectrum morphological characteristics visually reflect the structural characteristics of pores. The lateral relaxation time T2 is closely related to the pore size. The smaller the pore, the shorter the relaxation time T2. The larger the pore, the longer the relaxation time T2 (Tian et al., 2020). Since the NMR T2 spectrum reveals the integrated response of hydrogen-containing components in different pore spaces (micro-pores, small pores, medium pores, and large pores). The closer to the left end of the T2 spectrum, the smaller the pore space is reflected. The closer to the right end of the T2 spectrum, the larger the shale pore space is reflected. If a suitable T2 cutoff value can be found, the porosity interval most relevant to the OSI of shale can be established, and the quantitative evaluation of OSI can be accomplished.
Based on the investigations above, the NMR T2 spectrum characteristics of the 8 shale samples were comprehensively analyzed. Considering the morphological characteristics of T2 spectrum in different states and the T2 cutoff values obtained from 2D NMR experiments, the relationship between the OSI and the corresponding bin porosity was analyzed for T2 cutoff values of 1 ms, 2 ms, 8 ms and 33 ms (Figure 4), respectively. Figure 6 shows the correlation coefficients with the OSI, and the different bin porosities are 0.67, 0.8, 0.89, and 0.74, respectively. Since the T2 cutoff value of clay-bound water is 1 ms, the bin porosity with T2>1 ms contains not only the fluid signal in the macro-pore portion, but also the contribution of capillary-bound water and bound oil. Therefore, although the bin porosity with T2>1 ms correlates with the OSI, the correlation is not high. The correlation between OSI and bin porosity becomes significantly better as the T2 cutoff value is chosen as 2 ms. When the T2 cutoff value is 8 ms, the correlation between them is the best. When the T2 cutoff value is increased further, the correlation becomes gradually worse again, indicating that T2=8 ms is just the NMR T2 cutoff value of porosity of movable fluid in the Gulong shale. This suggests that the OSI value of the Gulong shale is closely related to the porosity of the movable fluid, i.e., the larger the porosity of the movable fluid, the larger the OSI value, and the higher the oil content of the shale. Therefore, the porosity of movable fluid can be used to calculate the OSI value of shale, which is calculated as Eq. 1.
[image: image]
where OSI is oil saturation index, mg/g; [image: image] is the NMR bin porosity with T2>8 ms, %;a and b are coefficients.
[image: Figure 6]FIGURE 6 | Relationship between OSI and different bin porosities.
The conclusive understanding acquired from the above experimental analysis was also verified by actual drilling and logging. In Figure 7, the logging results of well X1, the sixth panel shows the 1D NMR T2 distribution spectrum. The curve in the seventh panel shows the organic carbon content calculated from the elemental logging, and the red point shows the organic carbon content from the actual rock chip analysis. The curve in the eighth panel shows the bin porosity of T2>8 ms. the red point shows the OSI value obtained from the actual pyrolysis experiment analysis. The variation trend of the bin porosity with T2> 8 ms is in a good agreement with the actual OSI value. The bin porosity is also in a good agreement with the trend of the measured OSI value. The NMR calculation of movable fluid porosity in some well sections have obvious oscillation. From the corresponding conventional curves and mineral profiles obtained from elemental logging, it is known that these well sections are dominated by thin shelly limestone, although the shelly limestone reservoir is not well-developed (Gao et al., 2022). Despite that the actual sampling analysis did not cover the whole well section, from the experimental data of rock chip pyrolysis from 2040–2050 m, the OSI values of the shelly limestone developed section are lower and the movable fluid porosities are smaller, both of which have the same trend. The comparative analysis of the drilled wells further confirms the good correlation between the bin porosity with T2>8 ms and the pyrolysis OSI value. In this well, the OSI value and movable fluid porosity of the Qing 1 Member show an overall decreasing trend from bottom to top, indicating that the oil content of the lower formation is generally better than that of the upper.
[image: Figure 7]FIGURE 7 | Relationship between the OSI and bin porosity with T2>8 ms of well X1.
4 DISCUSSION
4.1 Challenges of quantitative evaluation
Through the aforementioned comparison of the differences in the 2D NMR experimental T1-T2 spectrum in varied states, it is clear that the OSI value of the Gulong shale is closely related to the size of the pores containing movable fluid (bin porosity with T2>8 ms). The OSI calculated by NMR logging can reflect the change of oil content in wellbore, but there are still differences between the calculated results and the actual core analysis. Below are the two specific reasons.
