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Langgu Depression is a mature oil and gas exploration area with complicated lithological and physical properties. The varying formation fluid, low-resistivity hydrocarbon-bearing reservoirs, and non-uniform logging series greatly increase the difficulty of gas reservoir identification. The Monte Carlo method is employed to simulate the neutron–gamma logging responses to gas saturation and the influential factors. According to the result, a new gas identification chart eliminating the influence of porosity and formation water salinity is proposed to identify gas reservoirs in the old wells. At the same time, a fluid factor extracted from array acoustic logging and core measurement data is sensitive to the development of gas-bearing layers and useful for the identification of gas reservoirs in the new wells with array acoustic logging. The field examples show that the new combined method greatly improves the ability to identify gas-bearing layers and works well in old well reexamination and new well interpretation.
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1 INTRODUCTION
Langgu Depression is a mature oil and gas exploration area located in the Bohai Bay Basin, China. As a typical complex reservoir involving fault blocks, it is one of the main gas-bearing depressions in the North China Oilfield. With sediments transported from multiple sources, its sedimentary facies zones changed rapidly, and the glutenite migrated drastically in both vertical and horizontal directions, resulting in high anisotropy. Due to the development of the fault blocks, its structure and the relationship between water and oil are very complicated, and the logging response characteristics of different reservoirs are indistinguishable. All of these factors make it hard to determine the development of gas reservoirs correctly (Song et al., 2006; Liu et al., 2012; Zhou et al., 2013).
The identification of gas reservoirs is one of the most important and challenging tasks of formation evaluation, especially in heterogeneous formations with complex minerals, detrital clays, and varying salinity of formation fluid. In spite of this, quite a few achievements have been made in the research on gas reservoirs. Moreover, a great number of methods for identifying gas-bearing layers have been proposed based on the conventional and new logging techniques. These methods include overlapping or cross-plot of log curves (Krief et al., 1990; Brie et al., 1995; Freedman et al., 1998), reservoir reconstruction through the inversion of logging curves (Zhang et al., 2009; Tan et al., 2013), quantitative determination of gas saturation and direct hydrocarbon indicators (DHI) based on elastic and pore space modulus (Hedlin, 2000; Dillon et al., 2003), and selection of parameters sensitive to gas-bearing reservoirs (Goodway et al., 1997; Sun et al., 2000; Xu et al., 2014; Fan et al., 2015). With the continuous development of information processing technology, a number of mathematical methods and intelligent algorithms, including wavelet transform, fuzzy cluster analysis, neural network, and grey modeling, have been widely used in fluid identification (Shi, 2008; Shi et al., 2016; Azudin et al., 2018; Zhang et al., 2018; Zhao et al., 2018). These gas identification methods have achieved good results in practice, and each method has the corresponding suitable formation conditions. In view of the characteristics of Langgu Depression, a gas identification method that can be used under the local formation and logging conditions is urgently needed.
In this study, based on the response characteristics for gas-bearing reservoirs in different logging series, a new gas identification chart is presented to improve the applicability of neutron–gamma logging in gas identification in the old wells. At the same time, an array acoustic logging fluid factor sensitive to the development of gas layer is introduced to identify gas-bearing reservoirs in the new wells where the array acoustic logging technique is widely used.
2 BASIC CHARACTERISTICS AND EXPLORATION STATUS OF LANGGU DEPRESSION
Mainly developed in middle segment of the Shahejie Formation, Langgu Depression is a porous sandstone reservoir with complex lithology and pore structure. Laboratory tests of 90 rock core samples extracted from the field show that the average value of porosity and permeability is 27.4% and 1220 mD, respectively (Figure 1). Previous studies show that the distribution of low-resistivity oil and gas zone, controlled by structure and sedimentation, is regular and random at the same time. In this mature field, different well logging methods are used at different stages of exploration and development. Some wells drilled in the early period of exploration only have acoustic and neutron–gamma logging curves, while in newer wells completed in recent years, the latest logging technologies, such as array acoustic, NMR, and electrical imaging, are used.
