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Abstract

:

Measuring total porosity in shale gas reservoir samples remains a challenge because of the fine-grained texture, low porosity, ultra-low permeability, and high content of organic matter (OM) and clay mineral. The composition content porosimetry method, which is a new method for the evaluation of the porosity of shale samples, was used in this study to measure the total porosity of shale gas reservoir samples from the Lower Silurian Longmaxi Formation in Southeast Chongqing, China, based on the bulk and grain density values. The results from the composition content porosimetry method were compared with those of the Gas Research Institute method. The results showed that the composition content porosimetry porosity values of shale gas reservoir samples range between 2.05% and 5.87% with an average value of 4.04%. The composition content porosimetry porosity generally increases with increasing OM and clay content, and decreases with increasing quartz and feldspar content. The composition content porosimetry results are similar to the gas research institute results, and the differences between the two methods range from 0.05% to 1.52% with an average value of 0.85%.
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1. Introduction


Total porosity is the key parameter for resource evaluation and petroleum reserve calculation, especially for shale gas reservoirs. Porosity is defined as the percentage of pore or void volume of the porous sample in the bulk volume. A pore is the part of rock occupied by fluids. This definition is complicated in shale due to the presence of clay minerals and the variability in organic matter (OM). For shale samples, total porosity is the water content having molecular interaction with clay minerals, plus the free fluid (water, gaseous, and liquid hydrocarbons) in the relatively larger open pore and capillary spaces [1]. The total porosity measurement for shale gas reservoir samples is a particular problem because shale gas reservoir samples are organic-rich, low porosity and ultra-low permeability with strong heterogeneity [2,3,4]. Routine core analyses and traditional methods for measuring the porosity of shale gas reservoir samples have unreliable accuracy and suitability [5,6,7]. The pore systems in shale gas reservoirs are complex and diverse due to different sedimentation and diagenesis processes with different contents, types, and maturities of OM [8,9,10,11]. Pores in shale gas reservoir samples are much smaller than those in conventional carbonate and sandstone reservoirs [12,13,14]. The pore types include microfracture, microchannel, intraparticle pore, intercrystal pore, organopore, and fossil fragment pore [15]. At present, the techniques available for the measurement of micro-pore characteristics of shale samples are divided into two categories: the radiation method and the penetration fluids method [16].



The radiation methods include scanning electron microscopy (SEM), field emission scanning electron microscopy (FE-SEM), backscatter mode (BS), transmission electron microscopy (TEM), small-angle neutron scattering (SANS), ultra-small-angle neutron scattering (USANS), three-dimensional (3D) reconstruction technology, and computed tomography (CT). Most provide direct visual observation of microscopic features in shale samples [17,18,19,20,21]. 3D image reconstruction technology can be used to investigate shale microstructure and analyze the characteristics of pores. For the radiation methods, a higher resolution corresponds to a smaller sample size [22], and the smaller samples are less representative given shale’s heterogeneity [16,19]. The penetration fluid methods include low temperature nitrogen adsorption/desorption (LTNA), mercury intrusion porosimetry (MIP), and nuclear magnetic resonance (NMR). The first two methods refer to injecting non-wetting fluid into a shale sample and recording the fluid volume and injection pressure. Then, the pore size distribution and specific surface area are calculated using several theoretical models [17,23,24,25]. Due to the differences in experimental environment (temperature and pressure) and injected fluid properties, LTNA and MIP methods have different detection ranges. The nanometer- to micrometer-scale pore systems in shale samples were evaluated by combining their results [17,23]. However, LTNA and MIP methods can only reflect interconnected pores, as the injected fluids cannot access isolated pores [16]. The result of the MIP method reflects the pore volumes connected by throats, corresponding to the pressure of injecting, which are much smaller than pore size [26,27]. NMR technology is used for evaluating the pore size distribution in saturated liquid samples [24], which can show the pore size and pore volume filling liquid regardless of the pores being connected or isolated.



Porosity measurement for shale is still challenging because of its fine-grained texture, low porosity, ultra-low permeability, and high content of OM and clay mineral. The Gas Research Institute (GRI) method is commonly used to evaluate the total porosity of shale gas reservoir samples. The GRI method uses the grain density and bulk density to calculate the total porosity of a shale gas reservoir sample [1,28]. There are several significant uncertainties in grain density measurement: (1) the crushing process is without standard, (2) the relative humidity (RH) of the measurement environment may change the gas saturation of the sample, (3) the pretreatment of hot toluene may dissolve macromolecular hydrocarbons and part of the solid bitumen [1], and (4) the matrix volume is underestimated because of the gas adsorbed by nanoscale pores.



