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The grain sizes of clastic rock sediments serve as important depositional indicators that are significant in sedimentology and petroleum geology studies. Generally, gamma ray, spontaneous-potential and resistivity well logs are utilized to qualitatively characterize variations in sediment grain size and determine the lithology in clastic reservoirs. However, grain size analysis of modern sedimentary samples collected from active rivers and deltas indicates that the percentage of fine depositional component has a logarithmic relationship with the average grain size in delta and river systems. Using the linear relationship to process the lithology interpretation, siltstones or mudstone is likely to be interpreted as sandstone. Therefore, a logarithmic conversion formula was built up between the gamma ray logs and measured grain size for the second member of the Xujiahe Formation of Anyue Area in the Sichuan Basin. Using the formula, the average grain size and lithology of the exploration wells were determined for the interest intervals. Furthermore, the calculated grain size gives a better understanding of the controlling factors of hydrocarbon-bearing reservoirs in the study area.
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INTRODUCTION
The grain size of fluvial-sandy deposition reflects hydrodynamic features and sedimentary cycles and is thus important in the analysis of depositional environments [1–5]. In addition, the grain size and sorting has a strong influence on the original porosity of hydrocarbon reservoirs [6, 7], and they are usually utilised in reservoir evaluation [8, 9]. To get the grain size information in subsurface settings, it is commonly assumed that the value of the gamma ray log has an inverse relationship with the sediment grain size, especially for sandy deposits. Many studies on sedimentology, stratigraphy, and other similar subjects generally utilise the gamma ray well log in the analysis of sedimentary facies and sequence cycles [10–15]. The shape of the GR curve is generally thought to be similar to the grain size curve presented in [16] phi, which is derived from the logarithm of the grain size. [17] have studied the grain size distributions of 47 subsurface samples from marine delta depositions of the Lower Cretaceous Safaniya Sandstone Member in Northwest Saudi Arabia, and the results indicate that the average grain size in phi has a linear relationship with the shale content, which implies a logarithmic relationship between raw grain size and fine sediments. They also recommended using well logs that are related to the content of fine depositions to calculate the average grain size but did not perform further work.
Another important application of the gamma ray log is to quantitively calculate the shale content, and according to the shale content the lithology in sandstone reservoirs could be determined [18]. In petroleum borehole, the value of a gamma ray well log is controlled by the content of shales and clays which are considered as the dominant factor due to the strong absorption to radioactive substances [18–20]. Moreover, the relationship between the gamma ray value and shale content is not always linear, and a modification maybe needed [21].
Either the non-linear relationship between the gamma value and grain size or shale content may mislead the estimation of sandstone thickness and distribution in sandstone reservoirs using gamma ray logs. However, the influence of the non-linear relationships mentioned above on the sandstone reservoir studies has not been well evaluated yet. In the present study, modern sedimentary samples from Qinghai Lake and Hailar River, China, were used for grain size analysis to investigate the relationship between grain size and fine-grain deposits in river depositional environments as a supplementary for the study of [17]; and a logarithmic empirical formula was built up between the gamma ray well log and grain size for the second member of the Xujiahe Formation in the Anyue Area, Sichuan Basin. In terms of the formula, the grain size, lithology and sandstone thickness were determined for the interest intervals of the study area. Compared with the sandstone thickness determined by the shale content calculate from gamma ray logs, the possible error caused by using gamma ray logs to estimate lithology was evaluated. Furthermore, the raw grain size of the study area, converted from the gamma ray value using the logarithmic empirical formula, provides an opportunity to further assess the hydrocarbon possibility of the studied reservoirs. The present study attempts to emphasize the significance of the non-linear relationship between gamma ray value and grain size and the resultant influence on the grain size and lithology estimation.
GEOLOGICAL SETTINGS
The Xujiahe Formation of Anyue Area, Sichuan Basin
Sichuan Basin is an important petroliferous basin in China and belongs to one of the second order tectonic units of the northwest Yangtze platform (Figure 1A). This basin is surrounded by several large-scale folds and boundary faults, and has experienced long-term tectonic evolution including the Caledonian orogeny in the Late Silurian, Indosinian movement in the Late Middle Triassic Series and Yanshan movement in the Late Jurassic [22–25]. The Anyue Area is situated in the centre of the Sichuan Basin with an area of 1,500 km2 (Figure 1A). The Late Triassic Xujiahe Formation represents the development of a gentle slope formed on a carbonate basement in the Anyue Area, and the onset of clastic sediment input to the study area [26, 27] (Figure 1B).
