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The submarine gas hydrate usually exists in the sediment on the continental slope. The bottom simulating reflector on the reflected seismic was identified as the bottom of the hydrate stability zone. However, many BSRs may not find the hydrate’s effective storage and its underlying free gas in many places. It is essential to identify the saturation of the hydrate. The resistivity can be used to evaluate the hydrate’s porosity and saturation. The hydrate boasts a high resistance to the surrounding sediments. The sensitivity of the marine Direct Current resistivity method (DCR) to the high resistance of the sediment can be used to evaluate the saturation of the hydrate. We have assessed the sensitivity of various DCR array arrangements, towed depths, hydrate thicknesses, and saturation. These influencing factors for improving recognition ability were also systematically analyzed. We have compared the inversion results of various DCR array arrangements, as well as different depths, thicknesses, and hydrate saturation, and calculated the saturation. We suggest using the corrected saturation equation to analyze the DCR results, which can improve the ability of hydrate identification. Evaluating these parameters will help develop or select DCR instruments for detecting the submarine gas hydrate.
Keywords: gas hydrates, submarine, saturation, resistivity imaging (RI), direct current resistivity, forward modeling, 2D inversion
1 INTRODUCTION
Gas hydrates are mainly found in continental margins as well as in permafrost regions, which are formed in marine sediment under relatively low temperatures and high pressures. Having been viewed as a potential resource, the hydrates are not merely the targets of offshore drilling, infrastructure, and slope stability assessment, but also play a vital role in the study of global climate change and the carbon cycling (Kvenvolden, 2000; Zhang et al., 2020; Kars et al., 2021; Yao et al., 2021; Yu et al., 2022). Therefore, submarine hydrate identification has been of great interest to academic and related industries in recent years (Li et al., 2016; Becker et al., 2020; Merle et al., 2021; Wang et al., 2021).
Seismic and logging methods are the most commonly used geophysical exploration methods for gas hydrate (Li et al., 2016). The distribution position of natural gas hydrate on land can be judged by the observed abnormal characteristics of seismic reflection and the signs obtained by logging. The distribution of natural gas hydrate on the seabed can be inferred from the abnormal features of seismic acoustic velocity, the bottom simulating reflector (BSR), blank zones, and bright spots on the seismic profile (Hyndman and Spence, 1992; Andreassen et al., 1997; Xu and Ruppel, 1999; Merle et al., 2021).
BSR is interpreted as the phase boundary between solid hydrate and free gas in the hydrate region (Hyndman and Spence, 1992). In addition, submarine underwater acoustic survey and seismic survey can identify the fracture and leakage structure of gas hydrate. Drilling and logging can provide in-situ monitoring of the hydrate stability zone (Collett, 2013).
Despite seismic methods usually being able to provide detailed structural characteristics of hydrates, there is usually no clear seismic reflector at the top boundary of the hydrate (Gorman and Senger, 2010). The upper limit of the hydrate stability zone (HSZ) is not easy to identify. It is also found in many places that BSR does not correspond to the real HSZ (Sloan and Koh, 2007; Liu et al., 2022). Deep Sea Drilling Project (DSDP) Site 496 and 596 confirmed the existence of hydrate in some places without BSR or other seismic features (Sloan and Koh, 2007). In particular, the determination of hydrate saturation or content in the reservoir is also a challenge, which is very important for hydrate theoretical research and exploration (Wang et al., 2006; Schwalenberg et al., 2010a; Schwalenberg et al., 2010b).
Fortunately, the resistivity of submarine gas hydrate is significantly different from that of marine sediments (Key, 2012; Attias et al., 2020; Cook et al., 2020; Haroon et al., 2020; Liu et al., 2020; Schwalenberg et al., 2020; Duan et al., 2021; Zhang et al., 2021). Collett and Kuuskraa (1998) analyzed the concentration of natural gas hydrate used by Archie equation. Ocean Drilling Program (ODP) Leg 204 Site report has proved the feasibility of this method (Collett and Ladd, 2000). Marine controllable source electromagnetic (CSEM) data have been used in the study of submarine natural gas hydrate in the Cascadia continental margin of Canada, Oregon Hydrate Ridge of the United States, the Gulf of Mexico, and black ridge of New Zealand (Weitemeyer et al., 2011). This method can assist with the seismic method and drilling method to comprehensively determine the hydrate saturation.
However, the complexity and cost of offshore construction of marine CSEM are higher than those of the marine direct current resistivity method (DCR). Moreover, The submarine hydrate and the free gas under it display greater resistivity than the surrounding sediments and are mostly distributed in the sediment in a horizontal attitude. The spatial distribution of field in DCR displays appreciable sensitivity to the highly resistive body. Therefore, such features are likely to provide a hopeful opportunity for the submarine hydrate distribution using DCR. In particular, there are few literature reports on the sensitivity and influencing factors of saturation distribution using the DCR.
In this paper, we have compared the inversion results of various DCR array arrangements, various depths, thicknesses, and hydrate saturation. Moreover, we have evaluated the saturation and influencing factors of resistivity inversion, which will help detect the submarine hydrate saturation and monitor gas diffusion and CO2 sequestration.
2 METHODOLOGY
2.1 Resistivity modeling
There are usually many challenges facing the application of the resistivity method in the sea. The resistivity measurement under the condition of high conductivity is constrained by a low signal-to-noise ratio as well as restricted resolution. It is necessary to properly adjust this method according to the detection of specific targets. Distinct from the highly resistive body under the seafloor, the highly conductive seawater has become the preferred current pipeline. This will lead to a significant loss of current depth, and restricted resolution in the deep structures beneath the seafloor.
A deep towed DCR array arrangement close to the seafloor is able to mitigate the dissipation of electric current due to seawater and enhance the imaging effect. The ship towed a long cable close to the seafloor in order to probe structures underneath it. The marine DCR array arrangement comprises multiple receiver electrodes along with transmitter electrodes, and the number of the receiver electrodes is more than that of the transmitter electrodes. The effect of exploration can be perfected by increasing the quantity of the receiver electrodes in the DCR array arrangement (Figure 1).