A method using the results of quantitative X-ray diffraction (XRD) to calculate the total porosity of shale gas reservoir sample is introduced in this study. A systematic study of the method, including experimental uncertainty and the relationship between total porosity and content of various minerals, was performed on the Lower Silurian Longmaxi Shale in Southeast Chongqing, China. The results were compared with those of the GRI method on a series of parallel samples from the same depth.




2. Materials and Methods


2.1. Samples


Twenty-seven shale core samples from the Lower Silurian Longmaxi Shale of the Py1 well in Southeast Chongqing, China, were selected for measuring total porosity. Southeast Chongqing belongs to the Yangtze tectonic plate and is located in the Wuling Drape Zone and Western Hunan-Hubei Thrust Belt. The Xuefengshan Uplift and Sichuan Basin lie to the east and northwest of Southeast Chongqing, respectively (Figure 1). The sub-samples from these core samples were crushed to <425 µm (<40 mesh) powder to obtain representative homogeneous samples [29], which were used for the following experiments.




2.2. TOC, Maturity and XRD Analyses


OM characterization, such as total organic carbon (TOC) content, type, and thermal maturity, were obtained using the Leco TOC and the Rock Eval II methodology. OM content is determined by TOC value divided by carbon element weight percentage in OM [18]. The mineralogical compositions of the samples were obtained based on XRD patterns measured on randomly oriented powder preparations using an Ultima IV X-ray diffractometer (Rigaku, Tokyo, Japan) at 40 kV and 30 mA with Cu Kα radiation (λ = 1.5406 for CuKα1). The crystalline mineral proportions were calculated based on the areas under the peaks corresponding to each mineral and corrected using Lorentz Polarization [30]. In this measurement, we recorded the content of non-clay minerals, the total content, and the relative content of clay minerals.




2.3. CCP Method


The composition content porosimetry (CCP) method uses the grain density and bulk density to calculate the total porosity of a shale gas reservoir sample. The bulk density (ρB) of the sample is calculated using Equation (1). The bulk volume was measured by mercury immersion at less than 6.6 Pa (50 µm Hg) using Archimedes’ principle on a block sample of approximately 20 g without crushing. The bulk mass and grain mass were measured by balance set-up (Mettler Toledo AL104, readability 0.1 mg).


ρB=MBVB



(1)







The grain density (ρG) of the sample is calculated using Equation (2):


ρG=M/(m1ρ1+m2ρ2+…+mn−1ρn−1+mnρn)



(2)




where M is the unit mass of shale gas reservoir sample; m1, m2, …, mn−1, and mn are the masses of various mineral and organic matter components in terms of unit mass of shale gas reservoir sample; ρ1, ρ2, …, ρn−1, and ρn are the true density values of various minerals and OM; and n is the number of components in the shale gas reservoir sample (Table 1) [31,32]. The true density of the illite-smectite mixed layer was calculated by using the true density values of illite and smectite according to their relative content in the illite-smectite mixed layer.



The porosity (ΦCCP) of a shale gas reservoir sample measured by CCP is calculated using Equation (3):


ΦCCP=VB−VGVB×100%=M/ρB−M/ρGM/ρB×100%=ρG−ρBρG×100%



(3)







The total porosity measured by CCP is the total porosity, including the contributions of microfractures, microchannels, intercrystal pores, intracrystalline pores, and organopores.




2.4. GRI Method


In the GRI method, the bulk density was calculated using the bulk mass and the bulk volume, and the grain density was calculated using the grain mass and the grain volume. The bulk volume was measured by mercury immersion at less than 6.6 Pa (50 µmHg) using Archimedes’ principle on a block sample of approximately 20 g without crushing. The grain volume was measured using He pycnometry and Boyle’s law on the crushed sample, which was pretreated in an oven for 12–16 h at 80 °C to drive off any pore fluids such as water, oil and adsorbed gas. The bulk mass and grain mass were measured by balance set-up (Mettler Toledo AL104, readability 0.1 mg).