[image: Figure 1]FIGURE 1 | (A) shows the location of the Anyue Area in the Sichuan Basin, and illustrates the primary tectonic structures around the Sichuan Basin. (B) Isochore map of time thickness of the second member of the Xujiahe Formation showing the exploration wells. The time thickness map was developed from 3D seismic data. The names of the key wells are shown in (B), and the location of these key wells is marked by grey points. (C) location map of the Hailar River and Qinghai Lake showing the sampling area.
The Xujiahe Formation, commonly divided into six members, was deposited during the Late Triassic period from 205 to 195 Ma with a thickness of a hundred meters of continental sediments [28]. The first, third and fifth members are dominated by mudstone, shale and siltstone with some beds of carbonaceous shale and coal. In the second, fourth and sixth members, the lithology is characterised by fine to medium-grained sandstone with grey colour [28]. The second member of Xujiahe Formation records the lake level fluctuation and lacustrine and delta deposits with a thickness of 50–80 m (Figure 2). The study interval, i.e., the second member is divided into five sub-members.
[image: Figure 2]FIGURE 2 | Stratigraphy framework of the study area showing the formation age and thickness, the tectonic movements and the lithology of the second member of the Xujiahe Formation (Modified from [28]). The blue transparent block indicates the reference interval for the normalization of gamma ray well logs.
Qinghai Lake and Hailar River
Qinghai Lake, located in the north-eastern part of Qinghai-Tibet Plateau, is the largest interior lake in China, and was formed through rifting with an area of 4,800 km2 [29] (Figure 1C). Two fan delta systems were built along the northern lakeshore with the Shaliu River and the Hargai River flowing into the lake. The Heima River from the southern mountain range forms the third largest fan delta of the Qinghai Lake on the southern lakeshore. The Buha River, as the dominant runoff, reach the lake from the west and generates the largest delta of the Qinghai Lake on the western lakeshore.
The Hailar River is a large-scale meandering river with a length of 655 km and a drainage area of 54.8 thousand km2 in north-eastern China [30] (Figure 1C). It discharges from the western side of the Great Khingan and flows from east to west. Flood peaks occur twice a year in May and August, and average annual runoff of the Hailar River is 36.62 million m3 [30].
DATASET AND METHODOLOGY
Dataset
One hundred and eleven modern sedimentary samples were collected from the Qinghai Lake and Hailar River to conduct the grain size analysis. The samples were from channel-related deposits on the fan delta, braided river plain or meandering rivers. Only sandy sediments were selected, while conglomerates were not used. Twenty-two of the collected samples were obtained from the bottom of active channels, sixty samples were obtained from point bars, and twenty-nine samples were obtained from abandoned channels.
To study the grain size information and lithology of the Xujiahe Formation, 112 samples from five wells drilling the Xujiahe Formation were provided by the Sinopec Southwest Oil and Gas Branch. Sixty-eight wells with gamma ray logs were utilised to calculate the average grain size, map the distribution of sandy depositions. Furthermore, two hundred- and seventy-meters drilling cores of five wells were employed to interpret depositional environments combined with the analysis of the geometries of well logs. Sixty-eight production reports of the study wells were acquired from the oil company to evaluate the relationship between calculated grain size and hydrocarbon possibility.
Method for Grain Size Analysis
The laser particle size analyser, Mastersizer 3000 produced by Malvern was utilised to perform the grain size analysis for modern sediment samples. This instrument extracts signals of grain size distribution by measuring the intensity of scattered light across the sample solvent. The device can measure grain sizes with ranges between 0.01 and 3,500 μm, covering clay, silt, fine-grained sand, medium-grained sand and coarse-grained sand. The measurement has a repeatability error of <0.5% and an accuracy error of <1%. A wet process was used meaning that the modern sedimentary samples were put into a liquid disperser (distilled water in the present study) The testing time for the samples and the background value was set as 10 s, and each sample was tested 3 times to ensure the repeatability of result. Between subsequent measurements, the sample container was cleaned by distilled water until no grain size signal was received to exclude no sample pollution occurred.
