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Abstract

:

Porosity and water saturation are the most critical and fundamental parameters for accurate estimation of gas content in the shale reservoirs. However, their determination is very challenging due to the direct influence of kerogen and clay content on the logging tools. The porosity and water saturation over or underestimate the reserves if the corrections for kerogen and clay content are not applied. Moreover, it is very difficult to determine the formation water resistivity (Rw) and Archie parameters for shale reservoirs. In this study, the current equations for porosity and water saturation are modified based on kerogen and clay content calibrations. The porosity in shale is composed of kerogen and matrix porosities. The kerogen response for the density porosity log is calibrated based on core-based derived kerogen volume. The kerogen porosity is computed by a mass-balance relation between the original total organic carbon (TOCo) and kerogen maturity derived by the percentage of convertible organic carbon (Cc) and the transformation ratio (TR). Whereas, the water saturation is determined by applying kerogen and shale volume corrections on the Rt. The modified Archie equation is derived to compute the water saturation of the shale reservoir. This equation is independent of Rw and Archie parameters. The introduced porosity and water saturation equations are successfully applied for the Ordovician Goldwyer formation shale from Canning Basin, Western Australia. The results indicate that based on the proposed equations, the total porosity ranges from 5% to 10% and the water saturation ranges from 35% to 80%. Whereas, the porosity and water saturation were overestimated by the conventional equations. The results were well-correlated with the core-based porosity and water saturation. Moreover, it is also revealed that the porosity and water saturation of Goldwyer Formation shale are subjected to the specific rock type with heterogeneity in total organic carbon total clay contents. The introduced porosity and water saturation can be helpful for accurate reserve estimations for shale reservoirs.
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1. Introduction


The organic-rich shale reservoirs have gained increasing attention in the last decades due to the depletion of conventional reservoirs [1,2]. For reliable volumetric calculation of the reserve, the porosity and water saturation are the most critical parameters to estimate [3,4,5,6]. The shale reservoirs contain free and adsorbed gases. The free gas associates within the pore spaces whereas the adsorbed gas is usually linked with the clay minerals and organic matter [2,4,7,8,9,10]. However, the complex pore system and organic matter together with inorganic mineral constituents affect the well logging tool responses needing to take them into account during petrophysical evaluation. Previous studies demonstrate that the porosity can be overestimated by using empirical equations without applying kerogen corrections. Therefore, the conventional approaches for porosity estimation are not feasible for organic-rich shale reservoirs. Many authors selected petrophysical models based on wireline logs to generate a set of simultaneous equations to estimate the kerogen content, mineral volume, and pore volume [7,11,12,13]. The introduced methods are most suitable for composition computation; however, it is hard to accurately determine all the required coefficients. Similarly, few authors standardised the well logs by multiplying the log data with defined coefficients to match the results with the core-derived porosity [12]. However, such equations were limited to a specific area and data set due to heterogeneity of shale in terms of thermal maturity, mineral composition, and organic matter content. Moreover, the organic-rich shales consist of the organic as well as matrix porosities [5,10,14,15,16]. In this study, the porosity for the shale reservoir is estimated by using a kerogen corrected density log, and the kerogen porosity is calculated by using a mass balance method based on original total organic carbon (TOCo) and kerogen maturity. The core-based total organic carbon (TOC) and porosity were used to validate the results.



Similarly, the accurate estimation of water saturation also plays a key role in economic evaluations of shale reservoirs. However, the investigations of the water saturation determination methods did not get much attention in the literature. Already available water saturation equations, e.g., Archie and Simandoux work better for conventional reservoirs (e.g., sandstone and shaly sands) [17,18]. However, the accurate determination of the unknown parameters such as formation water resistivity (Rw), cementation exponent (m), and saturation exponent (n) is very challenging for shale reservoirs [2,4,19,20,21]. The shale reservoir is a mixture of inorganic material (e.g., clays and detrital grains), kerogen, clay bound water, free and capillary held water, free and adsorbed gas [2,4]. However, the resistivity tool measures a reflection of constituent minerals and fluids of shales. Therefore, it is very critical to correct the resistivity log for shale and kerogen effects. In this research, a water saturation equation independent of water resistivity and Archie’s parameters is introduced. Based on core derived water saturation validation, this equation worked very well as compared to other equations. However, it is always hard to take and interpret pressurised core samples from shale reservoirs. Therefore, sometimes it is impractical to measure water saturation through core samples in shale.