3. Results


3.1. Composition of Sample


The TOC content of the samples ranged from 0.11% to 4.12% with an average value of 1.58% (Table 2). The δC13 of organic carbon ranged from –32.04‰ to –28.78‰, which indicates that the kerogen is type I–II1. Vitrinite reflectance (Ro) ranged from 1.91% to 3.09% with an average value of 2.66%, which indicates that the organic matter is in the stage of high thermal maturity [33]. The mineralogical compositions of the samples are composed of illite and smectite (14.0–49%), quartz (20.3–50.3%), orthoclase + plagioclase (5.9–18.3%) and carbonate minerals (2.3–31.5%, including calcite and dolomite). The content of smectite in illite-smectite mixed-layer ranged from 5% to 15%.




3.2. Sample Density


The CCP grain density values of the samples were calculated using Equation (2). The bulk density, GRI grain density, and CCP grain density values ranged from 2.525 to 2.701 g/cm3, 2.636 to 2.787 g/cm3, and 2.625 to 2.824 g/cm3 with average values of 2.622 g/cm3, 2.728 g/cm3, and 2.731 g/cm3, respectively (Figure 2).




3.3. Porosity Values from CCP and GRI Methods


The CCP porosity values of the 27 shale gas reservoir samples were calculated using Equation (3). The CCP porosity and GRI porosity values of these samples ranged from 2.05% to 5.87% and 1.90% to 6.75% with average values of 4.04% and 3.91%, respectively (Figure 2). The difference in the maximum and minimum GRI porosity ranged from 0.01 to 1.08% with a mean of 0.40%.





4. Discussion


4.1. Relationship between Compositions and CCP Porosity


The CCP porosity values generally increased with increasing clay and OM content, except for a few samples (Figure 3a,b), and decreased with increasing quartz and feldspar content (Figure 4c,d). In samples with low OM content (<3%), the CCP porosity increased appreciably with total clay content (Figure 3a). CCP porosity also increased with OM content when the total clay content was less than 30% (Figure 3b). The OM and clay content significantly affect pore volume in shale samples. OM is the contributor of organic pores derived from hydrocarbon generation process via consuming OM. For high-maturity shale, the more the OM, the more the organic pores. Clay interparticle pores are among the major contributors to pore volumes with widths <100 nm [25]. Clay swelling may produce natural fractures in the shale sample and create additional pore volume [34]. In samples with low feldspar content (<10%), the total porosity decreased with carbonate content (Figure 3e). The organopores and clay intercrystal pores are important contributors to the total porosity due to the high thermal maturity of the Longmaxi shale [33,35]. Therefore, when the content of one of the two compositions is low, the porosity values increase obviously with the other composition content. The quartz and feldspar content increases with decreasing clay and OM content. Hence, the porosity values decrease with increasing quartz and feldspar content (Figure 3c,d).




4.2. Comparison of the Results of CCP and GRI Methods


To evaluate the precision of the CCP method, the CCP results were compared with those of the GRI method. The differences between the CCP and GRI results ranged from less than 0.01% to 3.27%. The trends in CCP and GRI porosity values were nearly the same for sample 1 to sample 27 (Figure 2). Several trends were identified in the comparison of CCP and GRI results, including grain density and porosity. The grain density values measured by the CCP and GRI methods declined with increasing OM and quartz content (Figure 4a,c), and increased with increasing carbonate content (Figure 4e). In the sample with high OM content, CCP grain density was lower than GRI grain density (Figure 4a). This behavior was the opposite in the sample with high total clay mineral content, low quartz content, and high carbonate content (Figure 4b,c,e). Grain density did not demonstrate any clear relationship with the feldspar content (Figure 4d). The CCP porosity values were larger than the GRI results in the sample with low OM and quartz content and high total clay mineral content, and were smaller than the GRI results in other samples with high OM and quartz content and low total clay mineral content (Figure 5a–c). The CCP porosity values did not exhibit a clear relationship between the feldspar content or carbonate content (Figure 5d,e).