These logging methods have achieved certain effects in the identification of gas-bearing reservoirs, but due to high content of shale and calcium carbonate, the effective porosity and the response of well logging curves to gas decrease greatly. In addition, the vertical distributions of formation fluid chemical and dynamical properties change radically, with formation fluid salinity varying from 1,000 ppm to more than 20,000 ppm. The complex and variable formation fluid characteristics and mud invasion make it difficult to identify the low-resistivity gas layers using resistivity logging. Furthermore, the non-uniform combinations of logging methods used at different stages of exploration and development also increase the difficulty of gas reservoir identification both in old well reexamination and in new well interpretation.
3 GAS LAYERS IDENTIFICATION BASED ON NEUTRON–GAMMA LOGGING
Neutron–gamma logging is often used to identify gas layers because the count rate is sensitive to the presence of gas reservoirs. However, the count rate is greatly affected by two factors, namely, porosity and chloride ion content. The neutron–gamma count rate varies with reservoir porosity, and chlorine, which has a larger capture cross-section than water and gas, may cause the neutron–gamma count rate to increase in reservoirs with high-salinity formation fluid. These factors make it more difficult to determine the development of gas reservoirs with neutron–gamma logging.
To address the aforementioned problems, the response of neutron–gamma logging to gas saturation and the influential factors were studied using the Monte Carlo simulation. Based on the simulation results, a new gas identification chart considering the effects of porosity and formation fluid salinity was developed to improve the ability to identify gas reservoirs, especially in the old wells with very limited logging curves.
3.1 Monte Carlo simulation
3.1.1 Computational model
As an advanced simulation method, the Monte Carlo method can be used to simulate the transport process of continuous energy particles, such as neutrons, photons, and electrons, in arbitrarily shaped media by establishing the corresponding calculation models. Due to its advantages including simple structure and strong adaptability, it is widely used in nuclear industry, medicine, and other fields (Briesmeister, 2000). In the area of nuclear logging, the Monte Carlo method is widely used to simulate the attenuation of neutrons in different media and determine the efficiency and response of detectors, playing an important role in the theoretical and practical research on nuclear logging (Zhang and Liu, 2014).
In this study, the Monte Carlo method is employed to simulate the transport process of neutrons in various formations, especially in gas reservoirs, and to study the relationship between the gamma-ray count rate and formation conditions. The simulation model is built based on the Monte Carlo N-Particle Transport Code (MCNP) with the specifications given below.
The borehole (20 cm in diameter) includes a casing and a 3-cm–thick cement sheath, and is filled with fresh water. The formation is filled with formation water and 0.2 g/cc CH4. The radius is set to 10–70 cm and height to 140 cm. Two detectors are provided for simulation. The distance between the neutron source and the near detector is 30 cm, and the distance between the neutron source and the far detector is 60 cm (Figure 2).
3.1.2 Logging response characteristics
3.1.2.1 The effect of gas saturation on gamma-ray count rate
In the aforementioned simulation model, the formation is a gas-saturated sandstone formation filled with water. When porosity is 0%, 10%, 20%, 30%, and 40%, the level of gas saturation is set to 100%, 80%, 60%, 40%, 20%, and 0% to simulate the neutron capture gamma-ray count rate. The relationship between neutron capture gamma-ray count rate and porosity at different levels of gas saturation is analyzed. The results are shown in Figure 3.
[image: Figure 1]FIGURE 1 | Porosity and permeability of 90 cores extracted from Langgu Depression.
[image: Figure 2]FIGURE 2 | MCNP simulation model.
[image: Figure 3]FIGURE 3 | Relationship between neutron capture gamma-ray count rate and porosity at various levels of gas saturation. (A) Near detector. (B) Far detector.
