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Summary

Gas content is a key parameter for the determination of the gas resources in unconventional reservoirs. In this study, we propose a
novel method to evaluate the gas content of shale through a new perspective: fractionation of carbon isotopes of methane. At first, a
bicomponent gas-convection/diffusion/adsorption model (BG-CDAM) is successfully built with consideration of the flow and adsorp-
tion difference between 13CH4 and 12CH4 in the nanoporous shale. A detailed understanding of the mechanism of fractionation of the
isotopes is obtained for the first time and the Knudsen-diffusivity difference is identified as the dominant factor for fractionation accord-
ing to the different molecular weights of the isotopes. Then, the simulated results of BG-CDAM and the measured data from an
isotope-logging test are combined to determine the unknown parameters for gas-content calculation. The proposed method for organic
shale is valid and useful to obtain the quantitative component proportion in gas content, such as lost gas, degassing gas and residual
gas, or free gas and adsorption gas. Thus, this method could provide a promising means for the identification of sweet spots in shale-gas
reservoirs. Moreover, the method might have the potential to economically and rapidly evaluate the remaining resources in producing
wells in future applications.

Introduction

Shale gas is the natural gas retained and accumulated in source shale and it is characterized as self-generating and self-storing. It
is mainly stored in shale reservoirs in the forms of free gas and adsorption gas. Adsorption gas, with proportion ranges from 20 to 85%
(average of 50%) of the total gas in shale (Curtis 2002; Zhang et al. 2004), has a close relationship with the gas content (Meng et al. 2016).
Although there might be a wide range of gas content in organic-shale formations, only when gas content reaches a certain level (for exam-
ple, the gas-content limit in the US is 0.5 to 1.0 m3/t) can it be considered economical to develop (Zhang et al. 2012). The exploration and
development of shale gas have attracted extensive attention around the world. For shale-gas exploration, the search and evaluation of
sweet spots have always been the primary consideration. Gas content plays an important role in the identification of sweet spots.

Over the past few decades, several methods, including both indirect and direct methods, have been established for the evaluation of
shale- and coalbed-gas content. Indirect methods generally involve estimating free-gas content from well-logging measurements and
estimating the adsorbed-gas content from adsorption isotherms in the laboratory (Dang et al. 2017). The free-gas amount is dependent
on the measurements of porosity and saturation, whereas the amount of adsorbed gas is obtained by high-pressure methane-isotherm
adsorption. Therefore, gas content in shale can be calculated by summing the adsorbed- and free-gas contents. Unlike indirect methods,
direct methods measure the amount of gas actually released from shale samples and are often preferred because of their reliable and pre-
cise gas-degassing data. It is worth noting that to avoid confusion, in this paper, the expulsion of methane from the shale rock is referred
as “degassing,” and the release of methane from the pore surface is referred as “desorption.” Direct methods include the US Bureau of
Mines (USBM) method (Diamond et al. 1985; Pillalamarry et al. 2011), the Smith and Williams (1981, 1984) method, the Amoco
curve-fit (ACF) method (Dan et al. 1993), and the modified-curve-fit (MCF) method (Yuan et al. 2014). These direct methods generally
involve a three-step process. First, shale samples are retrieved and sealed in a degassing canister. The amount of the released gas
replaced by water is designated as “degassed gas.” Second, the “residual gas” is determined by collecting the released gas after grinding
the core samples. The third step is to estimate the “lost gas” from the gas-degassing data using different methods (Dang et al. 2017).
For example, the USBM method considers the degassing of gas from cores as a diffusion process by spherical particles with a constant
initial gas concentration and a surface concentration of zero. The method uses some early degassing data to estimate the lost-gas con-
tent. The ACF method is different from the USBM method, in that it uses only the partial degassing data, by fitting all the gas-
degassing data to obtain the lost gas. Yuan et al. (2014) noted that both the USBM and ACF methods apply the “unipore” model, which
is inadequate to describe the gas-releasing process of organic-rich shale that has a heterogeneous pore-size distribution over the entire
time. They proposed a new method, MCF, that uses a “bidisperse” diffusion model of macropores and micropores to fit all degassing
data. However, the USBM, ACF, and MCF methods do not consider that the diffusivity varies with pressure through the degassing pro-
cess, which will induce errors because many studies have shown obvious non-Darcy effects in gas transport in shale (Javadpour 2009;
Civan et al. 2010; Darabi et al. 2012). In addition, many researchers noted that the lost gas is the most unreliable part of the total gas
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content in the existing methods (Dang et al. 2017). The method for residual gas content is also imprecise. Since 2008, many researchers
from different institutions and universities in China have performed many assessments for shale-gas resources. In many exploited gas
wells, the shale-gas-content evaluations apply the conventional gas-degassing methods and equipment used for coalbed gas. The USBM
direct method is most used in the estimation for the lost gas of shale (Dang et al. 2017). Although many scholars have proposed some
improvement and optimization methods for gas-content measurements (Liu et al. 2010; Ying et al. 2011; Hu et al. 2014), it is still difficult
to obtain an accurate lost-gas amount. Whether the USBM method is applicable to Chinese shale gas is still in doubt (Yao et al. 2016).