4.3. Advantages of the CCP Method


The benefits of the CCP method include: (1) no standard core plug (2.5 cm diameter) is required; (2) it is based on some conventional measurements such as XRD analysis and organic carbon content analysis; and (3) the total porosity of shale gas reservoir samples can be measured, including the unconnected pores. Volumetric measurements based on gas are not only affected by leaks and temperature variation but also overestimate pore volume due to gas adsorbed by the organic-rich shale gas reservoir sample. The bulk density calculated from the bulk mass and bulk volume can be well controlled in the CCP methodology. The content of various minerals measured by XRD are less affected by different measurement environments. The CCP experiment is operable and credible, which makes it applicable to measuring porosity in shale gas reservoir samples. In addition, compared with other penetration fluid methods, such as GRI porosity, LTNA, MIP, and MNR methods, the CCP method is less affected by fluid (gas or water) adsorption. For the shale reservoir samples, the porosities derived from the penetration fluid methods are apparent porosities because of adsorption of OM and clay, as well as the permeability behaviors [36,37,38].




4.4. Disadvantages of the CCP Method


There are two disadvantages of the CCP method. The first is that XRD analysis only measures common minerals such as quartz, feldspars, and carbonates. It ignores uncommon minerals in the samples because of their low content. The other disadvantage is that the true density values of various minerals used in this paper are the average values of their maximum and minimum true density values. Although the differences between the average true density values and the actual density values are less than 0.35 g/cm3, the precision of the CCP result will be affected. The largest differences are due to the true density values of smectite and barite.





5. Conclusions


The results suggest that the CCP porosity values of shale gas reservoir samples range between 2.05% and 5.87% with an average value of 4.04%. The CCP method does not require a standard core plug and is based on conventional experiments. The CCP porosity generally increases with increasing OM and clay content, and decreases with increasing quartz and feldspar content. The CCP results were similar to the GRI results, and the differences between the two methods range from 0.05% to 1.52% with an average value of 0.85%. The disadvantages of the CCP method include ignoring content of uncommon minerals and the uncertainty in the true density values of various minerals.
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Figure 1. The stratigraphic column of the Py1 well and location of Southeast Chongqing, China. 
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Figure 2. The bulk density, grain density and porosity values of the samples using the composition content porosimetry (CCP) and the Gas Research Institute (GRI) methods. 
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Figure 3. The relationships between CCP porosity values and composition: (a) clay content, (b) organic matter content, (c) quartz content, (d) feldspar content, (e) carbonate content. 
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Figure 4. Comparison of the CCP grain density and GRI grain density values (variance σ2 = 0.0012): (a) clay content, (b) organic matter content, (c) quartz content, (d) feldspar content, (e) carbonate content. 
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Figure 5. Comparison of the CCP porosity and GRI porosity values (variance σ2 = 0.0143): (a) clay content, (b) organic matter content, (c) quartz content, (d) feldspar content, (e) carbonate content. 
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Table 1. The true density values of various minerals and organic matter (OM).
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	Density (g/cm3)
	Quartz
	Orthoclase
	Plagioclase
	Calcite
	Dolomite
	Pyrite



	Max true density
	2.65
	2.57
	2.76
	2.80
	3.20
	5.20



	Min true density
	2.22
	2.54
	2.61
	2.60
	2.86
	4.90



	Average true density
	2.44
	2.56
	2.69
	2.70
	3.03
	5.05



	Density (g/cm3)
	Barite
	Marcasite
	Smectite
	Chlorite
	Illite
	OM



	Max true density
	4.60
	4.90
	2.70
	3.60
	2.90
	1.20



	Min true density
	4.00
	4.80
	2.00
	3.60
	2.60
	1.20



	Average true density
	4.30
	4.85
	2.35
	3.60
	2.75
	1.20
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Table 2. The results of total organic content (TOC), maturity, and mineralogical composition of the samples.






Table 2. The results of total organic content (TOC), maturity, and mineralogical composition of the samples.





	Sample No.
	TOC (%)
	Ro (%)
	Quartz
	Orthoclase
	Plagioclase
	Calcite
	Dolomite
	Aragonite
	Pyrite
	Barite
	Clay
	I
	C
	I/S
	%S





