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a b s t r a c t

The demand for lithium (Li) has greatly escalated during the past decade and is predicted to increase
continuously with the market growth of the electrified transportation and renewable energy, given
that Li-ion batteries are the major energy storage method for these sectors. In spite of the urgent
need of satisfying the increasing demand of Li, sources of global Li production have been limited in
continental brines and pegmatites. In the line with the effort to enhance and diversify the sources of Li
supply, this study seeks to predict the production potential of Li from a new source—petroleum source
rock brines—and evaluate the most influential factors affecting it. This subject matter is addressed by
basin-scale numerical simulation combined with local sensitivity analysis. The numerical simulation
with a conceptual model of petroleum source rock system addresses the accumulation of Li in various
locations, by taking account for the release of Li from kerogen decomposition reaction in organic-rich
source rock, and fate and transport of expelled Li as interacting with reservoir rock. In combination
with the numerical simulations, the impacts of various parameters on the Li mass fraction in brines
at various observation points are quantified, by conducting local sensitivity analysis. It elucidates
the relative sensitivity of Li production potential to the parameters of Li stoichiometry in kerogen
decomposition reaction, Na–Li equilibrium coefficient, Na–clay mass fraction in solid phase, Li–clay
mass fraction in solid phase, and Na ion mass fraction in brines. Our results provide the conceptual
information of most important parameters to be investigated to quantitatively predict the Li production
potential from brines at various locations in the petroleum source rock systems that can be used to
contribute to the enhancement and diversification of the Li supply.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Tackling climate change is one of the most critical challenges
hat global society faces today, and it has raised the need of
ecarbonizing energy use to reduce the emissions of greenhouse
as. The most significant and efficient ways to achieve the decar-
onization of energy use include the electrification of transporta-
ion and the increase of renewable energy in electricity genera-
ion. As lithium (Li)-ion batteries are the major energy storage
sed for both electric vehicles and renewable solar-and-wind
lectricity generation, the demand for Li has greatly escalated
uring the past decade and is predicted to increase continu-
usly with the market growth of electric vehicles and renewable
ower generation (Gielen et al., 2019; USGS, 2020). Despite the

urgent need of satisfying the increasing demand of Li, sources
of global Li production have been limited in continental brines
and pegmatites (Schulz et al., 2018; USGS, 2020). To diversify and
enhance the sources of global supply of critical minerals including
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Li, countries around the world are making various efforts to
develop advanced technologies of their exploration and exploita-
tion. In line with the effort to provide the stable supply of Li, this
study seeks to characterize Li accumulated in petroleum source
rock brines through a basin-scale modeling approach, given the
recently found potential of petroleum source rock brines as a
substantial source or Li (Clauer et al., 2018; Teichert et al., 2020;

illiams and Hervig, 2005; Williams et al., 2013).
To determine the locations with high concentrations of Li in

ource rock brines, we need to advance the scientific knowledge
n the origin, fate, and transport of Li. Here, the source rock brines
nvolve the brines in source rock where kerogen occurs, reservoir
ock where released Li dissolved in water flows through, and
ormation where transported Li is accumulated (Fig. 1). Despite
he promising potential of Li, current state of the science lacks the
nowledge and understanding of fundamental phenomena rele-
ant to the origin, fate, and transport of Li in source rock brines,
ecause the two main scientific research areas for petroleum
ystems and Li geochemical cycle are uncombined. For example,
he discipline of petroleum engineering has built a systematic

nowledge in petroleum source rocks by addressing the fate
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Nomenclature

Variables

Ak Frequency factor
Cκ Concentration of component
CP Specific heat capacity
Ek Activation energy
h Specific enthalpy
∆hk Reaction enthalpy
I Ionic strength of aqueous solution
KAB Selectivity coefficient
kk Reaction rate constant
kβ Effective permeability
γ Activity coefficient of cation
η Diffusivity
µ Viscosity
ρ Density
φ Media porosity

Vectors

g Gravity
J Jacobian matrix

Superscript

κ Component

Subscripts

N Equivalent fractional occupancy
rk Reaction rate
P Pressure
R Gas constant
Ri Residual equation
Sij Sensitivity coefficient
Sβ Phase saturation
S ij Scaled sensitivity coefficient
T Temperature
X Mass fraction of component in phase
Xj Primary variable
Z Valence of cation
A Aqueous phase
O Liquid organic phase
G Gaseous phase
geol Geologic time scale
i Order of equation
j Order of variable
k Kinetic reaction
R Rock
S Solid phase
sim Simulation time scale
β Phase

and transport of elements and compounds, but researched the
reaction mechanisms of kerogen conversion as a source of oil and
gas, and failed to identify the potential of kerogen in releasing
Li (Braun and Burnham, 1990; Curiale and Curtis, 2016). On the
other hand, Li in geologic systems has been researched as a trace
element in the discipline of geochemistry, which has lacked the
capability of addressing the chemical reactions and hydrogeologic
57
Fig. 1. A conceptual diagram of petroleum source rock system where Li-rich
brines present.

phenomena relevant to the fate and transport of Li and failed to
quantify the potential of Li production from petroleum source
rock brines (Burton and Vigier, 2012; Pistiner and Henderson,
2003; Vigier et al., 2015).

To successfully secure Li from source rock brines, it is crucial to
advance the knowledge and understanding of the origin, fate, and
transport of Li, by combining the research focuses of petroleum
engineering and geochemistry disciplines. In this regard, we set
the purpose of this study as (1) to develop the advanced numer-
ical simulation model that addresses the reaction mechanisms of
kerogen releasing organic and inorganic elements including Li,
transport of Li through permeable formation, and accumulation
of Li in adjacent brines and (2) to evaluate the most influential
factors affecting the concentration of Li, for the quantitative pre-
diction of production potential of Li from petroleum source rock
brines. We combine the local sensitivity analysis methodology
with the developed numerical simulator to achieve the purpose
of this study.