[image: Figure 1]FIGURE 1 | Configuration of marine towed electrical resistivity system with multi-component streamers DCR array arrangement. The ship towed a long cable close to the seafloor to detect structures beneath the seafloor. The DCR array arrangement is composed of multiple receiver electrodes along with transmitter electrodes, and the number of the receiver electrodes is more than that of the transmitter electrodes. The effect of exploration can be perfected by increasing the quantity of the receiver electrodes in the DCR array arrangement.
A variety of DCR array arrangements are available: the pole electrical dipole, the vertical electrical dipole, the horizontal electrical dipole, and the rest.
But, the horizontal array measurement proves to be more convenient and quicker compared with the vertical array in the marine environment. Meanwhile, the reservoir is generally characterized by a horizontal distribution, while the horizontal array represents more sensitivity to such a horizontal distribution structure. Therefore, this paper is based on the use of horizontal array measurement.
The DCR reveals the resistivity structure by injecting current into the transmitter electrodes on the cable and gauging the potential difference at the receiver electrodes. The apparent resistivity is confirmed via the equation below:
[image: image]
Where [image: image]: apparent resistivity, k: array geometric coefficient, V: electric potential, I: electric current. The geometric factors of the device are defined as the quasi-space containing conductive seawater and seafloor. The horizontal array includes: Inline dipole-dipole, Wenner-Schlumberger, Wenner-Alpha (Figure2).
[image: Figure 2]FIGURE 2 | The electrodes arrangement of various DCR array arrangements.
The geometric factors are derived from the following equations:
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Where a: the spacing between the receiver electrodes, n: number of the receiver electrodes interval.
The method used for the grid construction of the synthetic model in this paper is the finite difference method (FDM), which adopts a two-dimensional model with a rectangular grid to divide the subsurface into several blocks. The finite difference method basically determines the potentials of the nodes of the rectangular grid, which consists of nodes in the horizontal direction and nodes in the horizontal direction. These blocks can have different resistivity values. By using a sufficiently fine grid, complex geological structures can be modeled.
2.2 Resistivity inversion
The inversion of the resistivity solves a nonlinear optimization problem with ill-posed and non-unique characteristics. The regularization of this problem is by working out the following function (Gundogdu and Candansayar, 2018):
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where ϕ(m,d): misfit function, S(m): stabilization function, and α: regularization parameter. The misfit function as follows:
[image: image]
The misfit function is the distance between the measured data di and the calculated data [image: image]. A weighting factor is specified to ensure that the measured data with noise has less effect on the results.
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where [image: image]: data weighting matrix. The weighted stabilization function is as follows:
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where [image: image]: sensitivity model weighting function. The pseudo-quadratic form of the stabilization function can be written as follows (Candansayar, 2008):
[image: image]
where [image: image]: the linear operator of model parameters. The stabilization function defined in this way allows different stabilizers to be inserted into the inversion algorithm. The Gauss-Newton least square method is commonly used for resistivity inversion (Oldenburg and Li, 1994).
Moreover, the fitting error method aims to reduce the discrepancy between the calculated and measured values. In this study, it is done by adjusting the resistivity of the model block to minimize the difference between the calculated and measured values. The measure of this discrepancy is given by the root mean square error (RMS). In general, the most prudent approach is to select the model in iterations where the RMS error does not change significantly after the iteration to obtain the best inversion results. This usually occurs between the third and sixth iterations, and in this paper, 20 iterations were done to demonstrate the convergence of the iterations. RMS calculation equation is as follows:
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where [image: image]: calculated values, [image: image]: measured values.
2.3 Hydrate saturation
Gas hydrate saturation is a critical parameter for gas hydrate study. The resistivity can be used to evaluate hydrate’s porosity and saturation. The empirical equation of saturation can be determined according to the drilling core and logging data. Lee and Collett (2006) discussed the effectiveness of argillaceous parameter correction on the estimation of hydrate saturation. Schwalenberg et al. (2020) used the correction equation with an argillaceous parameter to estimate the hydrate saturation in the Black sea. Liu et al. (2017) compared the difference between the traditional Archie equation and the empirical correction equation, compared the theoretical value of saturation calculated by the two equations with the actual value obtained by drilling, and found that the resistivity method with clay correction can accurately predict hydrate saturation.
The Archie’s equation is used to calculate water saturation in the marine sediment (Archie, 1942). In the reservoir, the filling of the sedimentary layer can be approximately regarded as the filling of gas hydrate and seawater. The equation is as follows:
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where [image: image]: the gas hydrate saturation, [image: image] : the saturation of water. Archie’s equation is as follows (Archie, 1942):
[image: image]
where a: the parameter related to lithology, [image: image]: the resistivity of water, φ: the porosity, m: the cementation index, [image: image]: the resistivity of sedimentary layer, n: the saturation index. The values of a and m are associated with each other, and their selection has been widely discussed in the literature (Jackson et al., 1978). According to the sample data reported in previous literature, it can be known that in the natural gas hydrate reservoir, the average value of n is 1.9386 (Pearson et al., 1983). For a variety of rock samples, the value of n is different. The value of φ is related to rock samples. The calculation equation of gas hydrate saturation can be defined as follows:
[image: image]
The presence of clay affects the sediment resistivity and Archie coefficient, leading to incorrect saturation estimation. The saturation calculation equation of natural gas hydrate with argillaceous clay can be modified as follows (Lee and Collett, 2006):
[image: image]
Where [image: image]: the effective resistivity of clay. The equation is as follows:
[image: image]
Where, [image: image]: the volume content of argillaceous clay, [image: image]: the resistivity of argillaceous clay. Figure 3 shows the hydrate saturation variation with resistivity calculated using the above conventional and corrected equations.
[image: Figure 3]FIGURE 3 | The curve of the hydrate saturation varying in depth is suitable for natural gas hydrate reservoirs with various clay content.