So far, the carbon-isotope composition of gas is widely used in hydrocarbon exploration to determine the composition and thermal
maturity of source rocks (Feng et al. 2016; Wei et al. 2016; Zhang et al. 2018). Golding et al. (2013) summarized the studies of stable-
isotope geochemistry of coalbed and shale gas and related production waters and noted that detailed studies about the stable isotope are
essential to determine their gas origins and dominant methanogenic pathway. The analyses of Australian coal and marine-shale samples
indicate that during gas desorption, both molecular and isotopic compositions change with time, yet many published classification sys-
tems relating the isotope composition of gas to source rock and thermal maturity do not consider the effects of such isotope fractiona-
tion (Faiz et al. 2018). Therefore, a detailed understanding of the mechanism of isotope fractionation is required to improve our ability
to characterize source rocks and fluids. However, the research on carbon-isotope fractionation of methane is far from complete. Cui
et al. (2009) and Yi et al. (2009) considered the fractionation caused by the different transitions between the adsorbate phase and the
free-gas phase of 13CH4 and 12CH4. However, instead of adsorption, Zhang and Krooss (2001), Schloemer and Krooss (2004), and
Richter et al. (2006) described isotope fractionation caused by gas migration considering pure-diffusion models. By coupling adsorp-
tion/desorption and diffusion, Xia and Tang (2012) built a continuum flow model to describe the isotope fractionation of natural gas in
low-permeability rocks. The results strongly suggest that isotope fractionation in adsorption/desorption systems is dominated by mass
transport rather than by the fractionation between the adsorbate phase and the free-gas phase. They also found that stronger adsorption
affinity and larger adsorption capability result in much more negative isotopic composition of early gas from sources, and adsorption
will affect the overall mass transport of methane. However, the discussed studies also have some deficiencies because they do not dis-
tinguish different flow mechanisms in the transport process, and the diffusivities of 13CH4 and 12CH4 are generally regarded as constant.
On the basis of isotope experiments, Meng et al. (2016) studied the variation of carbon-isotope composition of alkane during the
degassing process of shale gas using shale samples from the Chang 7 continental shale of the Yanchang Formation, China. Their results
show that the carbon-isotope composition of methane increases during shale-gas degassing. Qin et al. (2017) also found that the
carbon-isotope composition of methane becomes heavier with the degassing time through experiments using Longmaxi Shale of the
Jiaoshiba area in Sichuan Basin, China. They noted that the fractionation might be mainly caused by adsorption/desorption and the
diffusion of isotopes but have not given a detailed quantitative analysis. Moreover, whether the dominant factor for fractionation is
adsorption/desorption or diffusion is still in debate.

In summary, as for the assessment of gas content in shale, most of the current methods follow the treatment of coalbed methane.
However, there are many differences between shale gas and coalbed methane, including burial depth. In addition, most of the producing
shale-gas reservoirs in China are deeply buried, with some reservoirs reaching between 3000 and 5000 m. Therefore, the lost gas is
important. However, the calculation of lost gas using the current gas-degassing methods and equipment used for coalbed gas is doubt-
ful. A more-precise method for gas content is urgently needed. The isotopic composition of methane is a refined value and is widely
used in the geochemical field, and can provide a more-precise calculation method for gas content. However, whether the fractionation
of carbon isotopes of methane is caused by diffusion action, adsorption/desorption action, or their combined action is still unknown
(Qin et al. 2017). Here, the key problem is which process could first generate methane with a light isotopic composition and then
become heavier. The main objective of this study is to identify the dominant factor for fractionation and then combine the measured
data in an isotope-logging test and simulations to obtain the gas content for shale.

In this study, we build a BG-CDAM considering viscous flow, Knudsen diffusion, and the competitive adsorption of 13CH4 and
12CH4. Because of the strong heterogeneity between organic matter (OM) and inorganic matter (IOM) in shale, treating them separately
has become a recognized idea in recent years (Naraghi and Javadpour 2015; Cao et al. 2018). In this model, OM and IOM are also dis-
tinguished by their different pore sizes, porosity, and adsorption. The percentages of OM and IOM are given by the volumetric total
organic carbon (TOC) from well logging, and their spatial distributions are simplified as the sample sizes reach the organic
representative-elementary-volume scale (Cao et al. 2018). Using the BG-CDAM, the influences of different flow mechanisms on iso-
tope fractionation are analyzed. Then, the simulated results of BG-CDAM and the measured data from isotope logging are matched to
determine the unknown parameters in gas-content calculations. On the basis of these parameters, we calculate the gas content of shale,
and the percentages of the lost gas, degassing gas and residual gas (or free gas and adsorption gas) are also obtained. After determining
the gas contents of the shale samples from different formations of Well DY5 in the Dingshan District, Chongqing, China, the corre-
sponding sweet spots are also identified.

Model Establishment

BG-CDAM. In this study, we build a BG-CDAM by considering viscous flow, Knudsen diffusion, and the competitive adsorption of
13CH4 and 12CH4, as shown in Fig. 1. In BG-CDAM, shale samples are modeled as symmetrical regular spheres in which OM is sur-
rounded by IOM. At the initial condition, high-pressure isotopic gases are stored in the samples and then released into the container.
Some assumptions in establishing the model include the following:

1. The temperature is constant.
2. The shale samples consist of uniform regular spheres.
3. The pore shapes in the model are cylindrical tortuous tubes.
4. Shale gas is composed of 13CH4 and 12CH4, and other gas components such as C2–5 are ignored.
5. Adsorption in IOM is negligible. We assign adsorption only in OM.
Considering the different properties in OM and IOM, their treatments are varied.
First, according to the principle of conservation of mass considering Knudsen diffusion and viscous flow, the equation for IOM is

V/e;IOM

RT

@p1

@t
¼ �

ððð
V

r~N1dV

V/e;IOM

RT

@p2

@t
¼ �

ððð
V

r~N2dV;

8>>>>><
>>>>>: � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ð1Þ
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where /e;IOM is the effective porosity of OM, V is the control volume, pi is the partial pressure of the gas component i (i ¼ 1 for
13CH4, i ¼ 2 for 12CH4), R is the universal gas constant, T is absolute temperature (in K), and Ni is the mass flux of gas component i
considering viscous flow and Knudsen diffusion, which will be described in detail later.