A case study from organic-rich Ordivician Goldwyer Formation (Goldwyer-III shale unit), Canning Basin, Western Australia is presented to verify both techniques for porosity and water saturation estimations. The Goldwyer Formation of Lower to Middle Ordovician age has an average thickness of almost 400 m, whereas, it’s the thickest encounter (740 m) is recorded in Blackstone 1, a Lennard Shelf Sub-basin well. The Goldwyer shale is deposited in an open marine setting [22] having thin laminations of quartz silt and carbonates bands with alternating black shale layers. The mineral composition of Goldwyer shale includes quartz, carbonates, clay minerals, and pyrite [14]. The illite is a more abundant clay mineral in this shale. The Goldwyer shale is thermally mature having kerogen types-II and III and the total organic carbon content (TOC) varies from 0.35 to 4.5 wt% [23,24]. The results indicate a good match between core-based and corrected well logs-based estimations. Archie equation overestimated the water saturation, however, the proposed modified equation provided us better results. [25,26].




2. Materials and Methods


As illustrated in the simple shale reservoirs petrophysical model (Figure 1), the organic-rich shales are composed of kerogen and non-kerogen parts. A systematic workflow is developed to estimate the porosity and water saturations by considering the organic matter and matrix of the shale.



2.1. Porosity Estimation


The conventional density-based porosity equation is described in Equation (1):


  Ø D =      ρ  m a   −  ρ b     ρ  m a   −  ρ f     



(1)




where   Ø D    = density porosity (%),    ρ  m a     = matrix density (g/cc),    ρ b    = bulk density (g/cc),    ρ f    = fluid density (g/cc). Unlike in conventional reservoirs (sandstone or limestone), the bulk density acquired through density log in organic-rich shale usually overestimates the porosity. Therefore, the kerogen correction is applied to avoid porosity overestimation. The kerogen volume is determined by using Equation (2) [25]:


   V k  =     γ × T O C ×  ρ b    100 ×  ρ k     



(2)




where,    V k    is the kerogen volume (fractions); TOC is total organic carbon content (wt %);    ρ b    is the bulk density from the density log (g/cc);  γ  is the kerogen conversion factor; and    ρ k    is the kerogen density (g/cc). TOC is determined by the rock eval pyrolysis method on powdered shale samples, and the continuous TOC for the whole interval is estimated by Passey method [27];  γ  is proposed by [25], and the selected values are shown in Table 1.



For this study, based on rock eval pyrolysis results, the kerogen types are 30% type-II and 70% type-III. Therefore, the kerogen conversion factor for the studied formation is calculated as 1.18; and    ρ k    is determined by the relationship of lab-based TOC and reciprocal of lab-based derived grain density on shale samples by the Equation (3). A good relationship between TOC and reciprocal of grain density (   ρ g    read as RHOG) is observed in Figure 2. The Equation (3) is derived based on the relationship between TOC and reciprocal of grain density (Figure 2).


   1   ρ g    = A × T O C + B  



(3)







   ρ g    is the matrix density if TOC is zero and    ρ     g     k        is kerogen density if TOC is 100%. A and B are based on the linear relationship seen in Figure 2. From the relation found in Figure 2, the matrix density for the samples of this study is 2.79 g/cc, and kerogen density is 1.24 g/cc. The well logs are calibrated by eliminating the kerogen effect, and the following equations Equations (4) and (5) are applied for matrix porosity estimation through density log:


   ρ  b  k c    =      ρ b  −  ρ  k ×  V k      1 −  V k     



(4)






  Ø k c =      ρ  m a   −  ρ  b k      ρ  m a   −  ρ f     



(5)




where,    ρ  b  k c        is kerogen corrected bulk density (g/cc);    ρ k    is kerogen density (g/cc);    V k      is kerogen volume (fractions) and   Ø k c   is kerogen corrected density porosity (%). As the porosity in organic-rich shale is associated with organic matter and inorganic minerals, so it is crucial to estimate the porosity within organic matter (kerogen). An equation for kerogen porosity was proposed by [28] using mass-balance relation Equation (6).