The curves in Figure 3 show that the neutron capture gamma-ray count rate measured by the far detector increases almost linearly with the increase in gas saturation, while the gamma-ray count rate measured by the near detector decreases almost linearly with the increase in gas saturation.
3.1.2.2 The effect of porosity and formation fluid salinity on gamma-ray count rate
The same simulation model with water-saturated sandstone formation is used. When porosity is 0%, 10%, 20%, 30%, and 40%, formation fluid salinity is set to 0, 2,000, 5,000, 10,000, 20,000, and 100,000 ppm, respectively. The relationship between neutron capture gamma-ray count rate and porosity at different levels of formation fluid salinity is analyzed based on the simulation. The results are shown in Figure 4 and Table 1.
[image: Figure 4]FIGURE 4 | Relationship between neutron capture gamma-ray count rate and porosity at different levels of formation fluid salinity. (A) Near detector. (B) Far detector.
TABLE 1 | Results of the MC simulation with far detector.
[image: Table 1]As shown in Figure 4, the neutron capture gamma-ray count rate measured by the far detector decreases with the increase in hydrogen index (porosity), while the gamma-ray count rate measured by the near detector increases with the increase in hydrogen index. The neutron capture gamma-ray count rates measured by both the near and the far detectors increase almost linearly with the increase in formation fluid salinity. The data in Table 1 also indicate that in addition to hydrogen index (porosity), formation water salinity is also an important factor affecting the neutron capture gamma-ray count rate. This is because chlorine, which has a larger capture cross-section than water and gas, can result in higher neutron–gamma count rates in reservoirs with high-salinity formation fluids. For this reason, it is difficult to identify gas reservoirs in the formations where the distributions of porosity and formation fluid salinity are complex.
3.2 A new gas identification chart
A new gas identification chart is developed based on the simulation results. A new parameter △NG1 is defined as △NG1 = △NG/Φ, which means the ratio between the difference in neutron–gamma count rate per unit porosity between target layers and mudstone layers. △NG is defined as △NG = NG-NG0, that is, the difference in the neutron–gamma count rate between target layers (NG) and mudstone layers (NG0). △NG1 is set as the X-axis of the gas identification chart and formation water salinity is set as the Y-axis. The points of gas layers appear in different parts of this chart depending on the levels of gas saturation and formation fluid salinity.
The data of 51 well test layers in 22 old wells from neutron–gamma logging and formation water analysis were used to make the gas identification chart (Figure 5). The points of gas layers in the study area, where the gamma-ray count rate is higher and which are mostly concentrated in the top section of the cross-plot, are obviously different from those of non-gas layers. The dividing line rises upward as formation fluid salinity increases, which is consistent with the result of MCNP simulation.
[image: Figure 5]FIGURE 5 | New gas identification chart.
3.3 Field example
The new gas identification chart is used to evaluate reservoirs based on well logs in Langgu Depression. One of the results is presented in Figure 6. Well A1 is one of the wells used for old well reexamination. Neutron–gamma logging is an important method that can be used because the available logging curves from old wells are limited. The reservoirs are sandstone formations with high density and low porosity. Layer #125 is a tight sandstone reservoir with porosity of about 10%. The value of △NG1 in layer #125 is about 2.4, and the formation fluid salinity is 4650 ppm. Using the new gas identification chart, we interpret this layer as a gas layer, and this interpretation result is identical with the well test result, indicating that neutron–gamma logging is effective in the discovery and evaluation of such gas layers.
[image: Figure 6]FIGURE 6 | Result of gas reservoir prediction with neutron–gamma logging in well A1.
4 GAS LAYER IDENTIFICATION BASED ON ARRAY ACOUSTIC LOGGING
The great advances in exploration technology enable more new logging methods, such as array acoustic logging, to be widely used in new wells. Array acoustic logging can obtain information on the solid matrix and the acoustic velocity of the formation fluid because it is not affected by the salinity of the formation fluid. More importantly, by combining it with conventional logging data, we can obtain the elastic mechanical parameters that are sensitive to gas-bearing layers. These parameters can be used to identify and evaluate gas reservoirs. In this study, a method based on fluid factor is derived to improve the ability to identify gas reservoirs in new wells with array acoustic logging curves.
