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Due to the low porosity and thin thickness of the Carboniferous carbonate reservoir in the Pre-Caspian Basin, the impedance difference between the reservoir and the surrounding rock is not obvious, and the seismic response characteristics are weak. It is ambiguous to detect oil and gas based on the convention attribute amplitude and frequency information. According to the geological characteristics of the Carboniferous Reservoir in the Pre-Caspian Basin, we proposed a new hydrocarbon detection method from the phase decomposition of sensitive frequency in post-stack seismic data, which improves the accuracy of hydrocarbon detection. The forward model that is a method of numerical analysis is utilized to testify the feasibility of hydrocarbon detection with phase decomposition, which showed that the amplitude of oil and gas layers in −90° phase components is stronger than that of water layer. The special frequency band seismic data sensitive to oil and gas is decomposed into 10 Hz, 20 Hz, 30 Hz, 40 Hz, 50 Hz, and 60 Hz single frequency energy body, and then hydrocarbon is detected according to the amplitude anomaly in specific frequency energy body. The application of forward model and filed example demonstrates that the fluid type in the reservoir can be directly identified by the phase decomposition technique, which has higher accuracy than the conventional hydrocarbon detection technology with post-stack data. After the application of this technology, the coincidence between hydrocarbon results and oil test results in the block was increased from 60% to 80%, and the coincidence rate is much higher than the detection results using conventional attributes, more than 90%. All the two exploration wells deployed according to the detection results have obtained higher oil production, new discovered oil geologic reserves have been increased to 5.54 million tons.
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1 INTRODUCTION
Carbonate reservoirs in the eastern margin of Pre-Caspian Basin are characterized by strong vertical and horizontal heterogeneity, larger differences in the type, scale and hydrocarbon-bearing property of the reservoir space. Multiple oil-water systems are developed in the Carboniferous system, with smaller oil layer thickness (single layer thickness of about 2 m), and limited distribution range. The updip direction is shielded by lithological and physical changes, resulting in great uncertainty for quantitative analysis. Therefore, it is necessary to predict the reservoir distribution and fluid properties, so as to improve the drilling success rate. Many theoretical researches and new technologies had been used in the carbonate reservoirs’ exploration (e.g., Zhao W et al., 2014), such as forward and inversion modeling of complex wave field of fracture-porous media petrophysical model, identification of structural tensor small fault from seismic gradient, quantitative prediction of fracture-cavity reservoir by cloud transform stochastic simulation, and gas reservoir detection based on pre-stack elastic parameter inversion and frequency division attribute. But there are some issues in the corresponding seismic prediction technologies, such as weak theoretical methods and low prediction accuracy. At present, reservoir fluid detection by seismic data includes pre-stack detection and post-stack detection. Pre-stack fluid detection is mainly based on AVO theory for pre-stack fluid parameter inversion. Post-stack fluid detection is chiefly based on the “bright spot” of amplitude attribute, seismic wave absorption attenuation theory and 90° phase shift technique (Cao et al., 2010; Qiao et al., 2018; Zheng et al., 2019; Guo et al., 2022). The seismic wave absorption attenuation theory uses seismic amplitude changing with frequency to detect fluids. The 90° phase shift technique only makes 90° phase rotation to zero-phase seismic data to better depict formation lithology (Chen et al., 2012). Due to complex underground geological conditions, reservoir seismic response is not only affected by non-fluid factors such as reservoir type, physical properties, thickness and interference, but also by fluid properties in the reservoir (Yang et al., 2010; Chen X et al., 2020; Chen et al., 2022), so conventional fluid detection techniques have ambiguity in practical application.
Phase decomposition was originally proposed by Castagna et al. (2016). This technique has been applied in sandstone reservoirs (Barbato et al., 2017; Castagna et al., 2019; Selmara et al., 2019; Zhou et al., 2019), and achieved remarkable results. All the applications conducted phase decomposition in full-band seismic data, and the application of phase decomposition to carbonate reservoirs is very limited.