Since a lot of particles of the subsurface samples from the Xujiahe Formation, such as quartz, feldspar et al., are cracked duo to the strong compaction (discussed in the section of diagenesis), the grain size cannot be assessed using the laser particle size analyser. As a consequence, the samples were processed into casting thin sections, and the average grain size of the subsurface samples was determined using the Olympus BX51 transmission and reflecting microscope. For each sample, 100 grains from ten views were selected randomly and manually, and their diameter was measured. The average value of the measured diameter was used to characterise the average grain size.
Petrology and Interpretation of Sedimentary Facies
It is commonly thought that the radioactivity of sandstone is mainly caused by clay minerals [18], and through diagenesis, a large amount of authigenic clay minerals can be generated. Therefore, it is necessary to study the petrology and diagenesis of subsurface samples to assess the influence of authigenic clay minerals on radioactivity. Casting thin sections were observed under Olympus B51 transmission and reflected microscope, and the petrological classification was plotted in a triangle chart. The subsurface samples were ground into powders for X-ray diffraction analysis, which was carried out using a Bruker D2 Phaser instrument providing the mineralogical composition of subsurface samples.
To provide a constrain on depositional environments of subsurface samples, sedimentary structures observed from cores and the well log responses were integrated to identify the sedimentary facies of the second member of Xujiahe Formation of the Anyue Area.
Lithology Interpretation and Sandstone Content
There is a regional mudstone interval in the second member of the Xujiahe Formation which is defined as a reference interval (Figure 2). The gamma ray well logs used in the present study have been normalized referring to this interval: the gamma ray readings of this interval represent 100% shale and are defined as the maximum value. The Depth calibration was conducted by the Research Institute of Southwest Oil and Gas Field. Consequently, the normalization was conducted by the following formula:
[image: image]
In the present study, the lithology is determined by the grain size which is calculated from the normalized gamma ray readings based on an empirical formula between gamma ray logs and measured grain size, and the sandstone is defined as the calculated grain size over 0.01 mm. The lithology interpretation provided by the Sichuan Oil Field was used in this paper as a comparison. In the results of the Sichuan Oil Field, the sandstone is determined based on the shale content calculated using the following formula
[image: image]
where Vsh is the volume proportion of shale, GR is the given gamma ray reading, GRmin and GRmax represent the 0% shale and 100% shale, respectively. It commonly is thought that the sandstone has a shale volume lower than 50% [18]. In the present study, the normalized gamma ray readings are equal to Vsh.
RESULTS
Grain Size Analysis
The results of representative modern sedimentary samples were shown in the cumulative frequency diagram (Figure 3). The grain size was represented by the average, and the fine sediment content was defined as the volume percentage of particles with a diameter lower than 0.01 mm.
[image: Figure 3]FIGURE 3 | Cumulative curves of representative modern sediment samples. (A) showing the samples from Hailar River, and (B) for samples from Qinghai Lake. The curves have a two-segment-line feature, and the grey, dark grey and black points represent the samples with the good, medium and poor sorting in these two areas, respectively.
The probability cumulative percentage diagram of samples from the Hailar River shows that the curves have two segmented straight lines (Figure 3A). The average grain size varies between 0.04 and 0.42 mm, and these samples are well sorted with sorting coefficient ranging from 1.52 to 7.8 and an average value of 2.35, where the sorting coefficient is defined as the ratio of raw grain size accumulating to 25% to that accumulating to 75%. The average proportion of the fine sediments (grain size <0.01 mm) is 6.7% with a range of 25.5 to 0%. The cross-plot in Figure 4A suggests an exponential relationship between the volume percentage of fine sediments and the average grain size. The volume percentage of fine sediments shows sharp decrease with increasing average grain size until the latter reaches 100 μm. However, further increase of the average grain size results only in a slight reduction of the fine fraction. The formula fit to the data is shown in Figure 4A.
[image: Figure 4]FIGURE 4 | Scatter diagrams of average grain size against percentage content of fine sediments (grain size <0.01 mm). (A) and (B) represent samples from Hailar River and Qinghai Lake, respectively. Two formulas, which fit the points, are shown in the panels and the dotted lines represent the fitting trend. In (C), the dotted line represents the linear relationship used to estimate the grain size by fine sediments, and the black line presents the relationship between the grain size and fine sediments. The hollow points (a–d) give four examples of the estimation of grain size, and the corresponding black points showing the true grain size with the same fine sediment content.