Second, regarding OM, considering viscous flow, Knudsen diffusion, and competitive adsorption, the conservation equation takes
the form

V/e;OM

RT

@p1

@t
þ V

qOMVL;OMqg1;stp

M1

@h1

@t
¼ �

ððð
V

r~N1dV

V/e;OM

RT

@p2

@t
þ V

qOMVL;OMqg2;stp

M2

@h2

@t
¼ �

ððð
V

r~N2dV;

8>>>>><
>>>>>: � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ð2Þ

where /e;OM is the effective porosity of OM; qOM is the density of OM (1300 kg/m3); qg1;stp and qg2;stp are the density of 13CH4 and
12CH4 in the standard condition, respectively; and VL;OM is the ultimate adsorbed amount in terms of OM. hi is the surface coverage of
gas component i, which will be explained in detail later in the text. The time partial derivative of the adsorption term can be replaced
by the form of pressure, which gives

@hi

@t
¼ @hi

@p1

@p1

@t
þ @hi

@p2

@p2

@t
: ð3Þ

Finally, we obtain the equation with the partial pressures as its unknowns,

@p1

@t
@p2

@t

2
664

3
775 ¼ A�1

�
ððð

V

r~N1dV

�
ððð

V

r~N2dV

2
66664

3
77775; ð4Þ

where A can be expressed as

A ¼
V

qshaleVLqg1;stp

M1

@h1

@p1

þ
V/e;OM

RT
; V

qshaleVLqg1;stp

M1

@h1

@p2

V
qshaleVLqg2;stp

M2

@h2

@p1

; V
qshaleVLqg2;stp

M2

@h2

@p2

þ
V/e;OM

RT

2
664

3
775: ð5Þ

Eq. 4 is solved by the explicit-scheme finite-volume method to obtain the partial pressures of the isotopes during the entire
degassing process.

Third, we calculate the gas content and recovery. First, the remaining gas at time t of the isotopes is calculated.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Shale sample

Adsorption

Desorption

Water

Headspace gas

13CH4 molecule 12CH4 molecule

Viscous flow and
Knudsen diffusion

OM

IOM

Fig. 1—Schematic of BG-CDAM.
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In IOM, only the free gas is considered, and the remaining gas amount is

GiðtÞ ¼
X

k

VkpikðtÞ/e;IOM

RT

� �
: ð6Þ

In OM, both the free gas and adsorption gas are involved, which gives

Gi;OMðtÞ ¼
X

k

VkpikðtÞ/e;OM

RT
þ

VkqOMVL;OMqgi;stp

Mi
hikðtÞ

� �
: ð7Þ

Thus, the gas content can be expressed as G ¼
X
i¼1;2

Gi;IOMðt ¼ 0Þ þ Gi;OMðt ¼ 0Þ. Finally, the gas recovery of methane at time t is

calculated by EðtÞ ¼
G�

X
i¼1;2

Gi;IOMðtÞ þ Gi;OMðtÞ
" #

G .

Isotopic Composition. The isotopic composition of methane is calculated from the pressure ratio or molar ratio of 13CH4 and 12CH4, using

d ¼
ð13

C=12CÞgas

ð13
C=12CÞstandard � 1

" #
� 1;000: ð8Þ

The widely used standard is Peedee Belemnite (PDB; Urey 1947), with ð13
C=12CÞstandard ¼ 0:011237.

Because the isotopic composition of expelled gas changes with time, there is both a differential value (instantaneous, dins) and an
integral average value (cumulative, dcum) for expelled gas. The former refers to the gas expelled at each time point; the latter refers to
the gas cumulatively trapped from the beginning of the degassing until a certain time point.

The value of dins at time t is calculated from the degassing rate of the isotopes as

dinsðtÞ ¼
q1ðtÞ=q2ðtÞ

ð13
C=12CÞstandard

� 1

" #
� 1;000; ð9Þ

where q1ðtÞ and q2ðtÞ are the degassing rate of 13CH4 and 12CH4 at time t (in mol/s).
The value of dcum at time t is calculated from the amount of expelled isotopes as

dcumðtÞ ¼
Q1ðtÞ=Q2ðtÞ
ð13

C=12CÞstandard

� 1

" #
� 1;000; ð10Þ

where Q1ðtÞ and Q2ðtÞ are the cumulative degassing amount of 13CH4 and 12CH4, respectively, at time t (in mol).

Gas-Transport Mechanism and Fractionation

Transport Mechanism. In BG-CDAM, gas flow in the shale is modeled with the consideration of viscous flow, Knudsen diffusion,
and competitive adsorption (Fig. 2).

Shale has low porosity and low permeability, with the development of nanopores. The continuity assumption for Darcy flow
becomes invalid and the gas-flow regime depends on the Knudsen number (Kn). The Knudsen number is defined as the ratio of the
molecular mean free path of a gas molecule to the average height or the diameter of the pore. The gas-flow regimes in nanopores are
continuous flow (Kn< 10–3), slip flow (10–3<Kn< 10–1), transition flow (10–1<Kn< 10), and Knudsen diffusion (Kn> 10). Viscous
flow is caused by intermolecular collision, whereas Knudsen diffusion is caused by collision between the molecules and nanopore
walls, and slip flow is a regime in which both types of collisions exist simultaneously and either of them can be ignored. Because the
Knudsen number changes with the pore diameter and gas pressure, it is reasonable to consider such changes in the degassing process. In
recent years, a large number of researchers have noticed the non-Darcy effect in shale. Civan (2002) and Civan et al. (2010) proposed