   Ø k  =  (   [  T O  C o  ×  C c   ]  × γ  )  T R      ρ b   ρ   k   



(6)




where,    Ø k    = kerogen porosity (%), TOCo = original total organic carbon, Cc = convertible carbon fraction and TR = transformation ratio.


  T O  C o  =   T O C   1 − T R ×  C c     



(7)






  T R = 1 −   H  I p   [  1200 − H  I o   (  1 − P  I o   )   ]    H  I o   [  1200 − H  I p   (  1 − P  I p   )   ]     



(8)




where: HIp = present hydrogen index (mg/g), HIo = original hydrogen index (mg/g), PIp = present production index and PIo = original production index. The following equations were used to estimate the original hydrogen index and present hydrogen index proposed by [28]:


  H  I o  =   T y p e I I   100   × 450 +   T y p e I I I   100   × 125  



(9)







For this study:


  H  I o  = 225   mg / g  










  H  I p  = 170   mg / g  











S1/S1 + S2 =   P  I p  = 0.35  



The convertible carbon fraction is determined by using the relationship proposed by [29], such as    C c  = 0.085 × H  I o   =18.91%.



Although, the transformation ratio (TR) can be determined by Claypool equation as explained in Equation (8) [28]. However, for this study, the TR value is taken as 88% that is adapted from [24,30] based on organic geochemistry and basin modelling of Goldwyer shale. So, the equation for kerogen porosity will be as Equation (10). By eliminating the kerogen effect and adding the kerogen porosity Equation (11), the final Equation (12) is applied to compute total density porosity for shale reservoirs.


   Ø k  = 0.2 × T O C ×  ρ b   



(10)






  Ø  D  T o t a l   =  [   (     ρ  m a   −  ρ  b  k c       ρ  m a   −  ρ f     )  +  Ø k   ]   



(11)






  Ø  D  T o t a l   =  [   (     ρ  m a   −  (     ρ b  −  ρ  k ×  V k      1 −  V k     )     ρ  m a   −  ρ f     )  +  (  0.2 × T O C ×  ρ b   )   ]   



(12)








2.2. Calculation of Water Saturation


The water saturation estimation in shale is mainly dependent on its organic (kerogen) and inorganic components (minerals). Archie equation [17] is mainly popular for water saturation calculation in clean reservoirs. The equation was developed based on a function between formation conductivity and the conductivity of fluids in the pore spaces of a reservoir, such as:


   C t  =    S w n  ×  C w   F   



(13)




where    C t    = total conductivity (ohm−1 m−1),    C w    = formation water conductivity (ohm−1 m−1), n = saturation exponent usually equals to 2,    S w    = water saturation (%). The equation can be written in terms of resistivity as follows:


   1   R t    =    Ø m  ×  S w n    a ×  R w     



(14)




where    R t    = true resistivity measured by logging tool (ohm-m),  Ø  = porosity (%), m = cementation exponent, n = saturation exponent usually equals to 2,  a  = tortuosity factor usually considered as 1 and    R w    = formation water resistivity (ohm-m). The Equation (14) is known as the Archie equation for clean formations. Later, this equation did not provide acceptable and accurate results for the shaly formations. Therefore, other approaches such as Simandoux considered the shale effect on water saturation and developed an equation Equation (15) by considering the volume of shale in the equation that was further modified by Schlumberger, 1972 and the modified Simandoux equation is [18]:


   1   R t    =    Ø m  ×  S w n    a .  R w  ×  (  1 −  V  s h    )    +    V  s h   ×  S w     R  s h      



(15)




where    R  s h     is the resistivity of shale (ohm-m) and    V  s h     is the volume of shale (fraction). The conventional water saturation models, e.g., Simandoux equation, modified Simandoux, total shale, and modified total shale equations provided better results for shaly formations as these equations are derived based on the conductivities of clays and non-clay matrix. However, these models overestimate the water saturation for organic-rich shales. Therefore, a modified water saturation equation is applied in this study. An equation was proposed by [2,4] for water saturation calculation for shale reservoirs. The derivation details of the equation are explained by [17] simplified equation for water saturation:


   S w  =      R o     R t       



(16)




where,    R o    is the rock resistivity in lean shale interval where water saturation is deemed 100% (ohm-m) and    R t    is the rock resistivity in the organic-rich shale reservoir with some degree of oil/gas saturation (ohm-m). Therefore, Ro and Rt are the key parameters for water saturation calculations.



As the organic-rich shale reservoirs have a higher content of total clay and organic matter it is necessary to conduct corrections (total organic carbon and total clay) for the true formation resistivity (Rt). The clay minerals decrease the formation resistivity and the kerogen increases the resistivity. So, the TOC and shale corrections are used for Rt. First, the correlation is developed between true resistivity log and TOC measurements (on powdered shale samples through rock eval pyrolysis) (Equation (17), Figure 3).



A negative correlation Equation (18) is found between laboratory-based water saturation measured on shale samples and rock eval pyrolysis-based TOC. This relationship shows that with the increase in TOC, the water saturation reduces that provides an indication of hydrocarbon saturation in the shale interval (Figure 4).


  T O C = 0.1635 ×  R t   



(17)






  S  w  c o r e   = − 0.0981 × T O  C  c o r e   + 0.825  



(18)







The true resistivity is corrected in terms of subtracting a factor A Equation (19) due to TOC that can be evaluated by making arrangements, such as:


  A =  V k 2  ×  R k   



(19)







If TOC is 100% then Rt will be considered as kerogen resistivity    R k    (based on Equation (17)) so for this study based on Figure 3    R k    = 613 ohm-m and Figure 5 Rsh = 1.97 ohm-m are used.



Based on the correlation, the   T O  C  m a x     is found as 4.91 wt %. Another factor B Equation (20) because of clay minerals effect on resistivity is defined by many authors [18,31,32], such as:


  B =  V  s h     2  ×  R o   



(20)







The squared form of the shale volume will be more convincing in the calculation of reduced resistivity as a result of shale volume. It can be due to the nonlinear relationship between Ro and Rw in shales [18,31]. For this study, the Ro is taken as 1.97 ohm-m (Figure 5).



By compensating the shale and organic matter effects on the true resistivity, the modified equation is introduced as:


   S w  =      R o     R t  − (  V  k r  2  ×  R k  ) + (  V  s h  2  ×  R  s h   )      



(21)









3. Results and Discussion


In this section, the applications of proposed porosity and water saturation equations are implemented for the Ordovician Goldwyer shale formation drilled in Theia-1, Pictor East-1, and Canopus-1 wells in Canning Basin, Western Australia.



The kerogen corrected total porosity (matrix porosity plus kerogen porosity) was estimated by using Equation (12). The total porosity on crushed shale samples (core porosity) ranges from 2 to 13%, measured through the difference between the bulk volume of shale samples and the grain volume of the crushed, cleaned, and dried samples. The Goldwyer shale porosity shows the same range of porosity as most of the organic-rich shales [5,7,14,33,34,35,36]. The Goldwyer shale consists three types of pores such as organic pores, interparticle and intraparticle pores as shown in Figure 6. The results show that the conventional porosity estimation through density log overestimates the porosity that may affect the accurate reserve estimation in shale. Such as, the porosity based on Equation (1) provided the porosity range from 8 to 15% for Goldwyer shale (Figure 7). However, after applying the kerogen corrections, the corrected porosity ranging from 5 to 10% gives more accurate results that can be well-compared with core porosity (Table 2 and Figure 7). Moreover, the clay minerals also affect the pore structure of shale that directly affects the water saturation [37,38]. The Goldwyer shale also consists interparticle pores influenced by illite that may change the water saturation (Figure 6). The core derived TOC varies from 0.35 to 4.5 wt % in this study. The log derived TOC matches well with core-based TOC and the equivalent kerogen volume also validates the results (Figure 7). It can also be observed in Table 2 and Figure 7 that the clusters (e.g., siliceous and argillaceous shales) with higher TOC value have higher porosity (about 8–10%) due to the addition of organic pores (kerogen porosity) in the matrix porosity.