The grain size distribution of samples from the Qinghai Lake also has a bimodal distribution shown in the frequency diagram (Figure 3B). The average grain size ranges from 0.01 to 0.65 mm, which corresponds to mud, silt and fine-grained to coarse-grained sand. The sorting of the samples was worse than their counterparts from the Hailar River, with an average sorting coefficient of 6.74. The volume percentage of the fine fraction varies between 28.7 and 0.8%, and it also has an exponential relationship with the average grain size which can be described with the formula shown in Figure 4B. The rate of decline in the volume percentage of fine sediments also decreases sharply at the average grain size of 100 μm.
The relationship between the average grain size and the proportion of the fine fraction is very similar in the two datasets. Therefore, we conclude that in river systems, the proportion of the fine fraction has an exponential relationship with the average grain size. A formula is built up, integrating the data of Hailar River and Qinghai Lake, to express the relationship between grain size and fine sediments:
[image: image]
where G is the average grain size in μm, f is the proportion of fine sediments. This formula implies that (1) the fine sedimentary composition has an exponential relation with the average grain size in the studied fluvial depositional environment and (2) the proportion of fine sediments becomes insensitive to changes in the average grain size if the latter exceeds 100 μm.
Well Yue 112 has full drilling cores of 150 m length for the second member of the Xujiahe Formation, and 96 samples were collected at intervals not exceeding 1 m. This allowed us to investigate the relationship between the average grain size and the values of gamma ray logs and the clay content obtained from the XRD analysis. The clay mineral content, which includes both the original and the authigenic clay minerals in the subsurface samples, was determined with X-ray diffraction. The plot of clay mineral content against average grain size shows the existence of no apparent relationship between the clay mineral content and the average grain size (Figure 5B). In contrast, the plot of the average grain size against the normalized gamma ray readings shows a negative relationship. It can be inferred that the gamma ray log is associated with the originally clay minerals related to the, and the authigenic clay minerals formed during diagenesis do not contribute to the radioactivity of sedimentary rocks. Therefore, for our study area, the gamma ray log can be suggested that the gamma ray well log could reflect original-deposition signals of fine sediments and is properly used in grain size assessment in terms of the logarithmic relationship.
[image: Figure 5]FIGURE 5 | Scatter diagrams of the average grain size against normalised value of gamma ray well logs (A) and percentage content of clay minerals measured by X-ray diffraction (XRD) (B). The formula in (A) using a logarithmic format to fit the relationship, and the dotted line represents the fitting trend. (B) Shows an obscure relationship between the average grain size and clay mineral content.
Petrology and Diagenesis of the Xujiahe Formation
Results of microscope observations and X-ray diffraction (XRD) for subsurface samples are shown in the triangular chart (Figure 6) and mineral content histogram (Figure 7), respectively. The observation of the thin section suggests that most common lithology is feldspathic quartz sandstone followed by quartz sandstone and lithic quartz sandstone, indicating a high compositional maturity (Figure 6). Figure 7 illustrates the mineral content yielded by XRD. The volume proportion of quartz ranges from 26 to 91% with an average value of 65.9%. Plagioclase has a maximum proportion of 32% with an average of 13%; it is also commonly observed through transitional microscope (Figure 8). In contrast, orthoclase is rarely observed and comprises of an average content of 9%. The percentage content of total feldspar varies between 48.8 and 5.2% with an average value of 20.1%. Clay minerals have a maximum content of 40% with an average of 12%. The calcite and dolomite are encountered occasionally and generally account for approximately 7%, with the maximum content reaching up to 30%. Other minerals, including ankerite and anatase, are detected by XRD (Figure 7). Lithic fragments, of which biotite, flint and quartz are the most dominant in that order, are encountered occasionally (Figures 8B,D). The volume proportion of lithic fragments varies between 20 and 2% with an average value of 7%. Interstitial matter consisting of calcsparite cements with an average content of 5% and some matrix, and authigenic clay minerals are also observed (Figure 8C).
[image: Figure 6]FIGURE 6 | Triangle chart of lithology showing the sandstone type of the study interval dominated by feldspathic quartz sandstone.
[image: Figure 7]FIGURE 7 | Histogram of X-ray diffraction (XRD) results showing the volume percentage of main minerals of each subsurface sample.