The saturation estimated by the modified equation is slightly higher than that estimated by the conventional equation. For example, when the resistivity is 30 Ω m, the saturation is 15 Ω m higher than that estimated by the conventional equation.
Since the reservoir is included in the background formation and seawater in the resistivity inversion results, these backgrounds need to be excluded from the calculation in the saturation calculation. We have derived the resistivity conversion equation from reservoir saturation from Eq. 12 to determine the critical value of resistivity when reservoir saturation is 0. The equation is shown as follows:
[image: image]
where [image: image]: the gas hydrate saturation, φ: the porosity, m: the cementation index, [image: image]: the resistivity of sedimentary layer, n: the saturation index, [image: image]: the effective resistivity of clay. That the critical value of resistivity of reservoir saturation 0 using Eq. 14 is 5.2154 Ω m after calculation.
Previous studies have found that the complexity of the physical properties of marine sediments may lead to changes in the parameters of the Archie equation. Lee and Collett (2006) discussed the effect of clay percentage content on a and m values using the downhole resistivity from logging data. Guo et al. (2021) studied the penetration resistance coefficient of marine sediment clay.
The actual situation should take into consideration using the Archie equation with parameter correction, as shown in Table 1. It can be seen that the higher the content of argillaceous clay, the greater the a value and the smaller the m value. The clay content can usually be determined according to the physical parameters of the drilling core.
TABLE 1 | Comparison between argillaceous clay content and a and m value (Lee and Collett, 2006).
[image: Table 1]Figure 3 shows the hydrate saturation curve with the reservoir’s depth with various clay content (Lee and Collett, 2006) (Table 1).
The clay content will affect the calculated saturation. The calculated saturation will increase as clay content mounts.
In terms of the same resistivity, the higher the clay content of the reservoir, the higher the saturation of gas hydrate. When evaluating the occurrence state of natural gas hydrate, it is necessary to conduct drilling sampling, investigate the lithology of marine sediments, and then select appropriate correction parameters.
3 RESULTS AND DISCUSSION
The resistivity inversion and saturation estimation are evaluated from eight aspects by synthetic model calculation: (1) the DCR array arrangement; (2) the towed height of the instruments away from the seafloor; (3) the buried depth at the top of the reservoir; (4) the length of gas hydrate reservoir; (5) the thickness of gas hydrate reservoir; (6) the tilt of gas hydrate reservoir; (7) the horizontal resolution; (8) the vertical resolution
3.1 Comparison of various DCR array arrangement
We have compared the resistivity inversion and the hydrate saturation to the synthetic models with various marine towed DCR array arrangements: Inline dipole-dipole, Wenner-Schlumberger, Wenner-Alpha.
3.1.1 Model parameters
Various DCR array arrangements that need to be compared in this group of models is shown in Table 2.
TABLE 2 | The model parameters of various DCR array arrangements that need to be compared in this group.
[image: Table 2]In this group of models, the electrode spacing a is 25m, and the isolation coefficient n is 8.
The buried depth at the top of the reservoir is 100 m; the length of the reservoir is 1000 m; the thickness of the reservoir is 100 m; the resistivity of the reservoir is 20 Ω·m; the resistivity of marine sediments is 5 Ω·m; the resistivity of seawater is 0.33 Ω·m; and the total length of the survey line is 5,000 m. The arrangements in this synthetic model are: Inline dipole-dipole, Wenner-Schlumberger, Wenner-Alpha.
3.1.2 Results
The resistivity inversion and hydrate saturation estimation of various array models (Model 1–1, 1-2, and 1–3) are displayed in Figure 4D-I, respectively. The high resistivity range and the high saturation range obtained by the resistivity inversion are consistent with the synthetic model’s reservoir range.
[image: Figure 4]FIGURE 4 | Resistivity inversion and hydrate saturation estimation of variable array model. (A)–(C): In the schematic diagram of Model 1–1, 1-2, and 1-3 respectively, light blue indicates seawater, light yellow indicates marine sediments, gray block indicates hydrate reservoirs, dotted line indicates the track of the towed resistivity array; (D), (F) and (H): the inversion resistivity of Model 1–1, 1-2, and 1-3 respectively; (E), (G) and (I): the hydrate saturation of Model 1–1, 1-2, and 1-3 respectively (J): the inversion iteration convergence of Model 1–1(green), 1–2(blue) and 1–3 (red), respectively (K): the resistivity profile with depth at the center x position of hydrate reservoir of Model 1–1(green), 1–2(blue) and 1–3 (red), respectively.
The depth of the high resistivity area also basically corresponds to the depth range of the hydrate reservoir (300–400 m). However, there are still slight differences in the inversion results of these various array arrangements (Model 1–1, 1-2, and 1–3). Among them, the inversion of the Inline dipole-dipole array arrangement (Model 1–1) is 300–470 m, and the depth range of high resistivity area obtained from the inversion results of the Wenner-Schlumberger and the Wenner-Alpha array arrangement (Model 1-2, and 1–3) are 370–590 m and 280–59 m, respectively.
The inversion iteration convergence of Model 1–1, 1–2, and 1–3 are shown in Figure 4J. The RMS fitting errors of the inversion iteration for all array arrangements have converged below 0.1%, which meets the requirements of inversion accuracy.
We have extracted the resistivity curve of the central position of the hydrate reservoir with depth from the inversion resistivity results, so as to intuitively see the variation of gas hydrate resistivity with depth (Figure 4K). The resistivity value of the hydrate reservoir varies from 10 to 13 Ω·m in the resistivity inversion results and the anomalies of submarine gas hydrate are reflected in various accuracy.
3.1.3 Discussion
In the curve of the resistivity value compared with the truth resistivity, it can be seen that when the electrode arrangement is an Inline dipole-dipole array arrangement, the calculated resistivity anomaly is closest to the model resistivity anomaly, and the calculated resistivity anomaly range matches the model resistivity anomaly range the best. Therefore, Inline dipole-dipole array arrangement has the highest accuracy.