2. Development of basin-scale simulation model

2.1. Scientific background

Source rock brines occur at the subsurface formations deeper
than 2 km, and their concentrations of Li are highly heteroge-
neous. In order to determine the locations of high concentrations
of Li in source rock brines, it is critical to understand the entire
physical and chemical phenomena relevant to the release of Li
from its original source in source rocks, transport of released Li
through connected pores, and accumulation of Li in brines. The
original sources of Li can be either organic matter or inorganic
minerals, given that organic matter called kerogen in source rock
is recently found to release Li during its thermal maturation in
geologic systems (Clauer et al., 2018; Williams et al., 2013).

Kerogen converts at high temperature above 150 ◦C, generat-
ing products including oil, gas, and inorganic elements including
Li (Braun and Burnham, 1992; Carrie et al., 2012). Kerogen is
categorized by its origin—Type I (lacustrine), Type II (marine), and
Type III (terrestrial) (Tissot and Welte, 1984). When immature
kerogen converts to organic and inorganic products, the maturity
level of kerogen increases. Although the preceding researches
on Li in kerogen-bearing petroleum source rocks are scarce, the
published data on the relationship between total organic carbon
(TOC, total concentration of kerogen and hydrocarbons) and solid
Li in Green River Shale (immature Type I kerogen), Marcellus
Shale (moderately mature Type II kerogen), and diverse oilfields
(highly mature organic matters of various types) indicates the
positive correlation between TOC and solid Li concentration (Ta-
ble 1). As such, a significant amount of Li in petroleum source
rock is released during kerogen maturation and transported into
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Table 1
Total Organic Carbon (TOC) and Li concentrations in diverse sedimentary formations.
Sedimentary formations TOC (wt%) Li contents in solid phase (µg/g)

Green River Shale 1–33.7 (Feng, 2011; Katz, 1995) 132.3–147 (Jochum et al., 2005)
Marcellus Shale 1–11 (Song and Carr, 2020) 7–48 (Phan et al., 2016)
Diverse oilfields* 1–6.9 (Hosterman, 1990) 2–18 (Hosterman, 1990)
Fig. 2. A conceptual diagram of kerogen-bearing formation in pore-scale that undergoes kerogen conversion in geologic systems. Size of Li is exaggerated.
urrounding sediments. As can be seen in the conceptual diagram
f kerogen-bearing formation that undergoes kerogen conversion,
oth organic and inorganic Li can be released by the solid kerogen
ecomposition and subsequent structural changes of minerals
Fig. 2).

Kerogen thermal maturation involves sequential and simulta-
eous kinetic reactions including solid kerogen decomposition,
racking of liquid oil into lighter hydrocarbons and residual car-
ons (pyrobitumen), cracking of hydrocarbon gas into lighter
ases and pyrobitumens, and the decomposition of pyrobitumens
nto gases and different types of residual carbons (Braun and
urnham, 1990, 1992; Burnham and Braun, 2017; Burnham et al.,
987). They have been actively researched in the disciplines of
etroleum engineering and petroleum geochemistry focusing on
he potential of generating hydrocarbons and inorganic gases
such as carbon dioxide and hydrogen sulfide), but their poten-
ials to release the mineral elements such as Li have not been
etermined yet (Behar et al., 2010, 1997; Craddock et al., 2015,

2017; Pepper and Corvi, 1995; Xiong et al., 2002). From Li isotope
ractionation studies in kerogen-bearing shales in East Slovakian
asin and Baltic Basin, it has been found that organically bound 6

i-enriched compounds are released into water during the ther-
al maturation of kerogen (Teichert et al., 2020; Williams et al.,
012; Williams and Hervig, 2005; Williams et al., 2013).
Released Li from kerogen thermal decomposition can accumu-

ate in geologic systems either as immediately fixed on minerals
r as dissolved in brines and transported. In the arid and highly
lkaline environment with abundant clay, Li is well known to
eplace alkaline earth-metals and form Li-bearing smectite, or
ubstitute into octahedral sites to form non-expandable illite
Burton and Vigier, 2012; Grosjean et al., 2012; Kesler et al.,
012; Kloprogge et al., 1999; Peiro et al., 2013; Penniston-Dorland
t al., 2017; Starkey, 1982; Williams and Hervig, 2005). At the
ame time, the small ionic size of Li makes it easily dislodged
rom minerals through common cations as well as effortlessly
issolved in the brines of geologic systems (Vine, 1975). The
on chromatogram (Fig. 3) shows the detected cations in water,
hich has been leaching the powder samples of Green River Shale
ontaining 30 vol%-kerogen at ambient pressure and temperature
n our laboratory. The detection of Li cations in water suggests
58
Fig. 3. Ion chromatogram. Condition—Isocratic mode; flow rate, 1.0 ml/min;
MSA concentration, 29 mM; Dionex CS16 column; injection volume, 25 µl;
column temperature, 40 ◦C; suppression current, 44 mA.

the abundance of Li in kerogen-rich shale as well as an active
exchange of Li between fluid and rock. Because clay minerals
predominantly drive the mineralization and dissolution of Li,
fraction of clay minerals will play a significant role in describing
the transport of released Li.

2.2. Chemical reaction model and multicomponent–multiphase sys-
tem

To describe the transport of released Li from kerogen ther-
mal conversion in geologic systems, all the kinetic equations
included in kerogen thermal maturation—kerogen decomposition
releasing fluids and solids including Li, oil and gas cracking, and
pyrobitumen decompositions—as well as the mineralization and
dissolution of Li have been considered in the development of our
numerical simulator (Tables 2 and 3). The numerical simulator
includes 15 mass components of (1) water, (2) heavy oil (C24),
(3) light oil (C9), (4) methane gas (C1), (5) mixed hydrocarbon gas
(C3), (6) carbon dioxide (CO2), (7) kerogen, (8–11) different types
of residual carbons—pyrobitumen 1, pyrobitumen 2, pyrobitumen
3, and pyrobitumen 4, (12) Li ion (Li+), (13) Na ion (Na+, cation
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able 2
inetic reactions of kerogen decomposition and subsequent decomposition of hydrocarbons and pyrobitumens (Braun and Burnham, 1992; Jochum et al., 2005).
Reactions Frequency factor