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Adsorption

Desorption

13CH4 molecule 12CH4 molecule

Viscous flow and
Knudsen diffusion

Fig. 2—Schematic of transport mechanism.
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apparent-permeability models as a function of the Knudsen number, incorporating several empirical parameters. Javadpour (2009)
developed a model using the superposition of viscous flow, slip flow, and Knudsen diffusion, which is relatively complete and widely
used with some extensions (Darabi et al. 2012; Naraghi et al. 2015). Rahmanian et al. (2012) proposed an empirical formula by sum-
ming viscous flow and Knudsen diffusion using weight coefficients. Moreover, other researchers added the surface diffusion of adsorp-
tion gas into shale-gas transport (Song et al. 2016). However, those phenomenological models are superposition forms of different
mechanisms. The rationality of some models is under debate because of their insufficiency to address the coupled effect (Wu and
Zhang 2016). In addition, these studies all deal with single-component gas (mostly pure methane) without involving the non-Darcy
flow of multicomponent gas. The empirical parameters or weight coefficients in those models are difficult to determine for 13CH4 and
12CH4. The formulas are also questionable in the simulation for the fractionation process of carbon isotopes of methane. Other research-
ers use molecular-dynamics simulations to investigate nanoscale mechanisms when considering transport coupled with adsorption (Wu
and Zhang 2016), which also has limitations in calculation scales and computing expense. The most widely used model for the flow of
mixed gas is the dusty-gas model (DGM) (Krishna 1993; Allan et al. 2004; Weber and Newman 2005; Ding et al. 2017). The DGM can
integrate the effects of viscous flow and Knudsen diffusion considering the partial pressures of carbon isotopes of methane. It is
believed that the slip flow is a regime where both viscous flow and Knudsen diffusion coexist simultaneously, so it is not independent
from DGM. We believe the main influence of adsorption for fractionation is caused by the differences in adsorption/desorption of
13CH4 and 12CH4, and the mobility differences of the adsorbed isotopes have a smaller effect. Moreover, one of the main objectives of
this study is comparing the effects of diffusion and adsorption/desorption on fractionation. Because this is the first time calculating the
fractionation when considering different specific microscale mechanisms, we are cautious in the selection of simulation models in case
of export-error recognition and will also compare the simulated and measured results to analyze accuracy. With this understanding, we
adopt DGM in this study to calculate the flow flux as

Ni ¼ �
rpi

RT

/f

s
DK;i þ

pr2

8l

� �
; ð11Þ

where s is tortuosity, r is pore radius, l is gas viscosity, p is the total pressure of the mixed gas

�
p ¼

X
i

pi, rpi ¼ prxi þ xirp

�
, and

xi is the mole fraction of the gas component i. /f is the flow porosity; gas flow is controlled by the narrow pores in the heterogeneous
porous media, and the flow porosity is the volume fraction of those narrow pores. The definitions of total porosity, effective porosity,
and flow porosity are shown in Fig. 3. Many nanopores and throats, which form pore networks, develop in OM, and the gas flow is
controlled by its flowing porosity /f ;OM in Eq. 11, whereas the gas storage is controlled by its effective porosity /e;OM in Eq. 2. We
consider IOM as a flow path with negligible storing space and suppose an equal effective porosity and flow porosity for it
(/f ;IOM ¼ /e;IOM). DK;i is the Knudsen diffusivity, calculated as

DK;i ¼
2r

3

ffiffiffiffiffiffiffiffiffi
8RT

pMi

r
; ð12Þ

where Mi is the molecular weight of gas component i. Because the “unipore” model will induce errors, a pore-size distribution is used
in this study, as given in Appendix A.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Porous media Total porosity

Effective porosity Flowing porosity

Fig. 3—Different porosity types of porous media.
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Regarding adsorption, because of the different adsorption capacities of the isotopes, they will compete for the adsorption locations
of the pore walls. The adsorption amounts of the isotopes are different at the same pressure. In this study, the extended Langmuir
adsorption model is adopted to involve the competitive adsorption. The model is computationally simple, without iterative solution.
Although the model supposes a monolayer adsorption that will bring errors, molecular-dynamics simulations show that the adsorption
layer closest to the wall is dominant, especially at pressures less than 30 MPa (Jiang and Lin 2017). Using the extended Langmuir
adsorption model, the surface coverage of gas component i can be calculated by

hi ¼
bipi

1þ
Xn

j¼1
bjpj

; ð13Þ

where bi ¼ Ki=p0, in which p0 is standard pressure at 1 bar and Ki is the Langmuir coefficient of gas component i. For 12CH4, K2 ¼

Ka=Kd ¼ exp
q

RT
þ Ds0

R

� �
, where q is the heat of adsorption and Ds0 is the standard entropy of adsorption. The values of q¼ 15.1 kJ/mol

and Ds0¼ 76.0 J/mol/K are derived from isotherms reported in Xia and Tang (2012). For 13CH4, K1 ¼ aK2, a ¼ exp
A

T2
� B

T

� �
,

A¼ 95.17K, and B¼ 0.125K.
In this study, adsorption is assigned only in OM. The ultimate adsorption capacity of shale, VL;shale, is obtained by high-pressure

methane-isotherm-adsorption measurements and then converted into the terms of OM as

VL;OM ¼
VL;shaleqshale

xqOM

; ð14Þ

where qshale is shale density (2600 kg/m3) and x is volumetric TOC. The adsorption amount (in m3/kg) of the gas component i in OM
under the standard conditions is Vi;stp ¼ VL;OMhi. Therefore, the amount of substance of the gas component i in the adsorbed phase per
unit volume of OM is

ni;a ¼
qOMVL;OMqgi;stp

Mi
hi: ð15Þ

Influence of Flow Mechanisms on Fractionation. In this subsection, we study the mechanisms of fractionation using a simplified
form of BG-CDAM with “unipore” symmetric homogeneous spheres standing for the shale samples. The distinction between OM and
IOM is ignored, and the pore radius is assumed to be uniform. The instantaneous isotope composition and the gas recovery during the
degassing process are calculated, with the values of the basic parameters shown in Table 1.