The results show that the reservoir position obtained by inversion imaging with three conventional array arrangements is in good agreement with the real model. The inversion effect of the Inline dipole-dipole array agrees best with the real model. The inversion from the other two array arrangements (Wenner-Schlumberger, Wenner-Alpha) has a relatively large deviation in the vertical position of the reservoir.
The imaging recognition of the upper boundary of the reservoir with these three array arrangements is generally more accurate than that of the lower boundary. It is inferred that DCR is better for shallow reservoir identification than deep reservoir identification. The resolution of the dipole-dipole array in marine towed DC imaging of hydrate is better than that of the Wenner array.
In addition, the transmitter electrodes are the dipole-dipole array is located on both sides of the towing cable. The front section of the cable is equipped with the transmitter electrodes, and the tail end can then be flexibly configured with the number of the receiver electrodes and transceiver offset distance as required. These have higher data acquisition efficiency in the actual construction of offshore surveys, so we believe that the use of an Inline dipole-dipole array is more suitable for hydrate reservoir exploration.
3.2 Comparison of various towed height
We have compared the inversion results of the resistivity inversion and the hydrate saturation to the synthetic models with various towed heights.
3.2.1 Model parameters
The model parameters of the various towed heights of the array arrangement away from the seafloor is shown in Table 3.
TABLE 3 | The model parameters of the various towed heights of the array arrangement away from the seafloor that need to be compared in this group.
[image: Table 3]In this group of models, the array arrangement of Inline dipole-dipole is used, the electrode spacing a is 25 m, and the isolation coefficient n is 8.
The buried depth of the reservoir is 100 m; the length of the reservoir is 1000 m; the thickness of the reservoir is 100 m; the resistivity of the reservoir is 20 Ω m; the resistivity of marine sediments is 5 Ω·m; the resistivity of seawater is 0.33 Ω·m; and the total length of the survey line is 5,000 m. The towed height in this group is 30, 50, and 70 m, respectively.
3.2.2 Results
The resistivity inversion and hydrate saturation estimation of the variable array arrangement model (Model 2–1, 2-2, and 2–3) are shown in Figure 5D-I, respectively. The high resistivity range and the high saturation range obtained by the resistivity inversion are basically consistent with the reservoir range in the synthetic model. The resistivity value of the hydrate reservoir varies from 12 to 18 Ω·m in the resistivity inversion results and the anomalies of submarine gas hydrate are reflected with different accuracy.
[image: Figure 5]FIGURE 5 | Resistivity inversion and hydrate saturation estimation of variable towed height model of the array arrangement away from the seafloor. (A)–(C): In the schematic diagram of Model 2–1, 2-2, and 2-3 respectively, light blue indicates seawater, light yellow indicates marine sediments, gray block indicates hydrate reservoirs, dotted line indicates the track of the towed DCR array arrangement; (D), (F) and (H): the inversion resistivity of Model 2–1, 2-2, and 2-3 respectively; (E), (G) and (I): the hydrate saturation estimation of Model 2–1, 2-2, and 2-3 respectively (J): the inversion iteration convergence of Model 2–1(green), 2–2(blue) and 2–3 (red), respectively (K): the resistivity profile with depth at the center x position of hydrate reservoir of Model 2–1(green), 2–2(blue) and 2–3 (red), respectively.
The depth of the high resistivity area also basically corresponds to the depth range of the hydrate reservoir (300–400 m). However, there are still slight differences in the inversion results of these various array arrangements. Among them, the inversion of the towed height 30 and 50 m (Model 2-1 and 2–2) is 300–370 m, and the depth range of high resistivity area obtained from the inversion results of the towed height of 70 m (Model 2–3) are 300–425 m.
The inversion iteration convergence of the towed height 30, 50, and 70 m (Model 2–1, 2–2, and 2–3) are shown in Figure 5J. The fitting error of the inversion iteration for Model 2–1 and 2–2 has converged below 0.1% after the 8th and 12th iterations, which meets the requirements of inversion accuracy. The fitting error of the inversion iteration for Model 2–3 has decreased rapidly after eight iterations and then maintained at about 0.17% through many iterations, which also meets the inversion accuracy.
We have extracted the resistivity curve of the central position of the hydrate reservoir with depth from the inversion resistivity imaging map, so as to intuitively see the variation of gas hydrate resistivity in depth (Figure 5K). The resistivity value of the hydrate reservoir varies from 12 to 17 Ω·m in the resistivity inversion results and the anomalies of submarine gas hydrate are reflected with various accuracy.
3.2.3 Discussion
From the comparison between the inversion and the truth resistivity, it can be seen that when the towing height is 30 m, the inversion resistivity of the reservoir is the closest to the truth. Moreover, the accuracy of inversion results increases with the decrease of towing altitude. When the towing height is 30 m, the inversion reservoir thickness is about 100 m and the reservoir resistivity is 16 Ω·m, which is the closest to the truth resistivity (Figure 5K).
The inversion becomes better with the decrease of towing height. The inverted reservoir boundary is closer to the truth. Seawater is a good conductor compared with marine sediments. When electrical methods are used in the marine environment, seawater has a strong attraction to current. If the measurement is too far from the seabed, the emitted current may rarely penetrate the seabed sediments, and the signal from the deep seabed is very weak. This is unfavorable for the inversion of highly resistive reservoirs in marine sediments.
3.3 Comparison of various reservoir depth
We have compared the inversion results of the resistivity inversion and the hydrate saturation to the synthetic models with the various buried depths of the reservoir.
3.3.1 Model parameters
Various buried depths at the top of the hydrate reservoir of the reservoir need to be compared in this group is shown in Table 4.
TABLE 4 | The model parameters of various buried depth at the top of the reservoir that needs to be compared.
[image: Table 4]In this group of models, the array arrangement of Inline dipole-dipole is employed, the electrode spacing a is 25 m, and the isolation coefficient n is 8.