4.1 The Biot–Gassmann theory
Biot and Gassmann identified the relationship between the Lame’s coefficients and bulk modulus for saturated and dry rocks (Biot, 1941; Gassmann, 1951)
[image: image]
[image: image]
where [image: image] is the Lame’s coefficient for the fluid-saturated rock, [image: image] is the Lame’s coefficient for the dry rock, [image: image] is the Biot coefficient, and M is the modulus. Under low-frequency conditions, Gassmann gave the following equations
[image: image]
[image: image]
where [image: image] and [image: image] are the bulk modulus of the matrix material and that of the formation fluid, respectively.
By substituting Eqs 3, 4 into Eq. 2, the following equation can be obtained (Mavko et al., 2009):
[image: image]
The term [image: image] is defined as pore space modulus Kp (Murphy et al., 1993), which is used to reflect the properties of pore fluid and distinguish the dry rock from the saturated rock. By combining the term [image: image] with Biot and Gassmann equations, we can obtain the equation for P-wave velocity Vp, which is written as follows:
[image: image]
[image: image]
It can be simplified into the following:
[image: image]
where [image: image] is the total density of the saturated rock, [image: image] or [image: image] is the dry-skeleton term, and [image: image] is a fluid/porosity term. Assuming that [image: image], the equation for S-wave velocity Vs can be written as follows:
[image: image]
4.2 Gas identification based on fluid factor
As discussed earlier, the equation for P-wave velocity Vp of the rock can be combined with dry-skeleton term s and fluid/porosity term f. Using these two terms, the equation P- and S-wave impedances, ZP and ZS, can be rewritten as follows:
[image: image]
[image: image]
Assuming that [image: image], by extracting factor c, we can obtain the following equations
[image: image]
[image: image]
where [image: image] is the total density of the rock, which can be obtained from density logging, and Vp and Vs can be obtained from array acoustic logging. [image: image] is a fluid component that reflects the contribution of the fluid in the pores. Therefore, it was defined as a fluid factor by Russell et al. (2003). The fluid factor can be calculated and used for gas-bearing reservoir identification after the value of c has been found.
Many research studies have been conducted to get an estimate of c. Murphy et al. (1993) found that the average value of Kdry/μ ratio for clean quartz sandstones with different porosities was 0.9, in which the value of c is 2.233. Zhang et al. (2015) measured the P- and S-wave velocity for 75 dry sandstones with different porosities and found that the value of c was 2.324. The P- and S-wave velocities of 44 rock core samples taken from Langgu Depression were measured under saturated and dry conditions to find the suitable value of c in this area. The measurement results are shown in Figure 7. From Figure 7, it can be seen that the ratio of P- and S-wave velocity of dry rock cores is mainly within the range of 1.4 to 1.6, and the average value is 1.54. The ratio of Vp/Vs of saturated rock cores is affected by the porosity, and its value increases as porosity increases. Table 1 shows the average value of Vp/Vs and other elastic parameters of the 44 rock core samples. It can be seen from Table 2 that the value of c for samples taken from Langgu Depression is 2.375.
[image: Figure 7]FIGURE 7 | Plot of P- and S-wave velocity vs. porosity.
TABLE 2 | Elastic constant ratios of dry cores.
[image: Table 2]The data of array acoustic logging and density logging of 53 well test layers in 19 new wells were used to calculate fluid factor and Vp/Vs. The results are shown in Figure 8. Figure 8 shows that the points of gas layers are mostly concentrated in the lower left corner of the cross-plot and are obviously different from those of non-gas layers, and the values of Vp/Vs and fluid factor of gas layers are smaller than those of non-gas layers. Most of the fluid factors of gas layers are less than 15, and those of non-gas layers are greater than 15. Therefore, the fluid factor’s value of 15 is taken as the dividing line between gas and non-gas layers.