[1/s]
Activation energy
[kJ/mol]

Reaction enthalpy
[kJ/mol]

Kerogen → 0.279 Heavy oil + 0.143 Light oil + 0.018 Hydrocarbon gas + 0.005
Methane + 0.555 Pyrobitumen 1 + 1.41 × 10−4Li

3.0 × 1013 213.384 −335

Heavy oil → 0.373 Light oil + 0.156 Hydrocarbon gas + 0.03 Methane + 0.441
Pyrobitumen 2

1.0 × 1013 225.936 −46.5

Light oil → 0.595 Hydrocarbon gas + 0.115 Methane + 0.290 Pyrobitumen 3 5.0 × 1011 225.936 −46.5
Hydrocarbon gas → 0.682 Methane + 0.318 Pyrobitumen 4 1.2 × 1012 238.488 −46.5
Pyrobitumen 1 → 0.031 Hydrocarbon gas + 0.033 Methane + 0.936 Pyrobitumen 2 1.0 × 1013 225.936 −46.5
Pyrobitumen 2 → 0.003 Hydrocarbon gas + 0.033 Methane + 0.964 Pyrobitumen 3 5.0 × 1011 225.936 −46.5
Pyrobitumen 3 → 0.018 Methane + 0.982 Pyrobitumen 4 1.2 × 1012 238.488 −46.5
M
a
l
i
s
t
t
t
t
f

Table 3
Cation exchange reaction between Li and Na.
Reaction (equilibrium) Data taken into account in the model

Na–clay + Li+ ↔ Li–clay + Na+ Selectivity coefficient for Li–Na exchange

exchangeable with Li+), (14) Na–clay, and (15) Li–clay in four
hases of aqueous, liquid organic, gaseous, and solid. Note that
e considered Na ion as an exchangeable cation with Li ion
hrough rock and fluid interactions. A representative example of
lay is montmorillonite.
Kinetic reactions of decompositions of kerogen, hydrocarbons,

nd pyrobitumens in Table 2 are calculated based on the first-
rder Arrhenius law as follows. Subscript (k) indicates the order
f reaction in Table 2.

k = kkCκ (1)

where, rk [kg/(m3 s)] is the reaction rate; Cκ [kg/m3] is the
concentration of component; kk [1/s] is the reaction rate constant,
which is described as follows.

kk = Ak exp
(
−

Ek
RT

)
(2)

where, Ak [1/s] is the frequency factor; Ek [kJ/mol] is the activation
nergy; R [kJ/(mol K)] is the gas constant; T [K] is the system
emperature.

Cation exchange reaction between Li and Na presented in
able 3 takes place when free cations in aqueous solution ex-
hange with interlayer cations in clay. Selectivity coefficient for
he cation exchange reaction is described as follows (Fernandes
t al., 2012; Xu et al., 2008).

AB =
(NB)

ZA

(NA)
ZB

[A]ZB

[B]ZA
(γA)

ZB

(γB)
ZA

(3)

where, KAB is the selectivity coefficient (or equilibrium constant)
for cation exchange reaction; ZA and ZB are the valences of cations
A and B, respectively; NA and NB are the equivalent factional
occupancies, defined as the equivalents of cations A and B ad-
sorbed per kg of clay divided by the cation exchange capacity
(CEC) [equiv/kg], respectively; [A] and [B] [M] are the molarities of
cations A and B; γA and γB are the activity coefficients of cations
A and B in aqueous solution, which are described as follows as
per the modified Debye–Huckel formula (Davies and Shedlovsky,
1964; Liu et al., 2012).

− log (γi) =
0.529Zi2I0.5

1+ I0.5
(4)

where, Zi is the valence of the i-th cation; I [M] is the true ionic
strength of the aqueous solution. From the experimental study
on Li–Na exchange equilibrium in montmorillonite at T = 298
59
K, it is found that the selectivity coefficient (KNa_Li) is in the
range of 0.5058–0.7586 under the various initial conditions of pH,
solution volumes, and concentrations, where the corresponding
equilibrium coefficient ( [Li]

[Na]
N ′
Na
N ′
Li
, N ′ in [mol/g]) is in the range of

1.116–1.444 (Liu et al., 2012).

2.3. Governing equations and solution algorithm

Basin-scale simulation model considers porous media as con-
tinua, where each discretized element contains solid and fluid
phases and has its own porosity. The capability of the numerical
simulator for this study has been built by adding the capability
of release, transport, and accumulation of Li into our 3-D Integral
Finite Difference Method (IFDM) model for petroleum source rock
systems, which has been developed based on the seed code of
TOUGH2 of Lawrence Berkeley National Laboratory (Lee et al.,
2014; Lee, 2014, 2019, 2020; Lee et al., 2018a,b, 2016a,b, 2017a,b;
oridis, 2012; Pruess et al., 1999). The numerical simulator solves
set of mass-and-energy balance equations, to address the re-

ease of Li from kerogen conversion, transport of Li as dissolved
n aqueous phase, and accumulation of Li in source rock brines. As
hown in the solution algorithm of Fig. 4, the simulator computes
he fully-implicit solutions of a series of partial differential equa-
ions of mass-and-energy balance equations, after constructing
he Jacobian matrix. Elaborating on physical interpretation of
he mathematical formulations, the numerical simulator has the
ollowing details.