First, the fractionation with the pure Knudsen diffusion is calculated, as shown in Fig. 4. Then, the viscous flow and adsorption are
added to the simulation. We find that the pore radius has a great influence on the fractionation process. Therefore, fractionations in the
pores with r¼ 2 and 100 nm are calculated as shown in Figs. 5 and 6, respectively.

Fig. 4 shows that Knudsen diffusion causes an obvious fractionation. In the pure-diffusion process, the fractionation reflects the rela-
tive velocity ratio of the two gas components, and the dins/E curves are nearly the same for different pore radii. Knudsen diffusion is
dependent on the molecular weight of the gas, and the velocity ratio of 13CH4 and 12CH4 is DK;1=DK;2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2=M1

p
¼ 97%. 12CH4 flows

faster, which makes more 12CH4 in the early period and more 13CH4 in the later period, resulting in dins increasing with time. For pure
diffusion, the degassing gas monotonically becomes heavier over time. The analysis of the pure-diffusion process is consistent with the
conclusion in the study of Xia and Tang (2012).

Figs. 5 and 6 shows the fractionations in the pores with r¼ 2 and 100 nm. The results provide a clear comparison of the contributions
of diffusion, convection, and adsorption/desorption. The results illustrate the following:

1. Diffusion: Knudsen diffusion is the main mechanism of fractionation, which causes the background increasing trend for dins.
2. Convection: Viscous flow does not induce fractionation itself, but it brings significant gas flow under high pressures and a large

pore radius, which reduces the variation range of the isotopic composition. In other words, viscous flow will weaken the fraction-
ation, and this weakening effect becomes more pronounced with increasing pore-radius value.

3. Competitive adsorption: The competitive adsorption of the isotopes causes weak fractionation. The light isotope is preferentially
desorbed, resulting in a decrease for dins. For r¼ 2 nm, the curve becomes more negative. For r¼ 100 nm, there is a significant
negative peak for dins, which brings a lagging reversal. This behavior can be understood in this way: Because the variation of the

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Parameters Values 

Absolute temperature, T (K) 300
Gas Component 1 13CH4, 17g/mol 
Gas Component 2 12CH4, 16g/mol 
Initial pressure, pin (MPa) 45
Tortuosity, τ 10

δ0 –30

Boundary pressure (MPa) 0
Pore radius, r (nm) 2, 5, 10, 100 
VL,shale (cm3/g) 0.001
Shale-sample radius, L (mm) 1

Table 1—Values of the basic parameters in the mechanism analysis.
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adsorption amount with pressure is small at a high-pressure condition, the adsorption effect is weak at the initial time; as the pres-
sure decays, the fractionation caused by competitive adsorption becomes pronounced, and the dins/E curve presents a negative
peak. In the final stage, the Knudsen diffusion becomes dominant because of the low pressure.

4. The isotopic composition is sensitive to the pore radius, so treating shale with a single pore size will bring large errors, and it is
necessary to consider the heterogeneous pore-size distribution in the fractionation for shale.

5. Comparing the results of the different pore sizes of Figs. 5 and 6, it is known that the fractionation is dominated by the small
pores when considering the pore-size distribution. The pores with large radius will have relatively stronger viscous flow and have
little effect on the fractionation process.

Evaluating Gas Content and Identifying Sweet Spots

Sample and Isotope-Composition Measurement. We analyze shale samples taken from the Longmaxi Formation of the Lower
Silurian and the Wufeng Formation of the Upper Ordovician in Well DY5 at the Dingshan District, Chongqing, China. The Longmaxi
and Wufeng Formations are the major gas-producing shale formations in China. The basic parameters of the reservoir and sample are
listed in Table 2. For the samples from different depths in Well DY5, the isotope-logging test is performed using the GC-IR2 infrared
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laser isotope spectrometer. GC-IR2 is a new generation of isotope-measurement instrument independently developed by the Power
Environmental Energy Research Institute. It is different from the commonly used isotope mass spectrometer (GC-MS) in the laboratory.
Using GC-IR2, the measurement of the C1–3 isotopes can be completed within 5 minutes and its accuracy is comparable with that of
GC-MS. The absolute error of the measured relative abundance of 13CH4 and 12CH4 is less than 0.5%, and the lower limit of the mea-
sured concentration is as low as 0.5 ppm. GC-IR2 can be used in the gas field to achieve in-situ measurement of samples, making isotope
logging possible.

The procedure of the isotope-logging test is shown in Fig. 7. At first, the shale samples from shale formations are brought to the
ground through mud circulation, and the mud gas is collected immediately. Mud gas is actually the gas released from the formation in
drilling and is mainly composed of gas from the broken rocks, which reflects the most-intuitive isotope information of the drilling for-
mation. Because shale gas has poor fluidity and typical in-situ storage characteristics, the isotope fractionation caused by diffusion in
the returning of the mud is not obvious. It is believed that mud gas can be directly considered as the gas in the in-situ formation. There-
fore, we take the isotopic composition of mud gas as the true value of the isotopic composition of the sample, or d0. Second, the shale
samples are sealed in the degassing canister. The headspace gases in the degassing canister are collected at a sequence time. The
carbon-isotope compositions of the headspace gases in the degassing process are then measured using GC-IR2. Because the headspace
gas is cumulative, the measured isotopic composition is also a cumulative value as dcum, defined in Eq. 10. Finally, the figure of varia-
tion of dcum with time is obtained, as shown in Fig. 7.