The length of the reservoir is 1000 m; the thickness of the reservoir is 100 m; the resistivity of the reservoir 20 Ω·m; the resistivity of marine sediments is 5 Ω·m; the resistivity of seawater is 0.33 Ω·m; and the length of the survey line is 5,000 m. The buried depth at the top of the reservoir in this group is 50, 100, and 150 m, respectively.
3.3.2 Results
The resistivity inversion and hydrate saturation estimation of variable buried depth at the top of the reservoir (Model 3–1, 3–2, and 3–3) are shown in Figure 6D-I, respectively. The high resistivity range and the high saturation range obtained by the resistivity inversion are consistent with the synthetic model’s reservoir range.
[image: Figure 6]FIGURE 6 | Resistivity inversion and hydrate saturation estimation of various buried depths at the top of the reservoir. (A)–(C): the schematic diagram of Model 3–1, 3-2, and 3-3 respectively, light blue indicates seawater, light yellow indicates marine sediments, gray block indicates hydrate reservoirs, dotted line indicates the track of the towed DCR array; (D), (F) and (H): the inversion resistivity of Model 3–1, 3-2, and 3-3, respectively; (E), (G) and (I): the hydrate saturation of Model 3–1, 3–2, and 3–3, respectively (J): the inversion iteration convergence of Model 3–1(green), 3–2(blue) and 3–3 (red), respectively (K)–(M): the resistivity profile with depth at the center x position of hydrate reservoir of Model 3–1(green), 3–2(blue) and 3–3 (red), respectively.
The depth of the high resistivity area basically corresponds to the depth range of the hydrate reservoir. However, there are still differences in the inversion results of these different models. Among them, the inversion depth of the hydrate reservoir in Model 3–1 (50–120 m) was closest to the truth (50–150 m). The inversion depth of the hydrate reservoir in Model 3–2 (100–270 m) was closer to the truth (100–200 m). The inversion depth of the hydrate reservoir in Model 3–3 (150–350 m) basically corresponded to the true depth (150–250 m).
The inversion iteration convergence of the buried depth 50, 100, and 150 m (Model 3–1, 3-2, and 3–3) are shown in Figure 6 (j). The RMS fitting errors of all model calculation results have met the convergence requirements. However, the inversion fitting in Model 3-1 was the best of all models. The fitting error reached 0.1% in the 8th iteration and remained at about 0.07% after the 10th iteration in Model 3–1. The fitting in Model 3-2, and Model 3-3 is poor, and their fitting error converges to 0.1% at the 18th iteration.
We have extracted the resistivity curve of the central position of the hydrate reservoir with depth from the inversion resistivity imaging map, so as to intuitively apprehend the variation of gas hydrate resistivity in depth (Figure 6K-M). The resistivity value of the hydrate reservoir varies from 12 to 19 Ω m in the resistivity inversion results and the anomalies of submarine gas hydrate are reflected with different accuracy.
3.3.3 Discussion
From the comparison between the inversion and the true resistivity, it can be seen that when the reservoir depth is 50 m, the inversion resistivity of the reservoir is the closest to the truth. Moreover, the accuracy of inversion results increases as the reservoir depth increases. When the reservoir size is fixed and the reservoir depth becomes larger, the distribution range of the inversion reservoir will be excessively expanded and the resistivity value will be underestimated (Figure 6K-M).
Therefore, it is suggested that when using DCR to detect marine hydrate reservoirs, the true range may be smaller than the inversion result after the reservoir depth increases. We suggest increasing the electrode distance of the detection device, the distance between the transmitting and receiving electrodes, and the intensity of the emitted current to improve the detection effect of deep reservoirs.
3.4 Comparison of various reservoir lengths
We have compared the inversion results of the resistivity inversion and the hydrate saturation to the synthetic models with various lengths of the reservoir.
3.4.1 Model parameters
The location of various lengths of hydrate reservoir that need to be compared in this group is shown in Table 5.
TABLE 5 | The model parameters of various lengths of the reservoir that need to be compared in this group.
[image: Table 5]In this group of models, the array arrangement of Inline dipole-dipole is used, the electrode spacing a is 25 m, the isolation coefficient n is 8, and the towed height is 30 m. The buried depth at the top of the reservoir is 100 m; the thickness of the reservoir is 100 m; the resistivity of the reservoir is 20 Ω m; The resistivity of marine sediments is 5 Ω·m; the resistivity of seawater is 0.33 Ω·m; the length of the survey line is 5,000 m. The length of the reservoir in this group is 500, 1000, and 1500 m, respectively.
3.4.2 Results
The resistivity inversion and hydrate saturation estimation of various length models of gas hydrate reservoir (Model 4–1, 4–2, and 4–3) are shown in Figure 7D-I, respectively. The high resistivity range and the high saturation range obtained by the resistivity inversion are basically consistent with the reservoir range in the synthetic model.
[image: Figure 7]FIGURE 7 | Resistivity inversion and hydrate saturation estimation of the various length model of hydrate reservoir. (A)–(C): the schematic diagram of Model 4–1, 4-2, and 4-3 respectively, light blue indicates seawater, light yellow indicates marine sediments, gray block indicates hydrate reservoirs, dotted line indicates the track of the towed DCR array arrangement; (D), (F) and (H): the inversion resistivity of Model 4–1, 3–2, and 4-3 respectively; (E), (G) and (I): the hydrate saturation estimation of Model 4–1, 4–2, and 4-3 respectively (J): the inversion iteration convergence of Model 4–1(green), 4–2(line) and 4–3 (red), respectively (K): the resistivity profile with depth at the center x position of hydrate reservoir of Model 4–1(green), 4–2(blue) and 4–3 (red), respectively.
The length of the high resistivity area basically corresponds to the length range of the reservoir. However, there are still differences in the inversion results of these different models. Among them, the inversion buried depth the reservoir in Model 4–1 (100–220 m) was closest to the truth (100–200 m). The inversion buried depth of the reservoir in Model 4–2 (100–220 m) was closer to the truth (100–200 m). The inversion buried depth of the reservoir in Model 4–3 (100–290 m) basically corresponds to the truth (150–200 m).