In view of the shortcomings of conventional post-stack hydrocarbon detection methods, this paper applies phase decomposition technique to directly detect hydrocarbons based on in seismic data volume of sensitive frequency under the premise of only post-stack seismic data. First, establish a forward model based on the statistics of reservoir parameters in the study area, decompose the frequency and phase of forward modeling results and actual seismic data, and find out the frequency and phase components that are sensitive to oil layers. Finally, the method is applied to predict lithologic reservoirs in the slope area of the Central Block in the eastern margin of the Pre-Caspian Basin to verify the effectiveness of the method.
2 REGIONAL GEOLOGY
The Pre-Caspian Basin is one of the world’s largest petroliferous basins, with an area of about 585,000 km2, most of which is located in the west of Kazakhstan, and the maximum thickness of sedimentary rocks is 21 km. Tectonically, it belongs to the foreland basin in the southeast of the Eastern European Craton. The basin widely develops the Permian Kungurian gypsum-salt layer, which is vertically divided into two major structural strata (pre-salt and post-salt) (Zhao et al., 2010; Zheng et al., 2011; Zhao et al., 2016). Several world-class giant oil and gas fields have been proved in the basin, but the exploration degree of the basin is uneven. The exploration degree of the post-salt layers is relatively high, while the exploration of the pre-salt Paleozoic strata is mainly concentrated at the basin margin (Xu et al., 2009), and the remaining exploration area is large. However, the drilled wells show that the relationship between oil and water is complex and the drilling success rate is low, leading to low exploration effect at present. The Central Block of the Kazakhstan Pre-Caspian Basin is the first risk exploration block of PetroChina (Jin et al., 2015), which is located in the uplift zone of the eastern margin of the basin with higher exploration degree, covering an area of 3,262.3 km2 (Figure 1). The main exploration target layer is the pre-salt Carboniferous KT-I and KT-II layers (Fang et al., 2008; Xu, 2011; Liang et al., 2013; He et al., 2014). In the Central Block, North Truva Oilfield and Takyr hydrocarbon-bearing structure have been discovered successively. Since 2012, large pre-salt structural traps have been drilled, and exploration in this area has shifted from structural traps to lithological traps. The study area is located in the northern part of the Central Block, covering an area of 450 km2 (Figure 2). The study area is mainly developed in the Carboniferous carbonate reef reservoirs developed in the open platform, with one shoal being one reservoir. There is no unified oil-water interface, and the oil-water relationship is complicated. At present, 24 Wells have been drilled and 3D seismic data of “two widths and one height” have been collected, which is conducive to oil and gas detection and research.
[image: Figure 1]FIGURE 1 | Location of the Central Block in the eastern Pre-Caspian Basin.
[image: Figure 2]FIGURE 2 | Carboniferous sedimentary facies distribution of the Study area.
According to the drilling, well logging, lithology, and paleontology data of the exploration block and its surrounding oil and gas fields, the strata are vertically divided into three sets of main stratigraphic combinations (Figure 3), which are in order from bottom to top: the pre-salt Paleozoic carbonate and clastic combination, the lower Permian Kungurian Formation salt stratum, and the post-salt Permian-Quaternary clastic combination.
[image: Figure 3]FIGURE 3 | Composite stratigraphic column of the Central Block.
3 PRINCIPLE OF PHASE DECOMPOSITION
Phase decomposition is a new and unique application. It is different from the 90° phase-shifting technique of seismic sedimentary facies (Pan et al., 2013). It is significantly different from the traditional phase rotation. It does not rotate the seismic trace with a simple phase angle, but decomposes the seismic trace into various phase components.
In the past, seismic attribute research was mainly conducted in amplitude domain and frequency domain, but rarely in phase domain, due to the lack of effective algorithm to decompose the phase domain. In 2015, John Castagna invented the least square method (CLSSA) frequency and phase decomposition algorithm (Castagna et al., 2016; Castagna et al., 2019), which achieved a fundamental breakthrough in this domain. The phase decomposition technique is to transform the seismic wave in the phase domain. On this basis, the corresponding components of different phases can be extracted, and specific combinations of different phase profiles can be made to highlight the characteristics of formation fluids. The basic formula of time-frequency analysis commonly used in seismic signal processing is shown in Formula (1).
[image: image]
where, [image: image] is the time-frequency analysis of seismic signals; [image: image] is frequency.