• Mass-balance equation addresses the mass accumulation by
Darcy flow, source and sink, and mass change by the chemi-
cal reactions of kerogen conversion and cation exchange, as
described as follows:
∂Cκ

∂t
=

∑
β≡A,O,G

qβXκ
β +

∑
k≡reactions

Mκ
k

−∇ ·

⎛⎝ ∑
β≡A,O,G

kβρβ

µβ

Xκ
β

(
∇Pβ − ρβg

)⎞⎠ (5)

Where, Cκ is the component concentrations [kg/m3]; t is
the time [s]; qβ [kg/(m3 s)] is the source and sink term;
Xκ

β is the mass fraction of component κ in phase β; Mκ
k

[kg/(m3s)] is the mass change of component κ through k-th
reaction; kβ [m2] is the effective permeability of phase β; µβ

[Pa s] is the viscosity of phase β; ρβ [kg/m3] is the density
of phase β; Pβ [Pa] is the phase pressure; g [m/s2] is the
gravity vector. Solution of mass balance equations provides
the spatial distributions of mass components including Li in
each phase of fluids and solid.
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• Energy-balance equation addresses the heat accumulation
by heat conduction and convection, and heat change by
chemical reactions, as described as follows:

∂

∂t

⎛⎝(1− φ) ρRCP,RT +

∑
β≡A,O,G,S

φSβρβUβ

⎞⎠
= ∇ · (K∇T ) −∇ ·

⎛⎝ ∑
β≡A,O,G

k
krβρβ

µβ

(
∇Pβ − ρβg

)
hβ

⎞⎠
+

∑
k≡reactions

∆hkrk (6)

Where, φ is the media porosity; ρR [kg/m3] is the dry rock
density; CP,R [J/(kg K)] is the specific heat capacity of dry
rock; T [K] is the temperature; Sβ is the saturation of phase
β; Uβ [J/kg] is the internal energy of phase β; K [W/(m K)]
is the thermal conductivity of bulk formation consisted of
dry rock and the phases in pores; hβ [J/kg] is the specific
enthalpy of phase β; and ∆hk [J/kg] is the enthalpy of k-th
kinetic reaction (see Table 2).

• Mass-and-energy-balance equations are simultaneously
solved by computing the fully-implicit solution of Jacobian
matrix, which is described as follows:

J =
[
∂Ri/∂Xj

]
(7)

Where, J is the Jacobian matrix; Ri is the residual equations
of mass-and-energy-balance equations; Xj is the primary
variables such as Pβ , Xκ

β , Sβ , and T . The Jacobian matrix
equation is solved by applying Newton–Raphson method.

2.4. Dynamic system conditions affecting the release, transport, and
accumulation of li

In the geologic systems, where kerogen releases organic and
inorganic components during thermal conversion, and subse-
quent transport of them occurs, in-situ conditions such as pres-
sure, temperature, and compositions and properties of phases
undergo significant changes (Bauman and Deo, 2010; Fan et al.,
2010; Youtsos et al., 2013). Changes of pressure and temperature
accompanied by kerogen decompositions into fluid and solid
affect phase behavior, such as liquefaction of gaseous phase, va-
porization of liquid phase, and dissolution and escapement of gas
components into and from liquid phase. Subsequently, thermo-
physical and chemical states of the fluid and solid phases affect
the transport and accumulation of components including Li in
the geologic systems. These dynamic system conditions relevant
to release, fate, and transport of Li in entire petroleum systems
have been addressed in this study’s basin-scale simulation model.
The description of dynamic phase properties such as density, vis-
cosity, specific enthalpy, compositional thermal conductivity, and
solubility are computed as a function of pressure, temperature,
and phase compositions, by considering individual component’s
characteristics and mass fractions, mixing rules, and equation of
states (Lee et al., 2016a).

3. Problem setup

3.1. Model geometry and input parameters

A 2D cross-sectional conceptual model of petroleum source
rock system has been developed for the numerical simulation
cases. The conceptual model includes the geometry of imperme-

able rock, source rock, and reservoir rock, with the simplified

60
Fig. 4. Flow chart of the solution algorithm in the basin-scale simulation model.

representation of system heterogeneity. Although it is a simpli-
fied model, it includes the essential components affecting the
release from kerogen, transport through the pores, and accumu-
lation of Li in the entire petroleum source rock system. Numerical
simulation cases with the conceptual model will provide the fun-
damental understanding of the physical and chemical phenomena
relevant to the Li behavior by clearly analyzing the impact of
various parameters affecting it. Fig. 5 shows the discrete grid
geometry of the conceptual model, consisted with 60 × 30 cubic
rids of 100 m × 100 m × 100 m. Release of Li from kerogen

occurs in the source rock with high organic content (25 vol% of
bulk rock), while its transport occurs in the reservoir rock with
low organic content (2.5 vol% of bulk rock).

The system properties and initial conditions of the simulations
are presented in Table 4. We consider the gradually increasing
pressure and temperature with depth, based on the hydrostatic
pressure gradient and geothermal gradient, respectively. Initial
volume fraction of solid phase composed with the components
of kerogen, pyrobitumens, Na–clay, and Li–clay were 25% in the
entire domain; source rock had 25 vol%-kerogen with respect to
bulk rock (corresponding mass fraction in solid phase of 1.0);
reservoir rock had 2.64 vol%-kerogen, 21.1vol%-pyrobitumens,
0.63 vol%-Li–clay, and 0.63 vol%-Na–Clay with respect to bulk
rock (corresponding mass fractions in solid phase of 0.1, 0.8, 0.05,
and 0.05 for kerogen, pyrobitumens, Li–clay, and Na–clay, re-
spectively); impermeable rock had 23.7 vol%-pyrobitumens, 0.63
vol%-Li–clay, and 0.63 vol%-Na–Clay with respect to bulk rock
(corresponding mass fractions in solid phase of 0.9, 0.05, and
0.05 for pyrobitumens, Li–clay, and Na–clay, respectively). Note
that the high value of TOC in the source rock has been obtained
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Table 4
System properties and initial conditions.
System properties and initial condition Value

Pressure range, hydrostatic pressure gradient 3.04–32.4 MPa, 9,793 Pa/m
Temperature range, geothermal gradient 230–320 ◦C, 0.03 ◦C/m
Volume fraction of solid phase 25 vol%
Effective porosity 4 vol%
Na ion mass fraction in aqueous phase 1.0e−4
Na–Li equilibrium coefficient 1.2793
Li stoichiometry (mass fraction) in kerogen decomposition 1.41e−4
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Fig. 5. Grid geometry and permeability [md] distribution of the 2D conceptual
model containing different lithologic zones.