The water saturation was estimated by Equation (21) by considering the kerogen and shale effects on the resistivity. The required kerogen volume and kerogen resistivity were computed by using the data set (well logs) and core information from three wells (Theia-1, Pictor East-1 and Canopus-1) drilled in Canning Basin. The results for Theia-1 well are illustrated in Figure 7. Similarly, the shale resistivity was taken based on the data set for these three wells. It can be observed in Figure 7 that with the increase in shale volume (e.g., at depth 1546.5 m), the deep resistivity is decreased that enhances the water saturation. In conventional reservoirs, shale resistivity is usually determined from the averaged deep resistivity log reading against shale interval having higher gamma-ray log reading. However, in shale reservoirs, the shale resistivity is obtained from the average reading of the deep resistivity log against an organic lean interval. In this study, the shale resistivity in the organic lean interval is determined as 1.97 ohm-m based on the relationship between shale volume and true resistivity developed by this study (Figure 5). It is impractical to determine the fluid-water contact in heterogeneous shale reservoirs; therefore, an organic lean shale is treated to be fully brine saturated rock, Sw = 1 [4].



In the same way, the zones with higher TOC value and kerogen volume (such as organic-rich siliceous shale–cluster 3 (siliceous shale) at depth 1550 m) have the lowest water saturation. The inverse relationship between core-based TOC and Sw is also confirmed in this study (Figure 4). So, the kerogen resistivity (   R  k r     = 613 ohm-m) is determined by Equation (17) by putting TOC value as 100%. Therefore, the modified Archie equation applied in this study provides much better results (well correlated with core derived Sw) than the Simandoux equation (Table 2 and Figure 7). It can be observed that the Simandoux method overestimated water saturation as it is impossible to have more than 100% Sw. Another key factor of this overestimation is inaccurate determination of water resistivity and cementation exponent (m) values. Therefore, the modified Archie equation applied in this study is simple and accurate subject to the resistivity corrections for shale and kerogen.




4. Conclusions


In this research, effective equations for two critical petrophysical parameters of shale reservoirs (total porosity and water saturation) have been introduced. These equations are compensated based on kerogen effects for density logs to estimate more accurate total porosity. Similarly, the resistivity log was corrected based on kerogen and shale effects to compute the accurate water saturation for shale reservoirs. This study shows that the density log overestimates the total porosity (8–15%). Whereas the total porosity based on kerogen corrected density log and kerogen porosity matches perfectly with the core-based porosity having porosity ranged from 5 to 10%. In the same way, the Simandoux equation overestimated the water saturation with more than 100% Sw in most of the intervals. However, the proposed water saturation equation (modified Archie’s equation) provided better results and correlation with core-based water saturation ranged from 35 to 80%. Moreover, the introduced modified Archie equation is independent of water resistivity and Archie parameters as these inputs are very difficult to obtain for shale reservoirs. It is also revealed that the porosity and water saturation in shale reservoirs are mainly dependent on the specific rock type. Such as the cluster-2 (mixed shale lithofacies with mixed lithologies and moderate TOC value) and cluster-3 (siliceous shale lithofacies with higher silica, less clay content and moderate to high TOC) have more shale gas potential in Goldwyer shale due to higher porosity and water saturation. This study has proposed a step to step workflow for accurate estimation of porosity and water saturation based on well logs for organic-rich shale. This workflow will be helpful for accurate reserve estimations in the shale reservoirs.
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Nomenclature




	   Ø D   
	density porosity



	    ρ  ma     
	matrix density



	    ρ b    
	bulk density



	    ρ f    
	fluid density



	    ρ b    
	bulk density (g/cc)



	  γ  
	kerogen conversion factor



	    ρ k    
	kerogen density (g/cc).