Matching the Simulated and Measured Data. The parameters in Eqs. 1 and 2 need to be calibrated before the model can be applied
to the evaluation for shale-gas content. Most of the parameters, such as initial and boundary conditions, sample geometry, density,
TOC, and ultimate adsorption amount, can be measured. The only unknown parameters in the model are the porosities of
/e;OM; /f ;OM; and /e;IOM. Because the parameters of Eqs. 1 and 2 can largely be known, the model can be rigorously calibrated.
Because /e;OM; /f ;OM; and /e;IOM are not available, we used an optimization scheme to derive them by matching the calculated time-
dependent isotopic composition with the measured data. The matching problem is given as

minimize
X
ðdcum;BG-CDAM � dcum;MeasurementÞ

2

subject to~amin �~a �~amax;

(
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ð16Þ

Parameters Values 

Absolute temperature, T (K) 300
Initial pressure, pin (MPa) 45
Volumetric TOC (vol%) 8.7%

δ0 –28.40

Shale-sample radius, L (mm) 5
VL,shale (in terms of shale mass) (m3/kg) 0.004

τ 10

Lost time (minutes) 15

Table 2—Basic parameters of the reservoir and sample.
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Fig. 7—Procedure of the isotope-logging test.
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where dcum;BG-CDAM and dcum;Measurement are the cumulative isotopic composition of the simulation and the measurement and ~a is the
unknown vector (/e;OM;/f ;OM; and /e;IOM). The subscripts “min” and “max” denote the lower and upper bounds, respectively. Consid-
ering the low porosity and low permeability of shale, we give the lower and upper bounds according to the focused-ion-beam–
scanning-electron-microscope images for many shale samples from the Longmaxi Formation (Cao et al. 2017, 2018): ~amin ¼ ð0; 0; 0Þ
and~amax ¼ ð20%; 5%; 2%Þ.

At first, the effects of the unknown parameters on the fractionation are analyzed to guide the matches. Take the sample from the
Long 11 submember of the Longmaxi Formation in Well DY5 as an example. The TOC content of the example sample is 4.36. The
pore-size distribution of the sample is obtained by a nitrogen-adsorption test, as shown in Fig. 8. The pore-size distribution of the
sample shows a tendency of multipeaks. According to the results obtained by scanning images of the sample, the peaks below 30 nm
are classified as organic pores, whereas the peak above 30 nm appears to be normal distribution and is classified as inorganic pores. The
fractionation process is dominated by these four peaks, and thus the volume fractions of these peaks are calculated from the pore-size
distribution. The dominant pore sizes of the organic and inorganic pores and their respective proportions are obtained, as listed in
Table 3. Calculating the fractionation process by the dominant pore size has a higher precision than using a single pore size or a deter-
mined diffusion coefficient. The ultimate adsorption amount of the sample is obtained by the high-pressure methane-isotherm-
adsorption measurement. Using those inputs, the effects of the unknown parameters on the fractionation are calculated as follows.

Effective Porosity of OM (/e,OM). Fig. 9 shows that the isotopic compositions change with time under different /e;OM values. The
d0 curve is also added to Fig. 9 to better describe the behavior of the system. Fig. 9a demonstrates that an increase in /e;OM will increase
dcum. The results suggest that high cumulative isotopic composition will accompany high porosity for gas storage in OM. dcum has a rel-
atively fast increase at first and then tends to be stable; this is because the releasing gas amount becomes less and less as the pressure
drops, and finally it will reach a steady state with a constant isotopic composition. Fig. 9b presents the variation of dins with E. After a
negative peak caused by adsorption, dins has an approximately exponential growth as Knudsen diffusion becomes dominant because of
the dropping pressure. To better clarify, we define the gas recovery at the turning point in the dins=E curve, Et, where dins changes from
lower to higher than d0. Fig. 9b shows that with the increase of /e;OM, Et increases. In addition, because of the difference of OM and
IOM in shale, the fractionation shows a two-stage process. In the first stage, the isotope composition has a weak variation resulting
from the relatively large pores in IOM; in the second stage, the gas fractionation becomes pronounced and a negative peak of dins

appears with the Knudsen diffusion and competitive adsorption in OM. Fig. 9b also shows that /e;OM mainly affects the second stage of
degassing, whereas the first stage is controlled by IOM. When /e;OM increases, the free-gas volume increases, and so the ratio of free
gas to adsorbed gas will also increase. When the ultimate adsorption amount is fixed, a smaller /e;OM will lead to a larger percentage of
adsorbed gas, resulting in a weaker fractionation caused by competitive adsorption. Because the adsorption-inducing fractionation
reduces the isotopic composition, as shown in Figs. 5 and 6, the negative peak of dins=E is lower in a smaller /e;OM. In addition, Fig. 9b
shows that the dins=E curves of different /e;OM values coincide at a recovery of 66%.

Flowing Porosity of OM (/f,OM). Fig. 10 shows that as the /f ;OM increases, the dcum becomes more positive and Et becomes larger.
It can be also seen from Fig. 10b that /f ;OM affects the second stage of the degassing process, which is the degassing in OM. /f ;OM has
a great influence on the mass transport in OM, but it has no direct correlation with gas content. Changing /f ;OM will cause a compli-
cated effect on the pressure-decay process and the percentages of free-gas and adsorbed-gas changes in time, which bring a variation in
the degassing rate of 13CH4 and 12CH4.

Effective Porosity of IOM (/e,IOM). Fig. 11 shows that increasing /e;IOM will increase dcum, but their Et values are close. It can be
also seen from Fig. 11b that the variation of /e;IOM causes a large difference in isotope compositions because it affects the degassing at
the early stage in IOM. The greater the /e;IOM, the larger the range of recovery occupied by the first stage because increasing inorganic
porosity will increase the gas amount in IOM.
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Fig. 8—Pore-size distribution of the example sample.