from the immature kerogen-bearing shale (Type I Green River
Shale), instead of already matured kerogen-bearing shales with
low TOC, given that we tried to address the release of Li from
the maturation of initially immature kerogen during geological
time-scale. As solid kerogen converts into organic and inorganic
compounds in fluid and solid phases, the volume fractions of solid
and pores go through dynamic changes. Initial effective porosity
of entire domain was 4 vol%, where single phase aqueous phase
presented initially. In the aqueous phase, 10−4 mass fraction of
Na ion (Na+) presented initially in the pores. Equilibrium co-
efficient of Na–Li cation exchange between aqueous phase and
clay minerals was 1.2793 as per the published value, where the
corresponding selectivity coefficient was 0.6322 (Liu et al., 2012).
toichiometry in mass fraction of Li released from the kerogen
ecomposition was assumed to be 1.41 × 10−4, based on the
olid Li fraction range in the immature kerogen-bearing shale
Table 1), and regarding that both organic and inorganic Li would
e released by kerogen maturation in the geologic system (Fig. 2).
It is worthwhile to discuss the high temperature of initial con-

ition (230–320 ◦C) in Table 4. Depth of the simulation model is
rom −300 m to −3300 m, which results in the actual formation
emperature (Tgeol) of 30–120 ◦C. In the simulation runs, we con-
idered the higher model temperature (Tsim) of 230–320 ◦C with
he simulation time scale of multiple days, which had to be in a
ifferent scale from the actual geologic time scale (tgeol) of tens
f millions of years. Kerogen decomposition at high temperature
n simulation introduces the shorter simulation time (tsim), by
quating the multiplication of reaction rate constant and time in
imulation scale (Eq. (8)) to that in geologic scale (Eq. (9)) and
pplying the kerogen decomposition kinetics in Table 2 (Pawar
t al., 2017). As such, maximum simulation time of 2.31 days
=2.0 × 105 s) was found to be sufficient to consider the geologic
ime of about 10 My. Shorter simulation time scale affects the
luid flow as well, and diffusivity of fluid phases has been cor-
ected, by considering the original shale permeability of nD scale
Eqs. (10) and (11)). Here, ηgeol and ηsim indicate the diffusivity

f fluid phase in geological time scale and simulation time scale,

61
respectively. Accordingly, absolute permeability of source rock
and reservoir rock, which are both composed of low-permeability
shale in petroleum source rock system, has been assigned to be
100 md in the simulation runs (Table 5).

kk,geol · tgeol = Ak exp
(
−

Ek
RTgeol

)
· tgeol (8)

kk,sim · tsim = Ak exp
(
−

Ek
RTsim

)
· tsim (9)

ηgeol · tgeol =
Kgeol

∅µct
· tgeol (10)

ηsim · tsim =
Ksim

∅µct
· tsim (11)

.2. Sensitivity analysis

We combine the local sensitivity analysis technique to the
odeling of Li in petroleum source rock systems with the de-
eloped simulator, to quantitatively evaluate the most influential
actors affecting the Li concentration in brines. Local sensitivity
nalysis was conducted by applying the simulation-optimization
ramework of iTOUGH2 with the PEST protocol, which was used
o link our developed numerical simulator to the iTOUGH2 anal-
sis toolset of Lawrence Berkeley National Laboratory (Finsterle,
999, 2010). Local sensitivity analysis quantifies the relation-
hip between unknown input parameters to the uncertain output
ariables.
In this study, the uncertain output variable has been de-

ined as Li mass fraction in brines, while the unknown input
arameters have been defined as the factors affecting release,
ransport, and accumulation of Li, such as Li stoichiometry in
erogen decomposition reaction, Na–Li equilibrium coefficient
f cation exchange reaction between brines and clay minerals,
nitial Na–clay mass fraction in solid phase, initial Li–clay mass
raction in solid phase, and initial Na ion mass fraction in brines.
hese input parameters have been selected by considering their
xpected impacts on the Li mass fraction in brines (Table 6).
ncrease of Li stoichiometry in kerogen decomposition reaction is
xpected to positively affect the output variable by allowing more
mount of Li releasable during kerogen decomposition into pore
luids. The other parameters are selected to analyze the impacts
f rock and fluid interactions exchanging components during
he transport of released Li through pores; increase of Na–Li
quilibrium coefficient is expected to make the forward reaction
f cation exchange in Table 3 more vigorous and enhance the Li
ineralization; increase of Na–clay mass fraction in solid phase

s expected to make the forward reaction of cation exchange and
i mineralization more active as well; increase of Li–clay mass
raction in solid phase is expected to make the backward reaction
f cation exchange and Li dissolution more active; increase of Na
on mass fraction in brines is expected to enhance the backward
eaction of cation exchange and Li dissolution as well.
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able 5
ormation properties of each zone.
Zone Permeability [md] Solid phase compositions (mass fractions)

Impermeable rock 0
XKerogen
S = 0,XCokes

S = 0.9,

XLi−clay
S = 0.05,XNa−clay

S = 0.05

Source rock (shale with high organic matter content) 100
XKerogen
S = 1.0,XCokes

S = 0,

XLi−clay
S = 0,XNa−clay

S = 0

Reservoir rock (shale with low organic matter content) 100
XKerogen
S = 0.1,XCokes

S = 0.8,

XLi−clay
S = 0.05,XNa−clay

S = 0.05
Table 6
Expected impacts of input parameters on the output variable and the scaling factors (variations of parameters and standard deviation of output variable) for local
sensitivity analysis.
Input parameters and output variable Expected impact Scaling factor

Input parameter: Li stoichiometry in kerogen decomposition reaction Positive 2.82e−6
Input parameter: Na–Li equilibrium coefficient Negative 2.5586e−2
Input parameter: Na–clay mass fraction in solid phase Negative 1.0e−3
Input parameter: Li–clay mass fraction in solid phase Positive 1.0e−3
Input parameter: Na ion mass fraction in brines Positive 2.0e−6
Output variable: Li ion mass fraction in brines – 1.0e−6
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In the local sensitivity analysis, sensitivity coefficient is com-
uted as follows, which is defined as the partial derivatives of
utput variables to input parameters.

ij =
∂Zi
∂Pj

(12)

here, Sij is the sensitivity coefficient of output variable (Zi)
to the input parameter (Pj). Because the variability of input pa-
rameters and the uncertainty of output variables vary, scaled
sensitivity coefficients are computed to make the sensitivity co-
efficients dimensionless, as described as the following equation.