Formula 1 does not consider the phase change, but in fact, the seismic wave is a function of the three parameters (amplitude, frequency and phase). When considering the phase change, Formula 1 becomes Formula 2:
[image: image]
where, [image: image], [image: image] and [image: image] are used to define the bandwidth of the target layer. If [image: image] is defined as phase gather, which is used to characterize the relationship between amplitude versus frequency and time in seismic signals.
When the frequency is fixed, Formula 2 becomes Formula 3:
[image: image]
where, [image: image] and [image: image] are used to define the phase width of the target layer. Formula 3 is the basis of phase decomposition and reconstruction technique. When all phase and frequency variation ranges are considered, [image: image].
It is found that the zero-phase component of seismic signals often represents the information of stratum interface, and the change of pore fluids or lithology in the stratum will cause amplitude anomaly in the −90° phase component (Lin et al., 2007). According to this characteristic, the phase decomposition technique can be used to directly identify the fluid types in the reservoir.
4 SYNTHETIC ANALYSIS OF FORWARD MODELLING
Seismic wave forward modeling is to obtain the propagation rule of seismic wave in the known underground geological model, including propagation time, path, energy, etc. (Zhao L et al., 2014; Chen Y et al., 2020). Forward modeling is the first step to understand the unknown problems in seismic research. The rules obtained from forward modeling in a given geological model can improve people’s understanding of the unknown model, thus helping to solve the problem.
4.1 Statistics of well logging parameters
According to the well logging interpretation results, the thicknesses of various layers of Carboniferous KT-I and KT-II layers are counted (Figure 4). The well logging interpretation shows that the thin layers less than 5 m thick are the dominated, and the thicknesses of all oil layers of KT-II layer are less than 5 m. From the porosity statistics, the average porosity of the oil layers of KT-I and KT-II layers is about 10%.
[image: Figure 4]FIGURE 4 | Statistics of KT-I and KT-II layer’s thicknesses.
According to the statistics of petrophysical analysis results of various lithofacies, the velocity and density values of each layer are given as follows: the velocity of caprock above layer KT-I is about 2,900 m/s, the density is about 1.9 g/cm3; the velocity of layer KT-I is 5,950 m/s, the density is 2.68 g/cm3; the velocity of mudstone interlayer is 2,800 m/s, and the density is 2.1 g/cm3; The velocity of layer KT-II is 6,100 m/s, the density is 2.7 g/cm3; the velocity of MKT mudstone is 3,050 m/s, and the density is 2.1 g/cm3.
4.2 Analysis of forward model and its seismic response characteristics
According to the reservoir characteristics in well, considering reservoir thickness, the distance between reservoir and formation top, and the mudstone interlayer, a forward model of the target reservoir is established, and it is filled with physical parameters (such as velocity, density, porosity) from statistics of well-logging data.
As shown in Figures 5A, B, according to the actual formation development, layer KT-I is designed four reservoir groups: the first two groups are filled with oil and gas respectively, and the last two groups are filled with water. Two groups are 2 m from the top interface of layer KT-I, and another two groups are about 50 m from the top interface of layer KT-I. The mudstone interlayer with a thickness of about 2 m is embedded in layer KT-I. Four groups of reservoirs are also designed for layer KT-II: two groups are 20 m from the top interface of layer KT-II, and another two groups are 40 m from the top interface of layer KT-II.
[image: Figure 5]FIGURE 5 | Geological model, forward modeling records and phase decomposition results.
The sections obtained by using 30 Hz dominant frequency, Ricker wavelet, surface shooting, single row receiving and wave equation forward modeling method are shown in Figures 5C, D.
When the reservoir of layer KT-I is close to the top interface (2 m): 10–15 m thick oil layer will significantly weaken the reflection intensity of the overlying interface, but 15 m thick water layer will also significantly weaken the reflection intensity of the overlying interface. Then, the oil layer and water layer are difficult to identify. When the reservoir of layer KT-I is farer from the top interface (>50 m) and there is a mudstone interlayer: the reservoir has stronger reflection (relative to the surrounding rock and mudstone interlayer), thus the reservoir can be identified.