[image: Figure 8]FIGURE 8 | Micrographs of subsurface samples (A) and (B) Medium-grain feldspathic quartz sandstone showing strong compaction with long contact (A) and biotite, which is a common lithic fragment in the study intervals (B), Well Yue 112, 2,386 m, plane-polarised and orthogonal-polarised light, respectively; (C) and (D) Coarse-grain feldspathic quartz sandstone showing plagioclase dissolution and clay precipitation as a result of feldspar dissolution (C) and representative lithic fragment (D), Well Yue 112, 2,452 m, plane-polarised and orthogonal-polarised light, respectively; (E) and (F) Fine-grain feldspathic quartz sandstone showing strong compaction with long contact (E) and calcite metasomatism (F), Well Yue 112, 2,470 m, plane-polarised and orthogonal-polarised light, respectively.
Diagenesis, especially feldspar dissolution in an environment without difunctional carboxyl would result in the precipitation of clay minerals [31], which may have a significant content of radioactive elements. This would cause that the gamma ray log does not reflect the proportion of the primary fine-grained material. Therefore, it is necessary to investigate the diagenesis of subsurface samples to reveal whether clay precipitation occurs within the interval of interest.
The primary diagenetic process of the subsurface samples was compaction. Even though the present sample depth ranges between 2,700 and 2,300 m, the Xujiahe Formation was buried over 4,000 m [28]. Grains show a feature of long contact under observation through a polarising microscope (Figures 8A,E). Concave-convex or sutured contact is scarcely observed. The contact relation implies strong compaction which is corroborated by the presence of grain breakage in the thin sections (Figures 8A–C).
Metasomatism and dissolution are ways of secondary diagenesis in the studied samples. Dissolution mostly occurred in the plagioclase (Figure 8F). The average surface porosity generated by feldspar dissolution varies between 9.42 and 1%, and authigenic clay mineral precipitation can be observed (Figure 8C). The microphotographs show that crystalline calcite replaces the quartz, dissolved remnant of feldspar, feldspar and some clay matrix (Figure 8F). On account of the replacement of feldspar remnants by calcite, we suggest that feldspar dissolution is antecedent to calcite metasomatism.
Interpretation of Sedimentary Facies
Previous studies about sedimentary facies of the Xujiahe Formation in Anyue area commonly suggested that the depositional environment was either a lacustrine delta or meandering river system [27, 32–34]. Based on analyses of drilling cores and well logs, delta front and delta plain deposits were identified in the study area.
The interpreted delta front is dominated by silt, well-sorted fine-grained and medium-grained sandstones with grey or dark grey colours. Deposition of grey and dark grey fine-grained and medium-grained sandstone with fining-upward trends (Figure 10), cross-bedding, erosional base and parallel bedding (Figures 9A–C) shown in drilling cores was interpreted as subaqueous distributary channels. Bioturbation and slump structures were also observed in the beds interpreted as delta front deposits (Figure 9D). In the gamma ray well log, the subaqueous distributary channels show a box-shaped or bell-shaped geometry (see Ⅲ in Figure 10). Grey and dark grey silt and mud beds are interpreted as subaqueous inter-channel deposits (Figures 9E,F) which is featured by continuous high gamma ray readings in well logs. The interval with funnel-shaped geometry in the gamma ray log is interpreted as a mouth bar (see Ⅴ in Figure 10). Silt with wavy and horizontal bedding develops in the bottom of the mouth bar (Figures 9G,H) and coarsens upwards to fine-grained sandstone with parallel bedding and cross-bedding (Figure 10).
[image: Figure 9]FIGURE 9 | Photographs of drilling cores. (A) Fine-grained sandstone, plate cross bedding, Well Yue 112, 2,898.3 m; (B) Medium-grained sandstone, erosional base, Well Yue 3, 2,022.8 m; (C) Medium-grained sandstone, parallel bedding, Well Yue 101-87, 2,677.5 m; (D) Fine-grained sandstone interbedding mudstone, cross bedding, bioturbation and soft-sediment deformation, Well Yue 112, 2,407.7 m; (E) Silt mudstone, lenticular bedding, Well Yue 111, 2,288.6 m; (F) Siltstone, convolute bedding, Well Yue 101-87, 2,629.4 m; (G) Siltstone interbedding mudstone, wavy bedding, Well Yue 114, 2,256.5 m; (H) Mudstone, horizontal bedding, Well Yue 112, 2,348.1 m; (I) Coarse-grained sandstone, cross bedding, Well Yue 112, 2,342.3 m.