S ij =
∂Zi
∂Pj

·
σPj
σZi

(13)

here, S ij is the scaled sensitivity coefficient of output variable
Zi) to the input parameter (Pj); σPj is the parameter scaling
factor, which is defined by the expected variability of input pa-
rameter; σZi is the output scaling factor, which is defined by the
uncertainty or standard deviation of output variable. The scaling
factors of input parameters and output variable applied in this
study are presented in Table 6, which are assumed to be around
2% of each parameter and expected variable.

4. Results and discussion

4.1. basin-scale modeling

We simulated the processes of kerogen decomposition releas-
ing Li, transport of released Li through pores as dissolved in
brines, and accumulation of Li in petroleum source rock systems,
as discussed in Section 3.1 Model geometry and input parameters.
ig. 6(a) presents the spatial distributions of mass fraction of Li in
rines after the simulation time of 2.0× 105 s in the base case, by
pplying the system properties and initial conditions presented in
ables 4 and 5. Note that we presented the spatial distributions
f mass fraction of Li in brines instead of its concentration in
pm, because mass fraction in fluid phase indicates the relative
mount of the component in the in-situ condition of reservoir,
hile the concentration in ppm is generally used at the surface
tandard condition. From the figures, it is found that the part of
he Li released from kerogen was expelled from source rock and
ransported through the pores of reservoir rock and accumulated,

hile significant part of Li released from kerogen was staying and f

62
ccumulated in source rock. Table 7 shows the Li mass fraction
n brines at the various observation points of 1 (x = 1.5 km, z
−1.8 km), 2 (x = 1.5 km, z = −2.4 km), 3 (x = 1.5 km, z =

3.0 km), and 4 (x = 5.5 km, z = −1.3 km). Li mass fractions
n brines at the observation points 1, 2, 3, and 4 accordingly
ndicate the Li concentration of 76.2 ppm, 430 ppm, 191 ppm,
nd 19.1 ppm, respectively, at surface standard condition of 1
tm pressure and 25 ◦C temperature. The magnitudes of these
i concentrations are in accordance with the published values
n Li-rich source rock brines, which give us confidence in our
eveloped simulator and the conditions of simulation-scale time
nd diffusivity (Haluszczak et al., 2013; Jang et al., 2017; Jang
nd Chung, 2018). More specifically, upstream chain suppliers,
ho produce oil and gas from source rocks, reported that water
roduced from Marcellus Shale contains Li from tens to a few
undreds ppm (Jang et al., 2017; Pfister et al., 2017; Phan et al.,
016).
Prior to the local sensitivity analysis of the Li mass fraction

n brines, various parameters were tested to directly quantify
heir impacts. Fig. 6(b)–(f) show the spatial distributions of Li
ass fractions in brines after the simulation time of 2.0 × 105

in the cases 1, 2, 3, 4, and 5. Case 1 indicates the case of
ncreased Li stoichiometry from kerogen decomposition (base
ase: 1.41 × 10−4, case 1: 2.82 × 10−4); case 2 indicates the
ase of increased equilibrium coefficient of Na–Li cation exchange
eaction (base case: 1.2793, case 2: 2.5586); case 3 indicates the
ase of increased initial mass fraction of Na–clay in reservoir
ock (base case: 0.05, case 3: 0.10); case 4 indicates the case of
ncreased initial mass fraction of Li–clay in reservoir rock (base
ase: 0.05, case 4: 0.10); case 5 indicates the case of increased
nitial mass fraction of Na ion in brines (base case: 10−4, case 5:
× 10−4). In each case, the other system properties and initial
onditions were identical to the base case. As can be seen in
ig. 6(b), increased Li stoichiometry from kerogen decomposition
case 1) positively affected the Li mass fraction in brines in source
ock, reservoir rock under the source rock, and reservoir rock
esides the source rock. Increased equilibrium coefficient of Na–
i cation exchange reaction (case 2) and increased initial mass
raction of Na–clay in reservoir rock (case 3) did not affect the
i mass fraction in brines in source rock, while they negatively
ffected them in reservoir rocks under and besides the source
ock (Fig. 6(c) and (d)). Increased initial mass fraction of Li–
lay in reservoir rock had insignificant impact on the Li mass

raction in brines in source rock, while it positively affected them
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T
L

able 7
i mass fractions in brines (and Li concentration in ppm at surface condition) at the end of the simulations.
Observation points in
various locations

Base case Case 1 Case 2 Case 3 Case 4 Case 5

Observation point 1
(x = 1.5 km, z = −1.8
km)

6.0691e−5
(76.2 ppm)

1.2138e−4
(152 ppm)

6.0691e−5
(76.2 ppm)

6.0367e−5
(75.8 ppm)

6.0367e−5
(75.8 ppm)

6.0689e−5
(76.2 ppm)

Observation point 2
(x = 1.5 km, z = −2.4
km)

3.5716e−4
(430 ppm)

7.1421e−4
(860 ppm)

3.5716e−4
(430 ppm)

3.5727e−4
(430 ppm)

3.5726e−4
(430 ppm)

3.5715e−4
(430 ppm)

Observation point 3
(x = 1.5 km, z = −3.0
km)

1.5515e−4
(192 ppm)

3.0172e−4
(372 ppm)

1.0230e−4
(126 ppm)

1.0857e−4
(133 ppm)

2.2510e−4
(276 ppm)

1.6850e−4
(208 ppm)

Observation point 4
(x = 5.5 km, z = −1.3
km)

1.5232e−5
(19.2 ppm)