	    ρ g    
	grain density



	    ρ  b k     
	kerogen corrected bulk density



	  Ø  
	porosity



	   Ø k   
	kerogen porosity



	      Ø D    Total     
	total density porosity



	  a  
	tortuosity factor



	Cc
	convertible carbon fraction



	    C t    
	total conductivity



	    C w    
	formation water conductivity



	HIp
	present hydrogen index



	HIo
	original hydrogen index



	m
	cementation exponent



	n
	saturation exponent



	PIp
	present production index



	PIo
	original production index



	    R w    
	formation water resistivity



	    R  s h     
	resistivity of shale



	    R t    
	true resistivity in ohm-m



	    R o    
	the rock resistivity in lean shale interval where water saturation is deemed 100%



	Rk
	Kerogen resistivity



	    S w    
	water saturation



	TOC
	total organic carbon content



	TOCo
	original total organic carbon



	TR
	transformation ratio



	    V k    
	kerogen volume in fractions



	    V  sh     
	volume of shale
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Figure 1. A typical conceptual petrophysical model for shale reservoirs showing kerogen porosity Øk and non-kerogen Ønk (inorganic matrix) porosity, modified from Yu et al. [5]. 
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Figure 2. The direct relationship between core-based derived total organic carbon and reciprocal of grain density providing helpful information for estimation of kerogen and matrix densities. 
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Figure 3. Direct relationship between true resistivity and measured total organic carbon showing influence of organic matter on resistivity tool. 
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Figure 4. An inverse relationship between core-based total organic carbon and water saturation showing the fact that the organic matter increases gas saturation. 
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Figure 5. The shale resistivity estimation based on shale volume and true resistivity relationship. 
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Figure 6. Different pore types observed in Goldwyer shale based on scanning electron microscope images, such as (a) interparticle pores indicated by white arrows and intraparticle pores indicated by red arrows; (b) organic matter pores (OM), mineral components include calcite (cal), quartz (qtz) and illite. 
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Figure 7. Petrophysical evaluation of Goldwyer shale providing accurate estimation of porosity and water saturation through proposed equations as validated by core-based measurements. Track-1: Depth in meters; Track-2: Cluster analysis to identify cluster based facies; Track-3: Gamma ray log; Track-4: Deep resistivity log; Track-5: Density log; Track-4: Sonic (DT) log; Track-4: Kerogen volume; Track-4: Shale volume based on Gamma ray log; Track-4: TOC based on Passey’s method and core measurements; Track-4: Kerogen corrected total density porosity (PHIDKc) based on proposed equation in this study, density based porosity (PHID) & Total porosity based on core samples; Track-4: Water saturation (Sw) based on Simandoux equation (overestimated) and modified Archie’s equation (by this study) and core derived Sw. 
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Table 1. Conversion factors for total organic carbon (TOC) to kerogen, adapted from Tissot and Welte [25].
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Stage

	
Type of Kerogen






	

	
I

	
II

	
III




	
Diagenesis

	
1.25

	
1.34

	
1.48




	
End of Catagenesis

	
1.20

	
1.19

	
1.18
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Table 2. Comparison of averaged total porosity and water saturation determined by conventional equations (PHID and Sw_Simandoux) and introduced by this study (PHIDKc and Sw_modified Archie). The conventional equations overestimated the porosity and water saturation in shale.
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	Cluster
	Lithofacies
	TOC
	PHIDKc
	Sw_Modified Archie
	PHID
	Sw_Simandoux





	
	
	(wt. %)
	%
	%
	%
	%



	Cluster-1

(Blue)
	Calcareous shale
	0.7
	5
	55
	6
	90



	Cluster-2

(Olive)
	Mixed shale
	1.4
	8.5
	45
	10
	80



	Cluster-3

(Yellow)
	Siliceous shale
	2.5
	8
	35
	12
	45



	Cluster-4

(Grey)
	Argillaceous shale
	3.5
	9
	80
	13
	>100
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