Pore Types 
Peak Pore Size 

(nm)
Peak Pore Radius 

(nm)
Percentage in

Organic/Inorganic Pores (%) 

6 3 0.3031
13 6.5 0.4233Organic pore 

24 12 0.2736

Inorganic pore 41 20.5 1

Table 3—Dominant pores of the pore-size distribution of the example sample.
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After those analyses, the matching is optimized by a gradual adjustment of the values of the porosities. Because the calculated
results are from a finite-volume-method simulator, it is difficult to accurately update the porosities using a computer in the matching.
Therefore, we set a series of porosity values to simultaneously simulate using parallel computing and then chose the best matching
results. The final matching result is shown in Fig. 12, with~a ¼ ð15%; 0:5%; 0:1%Þ. Results show that the simulated values are in good
agreement with the measured data in isotope logging for the example sample.

Evaluation of Gas Content. After all the unknown parameters are obtained, the gas content of the example sample is calculated using
the basic parameters in Table 3 and ~a ¼ ð15%; 0:5%; 0:1%Þ fitted in Fig. 12. The gas content of the sample is 3.70 m3/t, wherein the
free gas is 1.37 m3/t and the adsorbed gas is 2.33 m3/t. In addition, the variation of gas recovery with time is also shown in Fig. 13.
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Results show that the percentages of lost, degassing, and residual gas are 69, 30, and 1%, respectively. Results also suggest that isotope
fractionation does provide a new way to evaluate shale-gas content. More importantly, it has the characteristics of the existing direct
method and the indirect method for gas-content evaluation: On the one hand, the amounts of lost, degassing, and residual gas can be
obtained, but on the other hand, the free and adsorbed gases can also be determined.

In addition, we plot the instantaneous isotopic composition as a function of recovery, as shown in Fig. 14. Results show that the
turning point Et is at approximately 80% gas recovery, E. The results also suggest that the corresponding relationship between dins and
E can be obtained according to the parameters obtained by matching the isotope-logging measurement. According to such a correspon-
dence relationship, the remaining resources of a shale-gas well can be estimated by the recovery using the dins=E curve through the
measured dins in its production process. This method is completely feasible in theory, and once implemented, it will have the character-
istics of economical and rapid evaluation of the remaining resources in the producing well.
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Identification of Sweet Spots. In this subsection, to identify the sweet spots, four samples from different formations in Well DY5 are
evaluated, and their basic parameters are shown in Table 4. In Well DY5, the high-quality shale formations mainly consist of the lower
part of the Longmaxi Formation (Long 1 member) and the Wufeng Formation. The Long 1 member is subdivided into three submembers
(Long 11, Long 12, Long 13), as shown in Fig. 15a. These samples are subjected to nitrogen-adsorption tests to obtain their pore-size distri-
butions, as shown in Fig. 15b. It can be seen that the pore-size distributions of different shale samples have multipeak phenomena less
than 30 nm, but the peak greater than 30 nm is single and demonstrates an approximately normal distribution. In this paper, the organic
pores and inorganic pores are distinguished by 30 nm, and then the dominant pore size is extracted using the method in Table 3.

The isotopic compositions of the samples from different formations are measured, and then their gas contents are separately calculated.
The measured and simulated results are both shown in Fig. 16, and the matching parameters and the gas contents are listed in Table 5.
The model proposed in this paper demonstrates good agreement overall with the test results. The simulation runs fast, with only 2 to
5 minutes for one case. Fig. 16 shows an apparent “high discrepancy” between the measured data and the prediction results at times shorter
than 20 hours. In fact, the isotope composition is a conversion parameter from the relative abundance of isotopes, as shown in Eq. 8. The
abundance of 13CH4 is an extremely small value of approximately 1%. The unknown parameters in the simulation are the partial pressure
and the isotope composition. Therefore, it is more reasonable to compare the original parameters of the measured data and the simulation
in the deviation analysis. The relative deviation between the relative abundances of the measured and simulated data is calculated as

d ¼
ð13

C=12
CÞsimulated � ð

13
C=12

CÞmeasured

�� ��
13C=12

C
� 	

measured

: ð17Þ. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Shale Formation Long 13 Submember Long 12 Submember Long 11 Submember Wufeng Formation 

TOC (wt%) 0.51 1.15 4.36 4.36
Volumetric TOC (vol%) 1.0% 2.3% 8.7% 8.7%

δ0 –29.66 –29.98 –28.40 –29.61

VL,shale (cm3/g) 1.84 2.32 4.00 3.21
Specific surface area 

(m2/g)
17.4 15.1 28.8 19.5

Table 4—Basic parameters of the four samples from different formations.
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The deviation results of the four samples are calculated as shown in Fig. 17, which shows that the relative deviations between the
measured and simulated data are within 1.6%. The relative deviations after 20 hours are smaller, with the values being within 0.5%,
which shows that the proposed method for organic-rich shale is valid and useful. The method does provide a completely new comple-
ment to the existing gas-content-analysis methods.

The comprehensive results of Fig. 16 and Table 5 demonstrate the following:
1. The amount of adsorbed gas accounts for a large proportion of the gas content, accounting for approximately 60 to 80%.
2. On the other hand, the amount of lost gas also accounts for a large proportion of the gas content, from 40 to 70%.
3. The isotope values have a trend: Long 11 submember>Wufeng Formation>Long 12 submember>Long 13 submember. A rela-

tively high cumulative isotopic composition is accompanied with high effective porosity. Results also show that the rank of gas
content is the same as the isotope values: Long 11 submember>Wufeng Formation>Long 12 submember>Long 13 submem-
ber. Therefore, the Long 11 submember and Wufeng Formation are the potential sweet spots.

Integrating the results of isotopic composition and gas content, it is suggested that the formation with a more-positive isotopic com-
position in the isotope logging shows a higher gas content, which can provide a qualitative method for the identification of sweet spots
in the field. Using the method proposed in this study, the quantitative gas content can be determined.