[image: Figure 8]FIGURE 8 | Plot of [image: image] vs. P- and S-wave velocity.
4.3 Field example
The fluid factor was used to identify gas layers in the new wells in which array acoustic logging was carried out. Taking well B1 (Figure 9) in the study area as an example, the first track includes the caliper (CAL), self-potential (SP), and natural gamma (GR), which can reflect the wellbore conditions and the reservoir’s lithology. Track 2 displays the well depth of logs. Track 7 contains the compensated neutron (CNL), density (DEN), and acoustic log (AC), which could provide estimates of the reservoir’s physical properties, such as porosity (track 5) and permeability (track 6). Track 8 shows high-definition array induction logs, which are commonly used to evaluate the properties of reservoir fluid. We can obtain the value of fluid factor [image: image] from array acoustic logging and density logging, as shown in track 9, and the fluid factor’s value of 15 is taken as the dividing line.
[image: Figure 9]FIGURE 9 | Result of gas reservoir prediction with array acoustic logging in well B1.
The target tight reservoir in Figure 9 can be divided into five sandstone layers, represented by different icons in track 3. The three layers, 72, 74, and 75, have high porosity and permeability and are characterized by low density, high neutron, and high resistivity. In particular, the value of [image: image] for these three layers is about 10, which is much lower than the value of the dividing line. In summary, these three layers can be interpreted as good gas layers. The logging data of layer 73 have the same trend, but they are not as clear as those of the three layers, and the value of [image: image] for this layer is about 12, which is still smaller than 15. Therefore, we interpret this layer as a bad gas layer. The porosity and permeability of layer 76 are lower than those of other layers, no sign of gas in this layer is shown in the traditional logging data, and the value of [image: image] for this layer is beyond the dividing line. This layer is interpreted to be a dry layer. Layers 72 to 75 are tested together, and the results show they are gas layers. These results are consistent with the conclusion drawn from well log interpretation.
5 DISCUSSION
Neutron–gamma logging is an important method to identify gas layers in old well reexamination due to the limited logging data. However, the results of Monte Carlo simulations show that the capture neutron–gamma ray count rate is significantly influenced by hydrogen index (porosity) and water salinity. Therefore, the new gas identification chart is proposed to eliminate the influences of porosity and formation water salinity.
Array acoustic logging is widely used in new wells, and the fluid factor extracted from it is a good method for gas layer identification in conventional oil and gas fields. In recent years, more and more attention has been paid to natural gas hydrate and its associated gas reservoirs (Boswell and Collett, 2011; Yin et al., 2016; Xie et al., 2022). As a number of NGH reservoirs are present either with a gas layer or water layer, there are similar properties to conventional oil and gas reservoirs in the associated gas reservoirs. Therefore, it is possible for fluid factor to be used in the identification of NGH-associated gas reservoirs under certain circumstances, which needs further study.
6 CONCLUSION
Neutron capture gamma-ray count rate is significantly affected by hydrogen index (porosity) and formation fluid salinity. The new gas identification chart based on neutron–gamma logging can effectively eliminate the effects of porosity and formation fluid salinity and perform well in identifying gas reservoirs, especially in the old wells with limited conventional logging curves.
The fluid factor extracted from array acoustic logging and core measurement data is sensitive to the presence of gas-bearing layers. The new gas identification standard based on the fluid factor is a good way for identifying gas reservoirs in the new wells with array acoustic logging.
The new combined method improves the ability to identify gas-bearing layers and the accuracy of prediction of such layers both in old wells reexamination and in new wells interpretation. It has delivered good results in complex sandstone reservoir such as Langgu Depression and can be used to provide reference for the evaluation of gas reservoirs in other areas.
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