	1
	0.17
	2.54
	22.2
	1.2
	6.2
	24.2
	3.1
	0.5
	1.4
	22.2
	41.0
	49
	17
	34
	5



	2
	0.11
	2.47
	25.7
	1.1
	5.4
	27.3
	4.9
	1.0
	1.9
	25.7
	32.6
	36
	18
	46
	5



	3
	0.13
	2.73
	28.3
	1.5
	5.6
	21.7
	6.7
	2.1
	1.9
	28.3
	32.1
	39
	20
	41
	5



	4
	1.48
	2.70
	31.1
	1.6
	8.2
	7.8
	/
	3.0
	2.8
	31.1
	44.0
	38
	15
	47
	5



	5
	1.51
	2.83
	26.6
	2.1
	4.7
	6.1
	3.6
	4.1
	2.3
	26.6
	49.0
	45
	13
	42
	5



	6
	1.40
	2.78
	26.6
	1.8
	8.6
	2.6
	3.3
	3.7
	3.4
	26.6
	48.6
	35
	16
	49
	5



	7
	0.46
	3.09
	42.0
	2.1
	17.2
	9.0
	10.7
	1.4
	2.2
	42.0
	14.9
	50
	11
	39
	5



	8
	0.78
	2.75
	38.5
	5.0
	12.3
	10.4
	6.7
	2.9
	2.1
	38.5
	21.3
	40
	10
	50
	5



	9
	1.12
	2.48
	35.6
	3.7
	12.8
	6.5
	3.2
	3.5
	2.4
	35.6
	31.2
	47
	5
	48
	10



	10
	0.84
	2.55
	34.2
	3.7
	12.2
	5.1
	3.6
	2.2
	3.7
	34.2
	34.5
	48
	12
	40
	5



	11
	0.99
	2.31
	34.9
	3.6
	12.0
	6.4
	4.5
	2.3
	1.4
	34.9
	33.9
	34
	14
	52
	5



	12
	1.21
	2.81
	34.2
	4.1
	12.7
	8.9
	6.2
	3.2
	2.1
	34.2
	27.4
	39
	11
	50
	5



	13
	1.25
	1.91
	40.1
	4.7
	12.6
	3.8
	4.2
	3.2
	1.5
	40.1
	28.7
	45
	15
	40
	10



	14
	1.37
	2.90
	35.0
	3.4
	11.0
	5.9
	2.8
	2.7
	3.5
	35.0
	34.3
	40
	10
	50
	10



	15
	1.55
	/ 1
	34.8
	3.3
	11.9
	5.9
	2.0
	3.5
	1.8
	34.8
	35.3
	48
	14
	38
	10



	16
	1.12
	2.91
	39.3
	3.9
	12.1
	3.8
	1.9
	2.4
	4.4
	39.3
	31.1
	40
	13
	47
	10



	17
	1.21
	/
	41.2
	5.6
	14.0
	3.4
	3.0
	2.0
	2.0
	41.2
	27.6
	47
	12
	41
	10



	18
	1.66
	2.66
	35.2
	4.0
	11.7
	5.3
	2.5
	1.8
	1.7
	35.2
	36.1
	44
	13
	43
	10



	19
	1.51
	2.59
	40.2
	3.5
	11.0
	4.1
	3.4
	1.7
	2.9
	40.2
	31.7
	50
	11
	39
	15



	20
	2.38
	2.76
	39.6
	4.0
	6.6
	14.7
	4.7
	5.0
	2.4
	39.6
	20.6
	56
	7
	37
	5



	21
	2.59
	2.50
	40.3
	3.6
	7.8
	7.2
	5.7
	5.0
	2.1
	40.3
	25.7
	59
	9
	32
	10



	22
	3.32
	2.81
	43.4
	2.7
	6.6
	8.5
	5.6
	5.1
	2.5
	43.4
	22.3
	43
	14
	43
	5



	23
	3.90
	2.68
	44.8
	2.8
	7.6
	4.8
	2.1
	3.6
	2.9
	44.8
	27.5
	65
	9
	26
	10



	24
	3.81
	2.87
	50.5
	3.0
	6.6
	5.5
	2.2
	4.2
	4.8
	50.5
	19.4
	45
	8
	47
	10



	25
	4.12
	2.57
	34.3
	1.5
	10.7
	2.3
	4.4
	/
	3.1
	34.3
	39.6
	35
	14
	51
	5



	26
	2.52
	2.79
	33.4
	5.1
	9.8
	0.0
	6.6
	2.2
	1.7
	33.4
	38.7
	36
	7
	57
	5



	27
	0.27
	2.49
	35.2
	2.6
	8.4
	1.1
	2.1
	1.1
	1.4
	35.2
	47.8
	46
	8
	46
	10







1 / represents no data. I represents illite. C represents chlorite. I/S represents illite/smectite. %S represents the weight percentage of smectite in the illite/smectite.
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