Conclusions

In this study, a new method for the evaluation of gas content using the carbon-isotope fractionation of methane is proposed. The flow
chart of the method is shown in Fig. 18. First, the DGM and competitive adsorption are combined to establish the transport system in
nanopores for shale. Then, a BG-CDAM is successfully established with a heterogeneous pore-size distribution and distinction of
OM and IOM. Finally, depending on the isotope-logging measured values, the unknown parameters for gas-content calculation in
BG-CDAM are obtained. By comparing the gas contents of samples from different formations, the sweet spots of an actual well
are identified.

The findings show that the proposed method for organic-rich shale is valid and useful. The method carefully considers the micro-
scopic flow mechanism of the isotopes of methane, which provides a solid foundation. A detailed understanding of the mechanism of
fractionation of the isotopes is obtained for the first time, and the Knudsen-diffusivity difference is identified as the dominant factor.
The logging-test data are introduced, which give a practical application background and real physical conditions. Through the proposed
method in this study, not only can the lost, degassing, and residual gases be obtained, but also the free and adsorption gases can be cal-
culated. The proposed method combined the basic mechanics theory and the logging-test practice of a carbon isotope, which shows a
great application potential. In conclusion, the method provides a completely new complement to the existing gas-content-analysis meth-
ods. Moreover, the method might also have the potential to economically and rapidly evaluate the remaining resources in producing
wells in future applications.

Formation
Long 13

Submember
Long 12

Submember
Long 11

Submember
Wufeng

Formation

φe,OM
 

5% 10% 15% 10%
φf,OM 0.05% 0.1% 0.5% 0.1%
φf,IOM 0.05% 0.05% 0.1% 0.1%

Gas content (m3/t) 1.28 1.69 3.70 2.82

Adsorption gas (m3/t) 1.02 1.34 2.33 1.86
Gas Composition 1 

Free gas (m3/t) 0.26 0.35 1.37 0.96

Lost gas 40% 51% 69% 61%
Degassing gas 59% 48% 30% 38%Gas Composition 2 

Residual gas 1% 1% 1% 1%

Table 5—Gas contents of the samples from different formations.
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Nomenclature

d ¼ relative deviation between the measured and simulated data, dimensionless
DK;i ¼ Knudsen diffusivity of gas component i, m2/s

E ¼ gas recovery, dimensionless
Et ¼ gas recovery at the turning point in the dins=E curve, dimensionless
G ¼ gas content, mol

Gi;IOM ¼ remaining gas amount of gas component i in IOM, mol
Gi;OM ¼ remaining gas amount of gas component i in OM, mol

Ki ¼ Langmuir coefficient of gas component i, dimensionless
Mi ¼ molecular weight of gas component i, kg/mol
Ni ¼ mass flux of gas component i, mol/(m2�s)
p ¼ total pressure of the mixed gas, Pa

p0 ¼ standard pressure, Pa
pi ¼ partial pressure of gas component i (i ¼ 1 for 13CH4, i ¼ 2 for 12CH4), Pa

pik ¼ partial pressure of gas component in grid k, Pa
q ¼ heat of adsorption, J/mol

qi ¼ degassing rate of gas component i, mol/s
Qi ¼ cumulative degassing amount of gas component i, mol

r ¼ pore radius, m
R ¼ universal gas constant, J/mol�K
R ¼ time, seconds
T ¼ absolute temperature, K
V ¼ control volume, m3

Vk ¼ control volume of grid k, m3

VL;OM ¼ ultimate adsorbed amount in terms of OM, m3/kg
VL;shale ¼ ultimate adsorbed amount in terms of shale, m3/kg

xi ¼ mole fraction of gas component i, dimensionless
aj ¼ volumetric faction for the pore rj, dimensionless
d ¼ isotopic composition of methane, dimensionless

dcum ¼ cumulative isotopic composition of methane, dimensionless
dcum;BG-CDAM ¼ cumulative isotopic composition of the simulation using BG-CDAM, dimensionless

dcum;Measurement ¼ cumulative isotopic composition of the isotope-well-logging measurement, dimensionless
dins ¼ instantaneous isotopic composition of methane, dimensionless
d0 ¼ isotopic composition of methane in mud gas, dimensionless

Ds0 ¼ standard entropy of adsorption, J/mol/K
hik ¼ fractional adsorption coverage of gas component in grid k, dimensionless
l ¼ gas viscosity, Pa�s

qgi;stp ¼ density of gas component i in the standard condition, kg/m3

qOM ¼ density of OM, kg/m3
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Fig. 18—Flow chart of the method in this study. PSD 5 pore-size distribution.
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qshale ¼ density of shale, kg/m3

s ¼ tortuosity, dimensionless
/e;IOM ¼ effective porosity of IOM, dimensionless
/e;OM ¼ effective porosity of OM, dimensionless

/f ¼ flow porosity, dimensionless
/f ;IOM ¼ flow porosity of IOM, dimensionless
/f ;OM ¼ flow porosity of OM, dimensionless

x ¼ volumetric TOC, vol%, dimensionless
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Appendix A—Flow Flux in a Bundle of Capillary Tubes

Assuming the flow channel consists of a series of pores, we consider gas transport in the bundle of capillary tubes. The pore with the
radius of rj occupies the flow porosity of /f ; j. The total flow flux is calculated as

Ni ¼ �
X

j

rpi

RT

/f ; j

s
2rj

3

ffiffiffiffiffiffiffiffiffi
8RT

pMi

r
þ prj

2

8l

� �
: ðA-1Þ

To obtain the flow porosity of each pore, when knowing the volumetric faction aj for the pore rj and the total flowing porosity, /f ; j

can be expressed as

/f ; j ¼ /f aj ðA-2Þ

aj can be obtained from the pore-size distribution measured by the nitrogen-adsorption experiment.
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