[image: Figure 10]FIGURE 10 | Histogram of Well Yue 112 showing drilling core log with sedimentary structure, facies interpretation, calculated grain size and measured grain size. The transparent grey blocks indicate representative difference between gamma ray well logs and the calculated grain size. Arrows with Roman numerals mark well log features for facies interpretation.
The delta plain deposits are dominated by well-sorted, medium-grained and coarse-grained sandstone of grey colour. Fine deposits were rarely observed in the cores. The deposits with parallel and cross-bedding are interpreted in terms of distributary channel fills (Figure 9G). In gamma ray well logs, these channels exhibit box-shaped or bell-shaped geometry (see Ⅰ and Ⅱ in Figure 10).
DISCUSSION ON GRAIN SIZE CALCULATION AND LITHOLOGY INTERPRETATION USING GAMMA RAY LOGS
Through the grain size analysis in the present study and the study of [17]; it has been revealed that the average grain size has a logarithmic relationship with the proportion of the fine fraction in delta and river systems (Figure 4). As discussed in the section of grain size analysis, the proportion of fine sediments decreases slowly with the increasing in the grain size. When using a linear relationship between the shale content and grain size to determine the lithology, the mis-interpretation may occur. The possible error is discussed in two circumstances below.
When using a linear relationship to evaluate the grain size and lithology using shale volume, the maximum shale volume is defined as clay or pure shale, and the minimum shale volume is defined as coarse-grained sediments. Therefore, a linear relationship between fine sediments and grain size is built up shown by the dotted line in Figure 4C. The first circumstance is for the sediments with lower grain size than 0.1 mm. In this circumstance, the grain size is a little over-estimated using the shale volume, and the predicted rangeability of the grain size with the shale volume is higher than the true variation (Figure 4C). For the circumstance with grain size higher than 0.1 mm, the grain size is more over-estimated using the linear relationship than the first circumstance, and the predicted fluctuation of grain size is much lower than the true variation (Figure 4C). Consequently, it suggests that when using a linear relationship to assess the grain size, the grain size of fine sediments is well reflected relative to the coarse sediments, but the grain size is generally over-estimated, which especially leads to regard siltstones as sandstones. Therefore, a conversion, in terms of the logarithmic relationship between average grain size and fine sediments, is needed to determine the lithology.
The gamma ray log is generally used to calculate the shale volume in clastic reservoirs, since the shale content is the predominant factor controlling the gamma ray readings [18]. However, the relationship between gamma ray logs and shale volume is not linear, and a modification for pre-Tertiary rocks has been reported by [21]. The modified shale volume is expressed as
[image: image]
where Vmsh is the modified shale volume, and Vsh is the shale volume calculated using Formula 1. In the present study, the gamma ray logs are normalized, and the normalized gamma ray value is equal to the shale volume (Vsh) calculated by Formula 1. Herein, the shale volume is used to represent the proportion of fine sediments. Substituting Formula 3 into the Formula 2 for f obtains
[image: image]
According to Formula 4, the variation of grain size following Vsh (normalized gamma ray logs) is shown in Figure 5A by the black curve. It shows a non-linear relationsip, and the tendency is similar to a logarithmic relationship between the grain size and fine sediments shown in Figure 3. Therefore, the grain size and lithology may be also mis-estimated using gamma ray logs according to a linear relationship. One thing should be noted is that the reason leading this mis-estimation is the dramatic decrease in gradient of Formula 4 around 100 μm. In this range of grain size, the lithology changes between siltstones and sandstones.