When the reservoir of layer KT-II is 20 m from the top interface: 10–15 m oil layer weakens the reflection intensity of the overlying interface, similar to that of layer KT-I, but the weakening degree is reduced. The 0–15 m thick water layer will also cause the above phenomenon. When the reservoir of layer KT-II is 40 m away from the top interface: the reservoir is characterized by stronger reflection (relative to the surrounding rock and mudstone interlayer), and the top and bottom of the reservoir with a certain thickness can be identified. Therefore, oil layer and water layer cannot be determined from the conventional seismic reflection amplitude alone.
4.3 Phase decomposition of forward modeling result
The forward modeling results of layer KT-I and layer KT-II are decomposed by phase decomposition technique (Figures 5E, F) to obtain 180° and −90° phase component sections. From the phase decomposition results of layers KT-I and KT-II, the 180° phase component section mainly reflects the characteristics of layer KT-I interface; On the −90° phase component section, the waveform is distributed in blocks, similar to the shape of the reservoir in the geological model; RMS amplitude is calculated in −90° phase component, and it can be seen that the reflection characteristics of the reservoir are more obvious. Moreover, the amplitude intensity of oil layer is greater than that of water layer. Therefore, the phase decomposition technique can be used to identify the existence of oil and gas reservoirs.
5 APPLICATIONS
5.1 Spectrum decomposition of seismic data
The phase information of seismic data can be obtained by spectrum decomposition of seismic data, so the selection of spectrum decomposition algorithm is also crucial to the result of phase decomposition. Spectrum decomposition has been widely used in fine geological interpretation. Due to the sensitivity of frequency change, many subtle stratigraphic features have been more finely interpreted and identified in the frequency domain (Zhang et al., 2017; Chen Y et al., 2020). Affected by stratum absorption and other factors, seismic wavelet changes with time and space. In order to reflect the influence of stratum in the target layer on seismic wavelet, spectrum decomposition must be carried out in a small time window. There are several different implementation methods for spectrum decomposition. In the early stage, the short time Fourier transform (STFT), continuous wavelet transform (CWT), S-wave transform (ST) and other methods were used for spectrum decomposition. Affected by the time window tailing effect, these methods have low resolution in time and frequency.
In this paper, the constrained least squares spectrum analysis (CLSSA) is used for spectrum decomposition. Compared with other methods, the CLSSA method has higher resolution in time and frequency. Compared with the discrete Fourier transform, it reduces the tailing effect of the window and spectrum smoothing, which can ensure better maintenance of the reflection spectrum characteristics in the short window. Compared with short-time Fourier transform, the improvement of resolution by CLSSA method increases with the shortening of time window length. Therefore, the least square method is superior to short-time Fourier transform and continuous wavelet transform in spectrum decomposition.
The time-frequency spectrum obtained by applying different spectral decomposition methods to the actual seismic traces (Figure 6). It can be seen that the frequency spectrum of the 20 ms Fourier transform is artificially widened, and the truncation effect in the time domain is obvious. The time lag effect of 100 ms Fourier transform and wavelet transform is obvious, and the wavelet transform moves to the low frequency end. The spectrum decomposition of the least squares method has high vertical resolution, and is closely related to the energy of the seismic traces. The tailing effect in frequency domain and time domain is small.
[image: Figure 6]FIGURE 6 | Comparison of spectrum decomposition results of different methods applied to actual seismic traces ((A) actual seismic records, (B) Fourier transform with 20 ms window, (C) Fourier transform with 100 ms window, (D) wavelet transform, (E) least squares spectrum decomposition).
5.2 Frequency band sensitivity to hydrocarbons and phase optimization
A lot of attempts have been made on the input data of phase decomposition for oil and gas detection. The first attempt is to use the original full-frequency data for phase decomposition, and the effect of identifying oil-water layers is indistinct. Therefore, on the basis of least square spectrum decomposition processing, single frequency data was innovatively adopted for phase decomposition by 10 Hz, 20 Hz, and 30 Hz single frequency volumes. According to the characteristics of the spectrum gather of the well side traces, the oil and gas response energy is concentrated near 20 Hz, so the 20 Hz single frequency volume is finally used for phase decomposition.