1.6946e−5
(21.3 ppm)

9.8366e−6
(12.3 ppm)

9.8942e−6
(12.4 ppm)

2.1136e−5
(26.5 ppm)

2.8708e−5
(36 ppm)
Fig. 6. Mass fraction of Li in brines—(a) base case, (b) case 1 (increased Li stoichiometry in kerogen decomposition), (c) case 2 (increased equilibrium coefficient
of Na–Li cation exchange reaction), (d) case 3 (increased initial mass fraction of Na–clay in reservoir rock), (e) case 4 (increased initial mass fraction of Li–clay in
reservoir rock), (f) case 5 (increased initial mass fraction of Na ion in brines).
63
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Table 8
Li mass in place as dissolved in brines at the end of the simulations.
Case Li mass in place (kg) Normalized Li mass in

place to the base case

Base case 8.0253 × 105 –
Case 1—increased Li stoichiometry in kerogen decomposition 1.4815 × 106 1.8460
Case 2—increased equilibrium coefficient of Na–Li cation exchange reaction 6.9346 × 105 0.8641
Case 3—increased initial mass fraction of Na–clay in reservoir rock 7.0104 × 105 0.8735
Case 4—increased initial mass fraction of Li–clay in reservoir rock 9.3521 × 105 1.1653
Case 5—increased initial mass fraction of Na ion in brines 9.2934 × 105 1.1580
−
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in reservoir rocks under and besides the source rock (Fig. 6(e)).
Finally, increased initial mass fraction of Na ion in brines (case
5) had insignificant impact on the Li mass fraction in brines in
source rock, while it positively affected them in reservoir rocks
under and besides the source rock (Fig. 6(f)). Impacts of increased
initial mass fraction of Li–clay in reservoir rock (case 4) and
increased initial mass fraction of Na ion in brines (case 5) were in
a similar pattern, but they showed different relative impacts on
the Li mass fractions in the reservoir rocks, which were under and
besides the source rock brines. Table 7 shows the Li mass fraction
n brines at the various observation points in each case. These
esults indicate that the various parameters differently affect the
i mass fraction in brines with respect to the location in the
ystem, which are resulted by the combined effects of release
nd transport of Li and rock and fluid interactions. It raises the
eed of analyzing the impacts of various parameters at different
bservation points to quantify the most influential factors, which
ould vary with locations.
In Table 8, generated mass in place (kg) of Li in brines is

ummarized in the base case and each case of various parameters.
ith the same degree (two times) of increase in each input pa-

ameter, it is found that the impact of Li stoichiometry in kerogen
ecomposition had the highest sensitivity of the generated Li
mount in brines in the entire system, where the impacts of initial
ass fraction of Li–clay in reservoir rock, initial mass fraction of
a ion in brines, initial mass fraction of Na–clay in reservoir rock,
nd equilibrium coefficient of Na–Li cation exchange reaction
ollowed it.

.2. Impacts of kerogen type and content

Before performing the local sensitivity analysis as stated, the
mpacts of kerogen types and contents on Li mass fraction in
rines were estimated. Note that different kerogen types and
ontents were not considered in the local sensitivity analysis in
he next section, because originally immature kerogen-bearing
hale (Type I Green River Shale) with high TOC was considered,
nstead of already matured kerogen-bearing shales with low TOC,
iven that we tried to address the release of Li from the matura-
ion of initially immature kerogen during geological time-scale.
egarding that activation energy of kerogen varies with respect
o its maturity and type, we conducted two different simulation
uns with (1) higher activation energy of kerogen decomposition
=214.384 kJ/mol) and with (2) lower kerogen volume fraction
=20 vol%).

Fig. 7 presents the spatial distributions of mass fraction of Li
in brines after the simulation time of 2.0 × 105 s in the base case
activation energy of kerogen decomposition = 213.384 kJ/mol,
erogen volume fraction = 25 vol%) and the cases with increased

activation energy of kerogen decomposition and decreased kero-
gen volume fraction. In Table 9, generated mass in place (kg) of
Li in brines is quantitatively summarized in each case. Both cases
show the negative impact on the mass fraction of Li in brines.
64
4.3. Sensitivity analysis

We performed a local sensitivity analysis of Li mass fraction
in brines at the four observation points to the factors affecting
release, transport, and accumulation of Li. The four observation
points were set identical to the previous section of forward nu-
merical simulation—observation points of 1 (x = 1.5 km, z =

1.8 km), 2 (x = 1.5 km, z = −2.4 km), 3 (x = 1.5 km, z
−3.0 km), and 4 (x = 5.5 km, z = −1.3 km). Various input

arameters such as Li stoichiometry in kerogen decomposition re-
ction, Na–Li equilibrium coefficient of cation exchange reaction
etween brines and clay minerals, initial Na–clay mass fraction
n solid phase, initial Li–clay mass fraction in solid phase, and
nitial Na ion mass fraction in brines were selected to perturb in
he local sensitivity analysis. After perturbing these parameters,
orresponding changes in Li mass fraction in brines at the four
bservation points were monitored. By conducting the forward
umerical simulations combined with the local sensitivity anal-
sis using the scaling factors in Table 6, the summated absolute
caled sensitivity coefficients of Li mass fraction in brines to the
arious parameters have been obtained. The scaled sensitivity
oefficients were obtained from t = 104 s to 2 × 105 s with a
measurement frequency of 104 s. For each parameter and out-
ut response of Li mass fraction in brines at each observation
oint, the summated absolute scaled sensitivity coefficients were
omputed as follows.