The inversion iteration convergence of the reservoir length 500 m, 1000 m, and 1500 m (Model 4–1, 4-2, and 4–3) are shown in Figure 7J. The RMS fitting errors of all model calculation results have met the convergence requirements. However, the inversion fitting in Model 4-1 reached 0.1% in the 8th iteration and remained at about 0.07% after the 12th iteration. The fitting error in Model 4-2, and Model 4-3 converged to 0.1% at the 15th iteration.
We have extracted the resistivity curve of the central position of hydrate reservoir with depth from the inversion resistivity imaging map, so as to intuitively see the variation of gas hydrate resistivity with depth (Figure 7K). The resistivity value of the hydrate reservoir varies from 12 to 17 Ω·m in the resistivity inversion results and the anomalies of submarine gas hydrate are reflected with various accuracy.
3.4.3 Discussion
From the comparison between the inversion and the truth resistivity, it can be seen that when the reservoir length is 500 m, the inversion resistivity of the reservoir is the closest to the truth. Moreover, the accuracy of inversion results increases with the decrease of the reservoir length. Model 4–1, 4–1 and 4–3 accurately identify reservoir distribution by resistivity inversion, including reservoir thickness and length (Figure 7). When the reservoir thickness is fixed and the reservoir length becomes shorter, the resistivity of the reservoir will increase, especially in the minimum reservoir length model (Model 4–1).
The actual range may be smaller than the inversion result of DCR detecting marine hydrate reservoirs when the reservoir depth increases. DCR can detect hydrate reservoirs with various lengths. It is necessary to ensure that the survey line covers the extension of the reservoir for exploration.
3.5 Comparison of various reservoir thickness
We have compared the inversion results of the resistivity inversion and the hydrate saturation to the synthetic models with various thicknesses of the reservoir.
3.5.1 Model parameters
Various thicknesses of hydrate reservoir that need to be compared in this group is shown in Table 6.
TABLE 6 | The model parameters of various thicknesses of hydrate reservoir that need to be compared in this group.
[image: Table 6]In this group of models, the array arrangement of the Inline dipole-dipole is used, the electrode spacing a is 25 m, the isolation coefficient n is 8, and the towed height is 30 m. The length of the hydrate reservoir is 1000 m; the thickness of the reservoir 100m; the buried depth at the top of the reservoir is 100 m; the resistivity of the reservoir is 20 Ω·m; the resistivity of marine sediments is 5 Ω·m; the resistivity of seawater 0.33 Ω·m The length of the survey line 5,000 m. The thickness of the hydrate reservoir in this group is 100, 150, and 200 m, respectively.
3.5.2 Results
The resistivity inversion and hydrate saturation estimation of various thickness models of gas hydrate reservoirs (Model 5–1, 5-2, and 5–3) are shown in Figure 8D-I, respectively. The high resistivity range and the high saturation range obtained by the resistivity inversion are basically consistent with the reservoir range in the synthetic model.
[image: Figure 8]FIGURE 8 | Resistivity inversion and hydrate saturation estimation of various thickness models of hydrate reservoir. (A)–(C): the schematic diagram of Model 5–1, 5–2, and 5–3 respectively, light blue indicates seawater, light yellow indicates marine sediments, gray block indicates hydrate reservoirs, dotted line indicates the track of the towed DCR array arrangement; (D), (F) and (H): the inversion resistivity of Model 5–1, 3–2, and 5–3 respectively; (E), (G) and (I): the hydrate saturation estimation of Model 5–1, 5–2, and 5–3 respectively (J)d: the inversion iteration convergence of Model 5–1(green), 5–2(blue) and 5–3 (red), respectively (K)–(M): the resistivity profile with depth at the center x position of hydrate reservoir of Model 5–1(green), 5–2(blue) and 5–3 (red), respectively.
The depth of the resistivity area basically corresponds to the depth range of the hydrate reservoir. However, there are still differences in the inversion results of these different models. Among them, the inversion thickness of the hydrate reservoir in Model 5–3 (220 m) was closest to the model thickness (200 m). The inversion thickness of the hydrate reservoir in Model 5–2 (170 m) was closer to the model thickness (150 m). The inversion buried depth at the top of the reservoir in Model 5–1 (170 m) basically corresponds to the truth (100 m).
The iteration convergence of the inversion (Model 5–1, 5-2, and 5–3) is shown in Figure 8J. The RMS fitting errors of all model calculation results have met the convergence requirements. The RMS fitting errors in all models were converged to 0.1% at the eighth iteration.
We have extracted the resistivity curve of the central position of the hydrate reservoir with depth on the inversion resistivity imaging map, so as to intuitively see the variation of gas hydrate resistivity in depth (Figure 8K-M). The resistivity value of the hydrate reservoir varies from 14 to 19 Ω·m in the resistivity inversion results and the anomalies of submarine gas hydrate are reflected with different accuracy.
3.5.3 Discussion
From the comparison between the inversion and the truth resistivity, it can be seen that when the reservoir thickness is 200 m (Model 5–3), the inversion resistivity of the reservoir is the closest to the truth. The range of inversion resistivity is the best match with that of the truth. Moreover, the accuracy of inversion results increases with the increase of the reservoir thickness. When the reservoir length is fixed and the reservoir thickness becomes thicker, the resistivity of the reservoir will increase, especially in the thickest reservoir model (Model 5–3) (Figure 8).
DCR can detect hydrate reservoirs of various thicknesses. When the reservoir thickness increases, the inversion is in good agreement with the truth, which indicates that this method can identify thicker reservoirs.
3.6 Comparison of various reservoir tilt
We have compared the inversion results of the resistivity inversion and the hydrate saturation to the synthetic models with various dips in the hydrate reservoir.
3.6.1 Model parameters
The location of various tilts of the reservoir that need to be compared in this group is shown in Table 7.
TABLE 7 | The model parameters of various dips of the hydrate reservoir that need to be compared in this group.