APPLICATION TO THE XUJIAHE FORMATION OF ANYUE AREA, SICHUAN BASIN
The interpretation of sedimentary facies suggests that the dominant depositional environments of the second member of Xujiahe Formation in the Anyue Area, Sichuan Basin, are the delta front and delta plain. Based on the grain size analysis of the modern sediment samples, a logarithmic relationship is assumed between the average grain size and the proportion of the fine material for the delta and river systems. As the logarithmic relationship, an empirical formula using logarithmic format was used to fit the relationship between the normalized gamma ray logs and grain size, and the formula is shown in Figure 5A with a correlation coefficient of 0.4. This formula indicates that the gamma ray log response appears to be sensitive to the variation in average grain size if the latter is below 100 μm. Above this grain size, the gamma ray values does not change significantly. Consequently, the average grain sizes of 68 wells were calculated using the normalized gamma ray logs based on the formula in Figure 5A obtained from Well Yue 112. Certainly, Formula 4 can be used to produce the grain size calculation using the normalized gamma ray logs, but the fitting formula built up using the data from the study area is more reasonable. As Figure 5A showing, although the Formula 4 has a similar tendency with the formula in Figure 5A, but the fitting curve of Formula 4 is under the measured grain size. This may be caused by using shale volume in Formula 4 instead of the proportion of fine sediments.
Detailed grain size information gives a better understanding of the sandstone distributioni and contributes to the evaluation of the hydrocarbon potential. In this research, we used the second member of Xujiahe Formation in the Anyue Area, Sichuan Basin, as an example to illustrate the significance of calculated grain size using the logarithmic relationship on investigating sandstone distribution and hydrocarbon potential.
Application to the Distribution of Sandstone
Comparing the variations in the values of gamma ray well logs, the calculated average grain size and measured average grain size of the Well Yue 112, it is found that 1) the calculated average grain size of some layers is lower than 0.01 mm, but these layers have a relative low gamma ray reading and are commonly interpreted as sandstone (see grey block c in Figure 10, 2) some layers with only a slightly lower gamma ray values are calculated as coarse-grained sandstone (see grey block b and e in Figure 10, 3) the variations in the calculated average grain size for sandstones show a more feasible depositional cyclicity than that expressed by the gamma ray well log (see grey block b and d in Figure 10).
The isoline maps of sandstone percentage of the study intervals were produced by Sichuan Oil Company, China Petrochemical Corporation through exploratory and production wells (Figure 11), and the mapping method has been introduced in the section of lithology interpretation. Internal reports of the oil company document the average sandstone content as a percentage of the thickness for each sub-member, ranging between 40 and 68%, and progressively increasing from the first to the fourth sub-member. For each sub-member, the percentage of thickness contributed by sandstone increases from southeast to northwest and is over 40% in most areas. Figures 11A–C show two successive areas of low sandstone ratio around Well Yue 101-18 and the zone of Well Yue 101-70, 122 and Mo 6 in the first, second and third sub-members. This result gives a rough outline of sandstone distribution. However, as the second member of Xujiahe Formation is entirely sand-rich, describing the sandstone distribution is not enough for the efficient delineation of reservoirs. In addition, the percentage sandstone thickness would be overestimated using shale volume calculated by the gamma ray logs, further increasing the uncertainty of the reservoir mapping.
[image: Figure 11]FIGURE 11 | Isoline maps of the sandstone content as a percentage of the thickness for each study intervals. The sandstone thickness is calculated by the Sichuan Oil company, and the lithology interpretation is according to the shale volume estimated using gamma ray well logs.
Through the suggested method, the average grain size of the study wells is obtained, and the sandstone is determined by the calculated grain size. In the present study, the isoline maps for the thickness percentage of 1) sandstones and 2) only medium-grained and coarse-grained sandstones were generated. Figures 12A,C,E,G show that the isoline maps of sandstone percentage have the same trend with those developed by the Sichuan Oil Company, but the areas with high sand ratio have a lower maximum value. The maximum percentage reported by the Sichuan Oil Company reached 90% and even 100% in some areas; however, our results were generally lower than 90% (Figures 12A,C,E,G).
[image: Figure 12]FIGURE 12 | Isochore maps of the percentage of thickness comprising of (1) all sandstones (A,C,E, and G) and (2) medium- and coarse-grained sandstones (B, D, F, and H) after grain size calculation from the gamma ray log. The transparent black blocks indicate the prolific well zones. The grey arrows marked by numbers show the inconsistent areas between the distribution of all sandstone and medium- and coarse-grained sandstone.