(1) Because of the light hydrocarbon components and high volatility of Gulong shale, there are differences between the core samples under laboratory conditions and the original state subsurface. Although the original samples were re-saturated with kerosene after drying at 105°C for 24 h, they still could not be fully returned to the real state of the subsurface. And it is still unclear whether the drying and re-saturation of kerosene can damage the original pore structure. From the comparison of the T1-T2 spectrum of the 2D NMR experiments of the two states of drying and saturated kerosene in Figure 2, it is found that the kerosene has not only penetrated the large pore space during the pressurized saturation, but also has partially entered the small pore space of the bound fluid. Comparing the 2D NMR T1-T2 spectrum of sample 2 in saturated kerosene and drying state, the signals in the yellow dashed box and the red dashed box are obviously enhanced. Also, the questions of whether the pore space is completely saturated, the degree of filling of the original bound fluid region by kerosene, and the reasons for the sudden signal enhancement of the capillary bound water part in the saturated kerosene state need to be investigated in depth. Therefore, the porosity of the interval obtained by using the T2 cutoff value from the experimental analysis to classify the NMR T2 distribution spectrum in the saturated kerosene state is still different from the actual situation.
(2) The T2 cutoff values of clay-bound water and movable fluid porosity in Gulong shale can be determined by 2D NMR experiments under different states. Although there are differences between the experimental environment and the downhole conditions, and between the experimental and the downhole NMR logging instrument, the T2 cutoff value of movable fluid porosity is still credible. The measurement frequency used in this NMR experiment is the same as that of CMR, which is 2 MHZ. There is a difference in TE (echo time) between the two, and the TE of the experimental and downhole NMR instrument is 0.1 ms and 0.2 ms, respectively. It is found that TE has a significant effect on the signal of the small pores, especially in the T2<3 ms region. The T2 cutoff value of movable fluid porosity determined under experimental conditions is applicable and has been proved in actual drilling, but the T2 cutoff value of effective porosity still need to consider the effect of TE.
4.2 Reliability of the new method
The good linear relationship between movable fluid porosity and OSI also reflects the oil-bearing characteristics of the large pores of the Gulong shale. Previous studies (Zeng, 2020) concluded that different sizes of pores in the Qingshankou Formation shale have different effects on shale oil enrichment through experimental studies, in which adsorbed oil is mainly in pores less than 10 nm, while free oil is mainly in pores larger than 10 nm. Similar characteristics also exist in shale oil reservoirs of other sedimentary basins in China. For example, in the Qianjiang Formation shale reservoir of Paleogene in Qianjiang Sag, Jianghan Basin, free shale oil mainly occurs in pores with pore size larger than 5 nm (Sun et al., 2020). For shale oil reservoirs, organic-rich shale is regarded as both source rock and a reservoir layer. Shale oil is mainly formed in the liquid hydrocarbon stage of organic matter evolution and generally undergoes a strong hydrocarbon generation process with extremely complex wettability, but it has become a consensus that large pore spaces contain oil (Zou et al., 2013; Kuang et al., 2021). This further indicates that shale oil reservoirs are oil-bearing in large pore spaces and dominated by free oil, which provides a basis for evaluating the OSI in shale using the movable-flow porosity (Figure 8).
[image: Figure 8]FIGURE 8 | The T2 spectrum characteristics measured at different TE in the drying state.
5 CONCLUSION

(1) Organic carbon measurement and rock pyrolysis experiments reveal that the source rock of the organic-rich shale in the Qing 1 Member is of good quality, with high TOC and S1 contents. But the correlation between them is poor, and the manifestation of “high TOC and low S1” exists, which cannot be simply assumed that high organic matter is necessarily associated with high movable oil content. Instead, the OSI can truly reflect the movable hydrocarbon content of the shale, in which the OSI value of the Qing 1 Member shale is greater than 100 mg/g, and the oil content of the lower formation is better than that of the upper, showing the potential to produce a large amount of movable hydrocarbon.
(2) The NMR T2 cutoff value of movable fluid porosity in Gulong shale is determined to be 8 ms for the first time through 2D NMR experimental measurements in different states. Combined with experiments such as rock pyrolysis and organic carbon measurements, there is a good linear relationship between porosity and OSI in the NMR bin porosity with T2>8 ms, which makes it possible to evaluate OSI continuously and quantitatively by means of well logging. For the key wells, the geochemical analysis data and NMR logging data can be applied together to establish a suitable OSI calculation model.
(3) The OSI calculation based on logging can effectively compensate for the disadvantage that geochemical experiments cannot cover the whole well section or the whole study area. The calculation method based on the calibrated core analysis data can be extended and applied to other wells without geochemical data, thus achieving the possibility of avoiding missing the movable hydrocarbon layers in shale.
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