[image: Table 7]In this group of models, the DCR array arrangement of the Inline dipole-dipole is used, the electrode spacing a is 25 m, the isolation coefficient n is 8, and the towed height is 30 m. The length of the reservoir is 1000 m; the thickness of the reservoir 100 m; the buried depth at the top of the reservoir is 100 m; the resistivity of the reservoir is 20 Ω·m; the resistivity of marine sediments is 5 Ω·m; the resistivity of seawater is 0.33 Ω·m; the length of the survey line is 5,000 m. The tilt of the hydrate reservoir in this group is 0 and 45, respectively.
3.6.2 Results
The resistivity inversion and hydrate saturation estimation of various dip models of hydrate reservoir (Model 6-1 and 6–2) are shown in Figure 9D-I, respectively. The high resistivity range and the high saturation range obtained by the resistivity inversion are basically consistent with the reservoir range in the synthetic model. The effect of the model of the reservoir tilt = 0 (Model 6–1) is the best.
[image: Figure 9]FIGURE 9 | Resistivity inversion and hydrate saturation estimation of the various thickness model of hydrate reservoir. (A)–(B): the schematic diagram of Model 6-1 and 6-2 respectively, light blue indicates seawater, light yellow indicates marine sediments, gray block indicates hydrate reservoirs, dotted line indicates the track of the towed DCR array arrangement; (C) and (I) the inversion resistivity of Model 6-1and 6-2 respectively; (D) and (F): the hydrate saturation estimation of Model 6-1 and 6-2 respectively; (G): the inversion iteration convergence of Model 6–1 (blue) and 6–2 (red), respectively; (H)–(I): the resistivity profile with depth at the center x position of hydrate reservoir of Model 6–1 (blue) and 6–2 (red), respectively.
The depth of the resistivity area basically corresponds to the depth range of the hydrate reservoir. However, there are still variations in the inversion results of these models.
The distribution inversion of the reservoir dip = 0 (Model 6–1) is the best among them. The inversion iteration convergence of the reservoir dip = 0, 45 (Model 6−1 and 6–2) are shown in Figure 9G. The RMS fitting errors of all model calculation results have met the convergence requirements.
We have extracted the resistivity curve of the central position of the hydrate reservoir with depth on the inversion resistivity imaging map, so as to intuitively see the variation of gas hydrate resistivity in depth (Figure 9H-I). The resistivity value of the hydrate reservoir varies from 12 Ω.m in the resistivity inversion results and the anomalies of submarine gas hydrate are reflected with various accuracy.
3.6.3 Discussion
From the comparison between the inversion and the truth resistivity, it can be seen that the inversion of the tilt model is consistent with the truth. This method can identify the reservoirs with inclined conditions, but horizontal reservoirs are better in terms of their inversion effect.
3.7 Horizontal resolution
We have compared the resistivity inversion and the hydrate saturation with the numerical horizontal distribution combination model, which is to evaluate the ability to distinguish two different reservoirs in the horizontal distribution.
3.7.1 Model parameters
The location of various horizontal distribution combination models of hydrate reservoirs that need to be compared in this group is shown in Table 8. In this group of models, the DCR array arrangement of Inline dipole-dipole is used, the electrode spacing a is 25 m, the isolation coefficient n is 8, and the towed height is 30 m.
TABLE 8 | The model parameters of various horizontal distribution combination models of hydrate reservoirs that need to be compared in this group.
[image: Table 8]The length of the reservoir is 1000 m; the thickness of the reservoir 100 m; the buried depth at the top of the reservoir is 50 m; the resistivity of marine sediments is 5 Ω·m; the resistivity of seawater is 0.33 Ω·m; the length of the survey line 5,000 m. And the resistivity of the combination reservoirs in this horizontal distribution is 12 and 21 Ω·m, respectively.
3.7.2 Results
The resistivity inversion and hydrate saturation estimation of various horizontally discontinuous reservoir models hydrate reservoir (Model 7–1, 7–2, and 7–3) are shown in Figure 10, respectively. We have compared the inversion results of the resistivity inversion and the hydrate saturation to the synthetic models with various dips of the hydrate reservoir. The high resistivity range and the high saturation range obtained by the resistivity inversion are basically consistent with the reservoir range in the synthetic model.
[image: Figure 10]FIGURE 10 | Resistivity inversion and hydrate saturation estimation of various horizontal distribution combination models of hydrate reservoir. (A)–(C): the schematic diagram of Model 7–1, 7–2, and 7–3 respectively, light blue indicates seawater, light yellow indicates marine sediments, gray block indicates hydrate reservoirs, dotted line indicates the track of the towed DCR array arrangement; (D), (F) and (H): the inversion of Model 7–1, 7–2, and 7–3 respectively; (E), (G) and (I): the hydrate saturation of Model 7–1, 7–2, and 7–3 respectively (J) the inversion iteration convergence of Model 7–1(green), 7–2(blue) and 7–3 (red), respectively (K)–(M): the resistivity profile with depth at the center x position of hydrate reservoir of Model 7–1(green), 7–2(blue) and 7–3 (red), respectively.
The depth of the resistivity area basically corresponds to the depth range of the hydrate reservoir. However, there are still differences in the inversion results of these different models. Among them, the distribution inversion of the reservoir in the Model 7-3 was closest to the model distribution.
The inversion iteration convergence of the horizontally discontinuous reservoirs (Model 7-1, Model 7-2, and Model 7–3) are shown in Figure 10J. The RMS fitting errors of all model calculation results have met the convergence requirements.
We have extracted the resistivity curve of the central position of the hydrate reservoir in depth on the inversion resistivity imaging map, so as to intuitively see the variation of gas hydrate resistivity with depth (Figure 10K-M). The resistivity value of the hydrate reservoir varies from 8 to 18 Ω·m in the resistivity inversion results, the anomalies of gas hydrates are reflected with different accuracy.