The mapping of sandstone distribution using the calculated average grain size is not only more accurate than the results of the oil field which is generated using the shale volume to determine the lithology, but also gives more detailed information that exhibit the distribution of sandstone with different grades of grain size. Figures 12B,D,F,H illustrate the distributions of medium-grained + coarse-grained sandstone. These two maps show similar trends, but the percentage content shows an overall decline not only in space but also in different period. In addition, several areas, marked by grey arrows, show inconsistency between sandstone distribution and medium-grained + coarse-grained sandstone distribution in Figure 12.
Application to Prediction of the Hydrocarbon Potential
The grain size is a significant factor in the estimation of reservoir properties including porosity and permeability. It is commonly thought that reservoirs with relatively large grain sizes or well sorting have a good porosity and permeability under the same conditions (e.g., diagenesis, burial depth) [35]. The diagenesis of the study intervals is dominated by compaction with moderate dissolution of feldspar. Therefore, grain size and sorting would greatly influence the porosity and permeability. In the present study, the influence of grain size is emphasized. However, without a reliable assessment of the average grain size, it is difficult to investigate either the relationship between grain size and reservoir properties, or the relationship between the grain size and the hydrocarbon potential.
Without grain size information, the previous works of Sichuan Oil Company attempted to study the relation between cumulative thickness of sandstone and hydrocarbon bearing reservoirs in a single well. The results are plotted in Figure 13 and indicate no clear correlation between the thickness of sandstone and the hydrocarbon potential. There are two possible reasons for the weak correlation. Firstly, as discussed above, the thickness of sandstone is likely to be over-estimated according to the shale volume calculated using Formula 1. The second is that the hydrocarbon accumulation may be selective about the grain size, and a sweeping statistic on the sandstone thickness is not enough.
[image: Figure 13]FIGURE 13 | Scatter diagram of accumulative thickness of hydrocarbon bearing layers against cumulative thickness of sandstone in a single well.
In the present study, sandstones are divided into fine-grained, medium-grained and coarse-grained sandstone in terms of the calculated average grain size, and the statistical analysis focus on the relative thickness of sandstones with different grain sizes in a single oil-gas bearing reservoir. Figure 14 illustrates the thickness proportion of fine-grained, medium-grained and coarse-grained sandstone in the cumulative thickness of oil-gas bearing reservoirs in every study well with production information. In most of the wells, the medium-grained and coarse-grained sandstones dominate the oil-gas bearing reservoirs, and only in a few wells are the hydrocarbons discharged into fine-grained sandstones. Herein, we conclude that valid reservoirs for hydrocarbon charging in our study area are dominated by medium-grained and coarse-grained sandstone. The high-yield wells are highlighted by transparent red blocks on the isochore maps of thickness percentage of medium-grained + coarse-grained sandstone (Figures 12B,D,F,H). In most of the high-yield wells, these grain size categories constitute a large percentage of the cumulative thickness. For our study area, this relation can be used as a criterion to delineate potential hydrocarbon-bearing reservoirs.
[image: Figure 14]FIGURE 14 | Histogram of the contents of fine-grained, medium-grained, and coarse-grained sandstone as a percentage of the cumulative thickness content of hydrocarbon bearing layers for the study wells.
CONCLUSION
Results of grain size analysis of modern depositional samples from river and delta environments reveal that the average grain size has a logarithmic relationship with the content of fine sediments defined as particles with a grain size lower than 0.01 mm. It demonstrates that when using linear relationship to determine the grain size and lithology, mis-estimation could occur and the rangeability of grain size would be over-estimated for fine sediments and under-estimated for coarse sediments. For subsurface sediments, the shale volume calculated using gamma ray well log is chosen to represent the content of fine sediments and to calculate the average grain size, since the value of gamma ray well log effectively reflects the content of original-deposited clay minerals. A formula was built up for the relationship between grain size and shale volume which is calculated using gamma ray logs.
Using this formula, the average grain size was calculated for all wells in the entire study interval. The results were applied for calibrating the lithological interpretation. Sandy deposits were possible to further sub-divide to fine-grained, medium-grained and coarse-gained sandstone, allowing the detailed mapping of sandstone distribution and revealing that the hydrocarbon-bearing reservoirs of our study areas are dominated by medium-grained and coarse-grained sandstone. The assessment of the grain size variation can also contribute to the reconstruction of sedimentary environments and depositional cycles. Consequently, this study suggests that the conversion of gamma ray well logs in terms of the logarithmic relationship is necessary for lithology interpretation in sandstone reservoirs.
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