As shown in Figure 7A, through fine reservoir calibration, it can be found that the amplitude energy group of KT-I oil layer is about 20 Hz on the frequency gather and 30°–80° on the phase gather. The sensitive frequency bands of layers KT-II and KT-I are close, as shown in Figure 7B, but the sensitive phases are different, and they are located between 150° and 180° and between −150° and −180°.
[image: Figure 7]FIGURE 7 | Analysis of sensitive frequency and phase of oil layers in different intervals.
5.3 Analysis of detection effect
After the sensitive frequency and phase are determined, oil and gas can be detected according to the amplitude corresponding to the specified frequency and phase section. The detection effect of this method is illustrated from the two dimensions of section and plane.
It can be seen from the section (Figures 8, 9) that the amplitude difference between oil layer and dry layer is not obvious in the conventional section. After the phase decomposition and data reconstruction of seismic data in sensitive frequency band, the designated phase stacking section can better distinguish oil layer and dry layer. On the overall phase stacking section, the amplitude of oil layer is stronger than oil-water layer, and oil-water layer is stronger than dry layer.
[image: Figure 8]FIGURE 8 | Seismic attribution comparison in the KT-I layer. (A) Conventional stack data volume and (B) Specified phase stack volume.
[image: Figure 9]FIGURE 9 | Comparison of conventional stack data volume (A) and specified phase stack volume (B) of KT-II.
In the phase interval stack volume, to extract the slice of RMS attribute of KT-I and KT-II respectively, and use the amplitude characteristics previously analyzed to detect fluids. Moreover, the RMS amplitude at the well point and the RMS amplitude of the phase decomposition are intersected, as shown in Figure 10. Compared with the amplitude detection results of conventional section, the phase decomposition results have a better distinction between the oil layer and oil-water layer of KT-I. The intersection results of KT-II are slightly worse than KT-I, but compared with the conventional seismic amplitude attributes, it has a better identification accuracy for oil layer.
[image: Figure 10]FIGURE 10 | Cross plot of RMS amplitude of well point and RMS amplitude of phase decomposition reconstruction volume in different intervals.
According to the threshold value obtained from well intersection analysis, the fluid ranges of KT-I and KT-II can be carved. The left part in Figure 11C shows the fluid carving result of upper KT-I, and Figure 11D shows that of upper KT-II. Compared with conventional seismic amplitude attributes (Figures 11A, B), the fluid results identified by phase decomposition have a higher coincidence rate with the drilled wells. There are 6 industrial oil flow wells in layer KT-I, 6 wells are matched, thus the coincidence degree is 100%. There are 10 industrial oil flow wells in layer KT-II, 8 wells are matched, thus the coincidence degree is 80%. Moreover, according to the prediction results, the drilled wells L-4 and L-7 have both obtained industrial oil flow in the target formation. Hereinto, Well L-4 obtained daily oil production of 4.89 m3 in Carboniferous KT-I in testing, and obtained maximum daily oil production of 24 m3 in KT-II; Well L-7 obtained daily oil production of 12 m3 in Carboniferous KT-II in testing after acid fracturing. It also verifies the accuracy of oil and gas detection results.
[image: Figure 11]FIGURE 11 | Comparison of oil and gas detection effects between conventional amplitude and amplitude after phase decomposition.
6 CONCLUSION
In the case that conventional amplitude and frequency cannot distinguish fluids clearly, this paper provides a new idea for oil and gas detection. Its core is to find the corresponding sensitive frequency and phase of oil and gas layers. In a specific study area, the sensitive frequency and phase are different, so it is necessary to analyze and optimize according to forward modeling and actual data. Therefore, in practical application, it is necessary to strengthen the combination of well and seismic analysis.
The phase range of oil layer energy concentration of KT-I layer in the Pre-Caspian Basin is 30°–80°, and the characteristics of oil layer, oil-water layer and dry layer on section are obvious, thus they can be effectively distinguished; The phase range of energy concentration of KT-II oil layer is between +150° and −150°.
Both forward modeling and practical application results show that the phase decomposition technique is highly reliable for fluid identification under the carbonate reef facies controlled constraint, and the identification results can be used for well location optimization, which is of great significance for improving the exploration efficiency of complex carbonate rocks. However, this method has some limitations. It requires drilling data to optimize the sensitive frequency and phase, thus it is difficult to apply in the area without wells.
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