3.7.3 Discussion
From the comparison between the inversion and the truth resistivity, it can be seen that this method can distinguish between laterally interrupted reservoirs. When the reservoirs have a certain horizontal spacing and different resistivity values, all reservoirs will have a high resistivity response, which indicates that this method has a good ability to distinguish high saturation area from low saturation area. In the horizontal direction, the inversion shows that the response of the high saturation area is concentrated, while the response of the low saturation area is relatively scattered.
After analyzing the response of the marine CSEM, Harinarayana et al. (2012) found that its amplitude curve had a highly resistive response at the horizontal position and depth of the highly resistive anomaly model, which can reflect the center of the two reservoir anomalies. We have used the corrected hydrate saturation equation to set the resistivity threshold for inversion. The threshold is set using this equation, making the inversion reservoir boundary more intuitive and easier to identify in actual exploration.
Therefore, we believe that this method can distinguish two various reservoirs with an interval in the horizontal direction, and the horizontal resolution of reservoirs, which meets the requirement of horizontal identification capability of hydrate reservoirs.
3.8 Vertical resolution
We have compared the resistivity inversion and the hydrate saturation to the numerical vertical distribution combination model to evaluate the ability to distinguish two different reservoirs in the vertical distribution.
3.8.1 Model parameters
The location of various vertical distribution combination models of hydrate reservoirs that need to be compared in this group is shown in Table 9.
TABLE 9 | The model parameters of various vertical distribution combination models of hydrate reservoirs that need to be compared in this group.
[image: Table 9]In this group of models, the DCR array arrangement of Inline dipole-dipole is used, the electrode spacing a is 25 m, the isolation coefficient n is 8, and the towed height is 30 m. The length of each reservoir is in combination models 400m, and the thickness of the shallower and the deeper reservoir is 50 and 125 m, respectively. The buried depth at the top of the shallower and the deeper reservoir is 100 and 275 m, respectively. The resistivity of marine sediments is 5 Ω·m, and the resistivity of seawater is 0.33 Ω·m. The length of the survey line is 5,000 m. The resistivity of the shallower and the deeper reservoir is the alternating combinations of 12 Ω·m and 20 Ω·m.
3.8.2 Results
The resistivity inversion and hydrate saturation estimation of various dip models of hydrate reservoir (Model 8–1, 8-2, and 8–3) are shown in Figure 11D-I, respectively. The high resistivity range and the high saturation range obtained by the resistivity inversion are basically consistent with the reservoir range in the synthetic model.
[image: Figure 11]FIGURE 11 | Resistivity inversion and hydrate saturation estimation of various vertical distribution combination models of hydrate reservoir. (A)–(C): the schematic diagram of Model 8–1, 8-2, and 8-3 respectively, light blue indicates seawater, light yellow indicates marine sediments, gray block indicates hydrate reservoirs, dotted line indicates the track of the towed DCR array arrangement; (D), (F) and (H): the inversion resistivity of Model 8–1, 8-2, and 8-3 respectively; (E), (G) and (I): the hydrate saturation estimation of Model 8–1, 8-2, and 8-3 respectively (J): the inversion iteration convergence of Model 8–1(green), 8–2(blue) and 8–3 (red) respectively (K)–(M): the resistivity profile with depth at the center x position of hydrate reservoir of Model 8–1(green), 8–2(blue) and 8–3 (red), respectively.
The depth of the resistivity area basically corresponds to the depth range of the hydrate reservoir. However, there are still differences in the inversion results of these different models. The distribution inversion of the reservoir in Model 8-3 is the best among them. The inversion effect of Model 8-1 is better than that of Model 8–2.
The inversion iteration convergence of the models (Model 8–1, 8-2, and 8–3) are shown in Figure 11J, respectively. The RMS fitting errors of all model calculation results have met the convergence requirements. The fitting iterative in Model 8-2 is not as good as in other models.
We have extracted the resistivity curve of the central position of the hydrate reservoir with depth on the inversion resistivity imaging map, so as to intuitively see the variation of gas hydrate resistivity with depth (Figure 11K-M). The resistivity of hydrate reservoir (12 and 18 Ω·m) in the resistivity inversion results, the anomalies of gas hydrates are reflected with different accuracy.
3.8.3 Discussion
From the comparison between the inversion and the truth resistivity, it can be seen that this method can distinguish between vertically interrupted reservoirs. All reservoirs have a highly resistive resistivity response when the reservoirs have a certain vertically spacing and different resistivity values, which shows that this method has a good ability to distinguish high saturation area from low saturation area.
In the case of the same saturation of shallow and deep reservoirs, the inversion saturation of the shallow reservoir is higher than that of the deep reservoir. If the resistivity of the shallow and deep reservoirs is not consistent, the imaging results can distinguish the presence of upper and lower layers of hydrate on the seafloor, but the saturation and lower boundary may have some bias.
4 CONCLUSION

(1) After comparing the resistivity imaging results by considering different aspects of the model inversion close to the actual situation, we have found that all these parameters have an impact on reservoir imaging: (a) the DCR array arrangement of the instruments; (b) the towed height of the array arrangement away from the seafloor; (c) the buried depth at the top of the reservoir; (d) the length of gas hydrate reservoir; (e) the thickness of gas hydrate reservoir; (f) the dip of gas hydrate reservoir; (g) the horizontal resolution; (h) the vertical resolution. In practical exploration, we should try to choose more favorable parameters to improve the imaging effect.
(2) The observation of actual resistivity values may be influenced by many factors, so it is not easy to directly evaluate the distribution characteristics of hydrate through resistivity alone. We have proposed to analyze the imaging results using a corrected hydrate saturation equation, which can further improve the ability to evaluate hydrate identification.
(3) After comparing various DCR array arrangements, we have found that a dipole-dipole array arrangement is best suited for identifying the layered structure of hydrate deposits on the seafloor in practical survey operations.
(4) The smaller the distance between the array and the seafloor, the better the exploration effect. Therefore, the towing device should be placed as close to the seafloor as possible in the actual exploration.
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