S ij,sum =

∑
for all t

⏐⏐S ij⏐⏐ (14)

As can be seen in Table 10, each observation point had different
sensitivity to the various input parameters. At the observation
point 1 in the source rock, output response (Li mass fraction
in brines) had the highest sensitivity to the Li stoichiometry in
kerogen decomposition reaction and the insignificant sensitiv-
ity to the other parameters. At the observation point 2 in the
deeper formation of source rock, output response showed much
higher sensitivity to the Li stoichiometry than the observation 1,
while the other input parameters remained insignificant. At the
observation point 3 at the reservoir rock below the source rock,
output response showed the high sensitivity to all the parame-
ters, indicating that it was crucially affected by all the parameters
relevant to the release and transport of Li. At the observation
point 4 at the reservoir rock besides the source rock, output
response had the higher sensitivity to the parameters affecting
the transport of Li than the parameter affecting the release of Li
from kerogen decomposition. The results in Table 10 are visually
escribed in Fig. 8. As such, the presented results of local sen-
itivity analysis can provide the conceptual information of most
mportant parameters to be investigated to quantitatively predict
he Li production potential from brines at various locations in the
etroleum source rock systems.
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Fig. 7. Mass fraction of Li in brines—(a) base case, (b) case I (increased activation energy of kerogen decomposition), (c) case II (decreased initial kerogen content).
Table 9
Li mass in place as dissolved in brines at the end of the simulations.
Case Li mass in place (kg) Normalized Li mass in

place to the base case

Base case 8.0253 × 105 –
Case I—increased activation energy of kerogen decomposition 6.5306 × 105 0.8138
Case II—decreased initial kerogen content 6.4064 × 105 0.7983
Table 10
Scaled sensitivity coefficients of Li mass fraction in brines to the factors affecting release, transport, and accumulation of Li.
Scaled sensitivity coefficients of Li mass fraction
in brines to various parameters

Li stoichiometry Na–Li equilibrium coefficient Na–clay fractiona Li–clay fractiona Na ion fractiona

Observation point 1 (x = 1.5 km, z = −1.8 km) 12.3384 0 0.0002 0.0002 −0.0002
Observation point 2 (x = 1.5 km, z = −2.4 km) 65.7752 0 0.031 0.031 −0.0002
Observation point 3 (x = 1.5 km, z = −3.0 km) 29.5952 −17.9416 −16.1716 19.7546 5.3638
Observation point 4 (x = 5.5 km, z = −1.3 km) 0.3620 −3.1534 −3.1314 3.1790 5.4000

aFractions of Na–clay and Li–clay are the mass fractions in solid phase; fraction of Na ion is the mass fraction in brines.
5. Conclusions

In this study, we investigated the production potential of Li
rom petroleum source rock brines and quantified the impacts of
arious parameters relevant to the release, transport, and accu-
ulation of Li on its production potential. The subject matter was
ddressed by means of basin-scale numerical simulation and local
ensitivity analysis.
The numerical simulation with a conceptual model of

etroleum source rock system addressed the accumulation of Li
n various locations, by taking account for the release of Li from
erogen decomposition reaction in organic-rich source rock, and
ate and transport of expelled Li as interacting with reservoir
ock. From the simulation results, we could quantitatively analyze
he Li mass fraction in brines as an indicator of Li production
otential. In combination with the numerical simulations, we
uantified the impacts of various parameters on the Li mass frac-
ion in brines at four different observation points, by conducting
ocal sensitivity analysis. It elucidated the relative sensitivity of
i production potential to the parameters of Li stoichiometry in
65
kerogen decomposition reaction, Na–Li equilibrium coefficient,
Na–clay mass fraction in solid phase, Li–clay mass fraction in solid
phase, and Na ion mass fraction in brines.

Specifically, the following detailed results were drawn:

(1) In the numerical simulation of base case, Li concentrations
at the upper part of the source rock (observation point
1), lower part of the source rock (observation point 2),
reservoir rock below the source rock (observation point
3), and reservoir rock besides the source rock (observation
point 4) were 76.2 ppm, 430 ppm, 191 ppm, and 19.1 ppm,
respectively. These values are in accordance with the pub-
lished values in Li–rich source rock brines and gave us
confidence in our developed numerical simulator and the
system conditions.

(2) Two times-increment of Li stoichiometry in kerogen de-
composition reaction, Na–Li equilibrium coefficient, Na–
clay mass fraction in solid phase, Li–clay mass fraction in
solid phase, and Na ion mass fraction in brines resulted in
the normalized Li mass in place as dissolved in brines to
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Fig. 8. Scaled sensitivity coefficients of Li mass fraction in brines to the various factors affecting release, transport, and accumulation of Li—(a) observation point 1,
(b) observation point 2, (c) observation point 3, (d) observation point 4.
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the base case of 1.8460, 0.8641, 0.8735, 1.1653, and 1.1580,
respectively.

(3) In the local sensitivity analysis, it is found that the Li mass
fractions in brines at the source rock (observation points
1 and 2) were only affected by the Li stoichiometry in
kerogen decomposition reaction and not affected by the
other parameters. At the reservoir rock below the source
rock (observation point 3), Li stoichiometry in kerogen
decomposition reaction showed the highest sensitivity, and
the other parameters (Na–Li equilibrium coefficient, Na–
clay mass fraction in solid phase, Li–clay mass fraction in
solid phase, and Na ion mass fraction in brines) showed
high sensitivities as well. At the reservoir rock besides the
source rock (observation point 4), Na ion mass fraction in
brines showed the highest sensitivity, where Li–clay mass
fraction in solid phase, Na–Li equilibrium coefficient, Na–
clay mass fraction in solid phase, and Li stoichiometry in
kerogen decomposition reaction followed it.

(4) Among the various parameters, Li stoichiometry in kerogen
decomposition reaction had the most significant impact
on Li production potential, when it was summed at all of
the four observation points, which was followed by Li–clay
mass fraction in solid phase, Na–Li equilibrium coefficient,
Na–clay mass fraction in solid phase, and Na ion mass frac-
tion in brines. Among the various locations in the system, Li
production potential at the reservoir rock below the source
66
rock (observation point 3) showed the highest sensitivity
to the parameters, where lower part of the source rock
(observation point 2), reservoir rock besides the source
rock (observation point 4), and the upper part of the source
rock (observation point 1) followed it.

The envisioned work will include the application of complex
model geometries in numerical simulations, mimicking actual
petroleum source rock systems with the consideration of specific
lithologic structures and heterogeneity of system properties.
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