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Abstract
To meet the extensive demand for lithium (Li) for rechargeable batteries, it is crucial to 
enhance Li production by diversifying its resources. Recent studies have found that pro-
duced water from shale reservoirs contains various organic and inorganic components, 
including a significant amount of Li. In this study, findings from hydrothermal reaction 
experiments were analyzed to fully understand the release of Li from organic-rich shale 
rock. Subsequently, numerical algorithms were developed for both pore-scale and contin-
uum-scale models to simulate the long-term behavior of Li in shale brines. The experi-
mental conditions considered four different hydrothermal solutions, including the solutions 
of KCl, MgCl2, CaCl2, and NaCl with various concentrations under the temperature of 
130 °C, 165 °C, and 200 °C. The release of Li from shale rock into fluid was regarded as 
a chemical interaction of cation exchange between rock and fluid. The reactive transport 
pore-scale and upscaled continuum-scale models were developed by coupling the chemical 
reaction model of Li interaction between rock and fluid. The model was first implemented 
to investigate the release and transport of Li in the pore scale. Continuum-scale proper-
ties, such as effective diffusivity coefficients and Li release rate, were obtained as the field-
averaged pore-scale modeling results. These properties were used as the input data for the 
upscaled continuum-scale simulation. The findings of this study are expected to provide 
new insight into the production of Li from shale brines by elucidating the release, fate, and 
transport of Li in subsurface formations.

Keywords  Lithium resources · Organic-rich shales · Pore-scale modeling · Rock–fluid 
interactions · Fate and transport
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S 	� Specific surface area
�f 	� Volume fraction of fluid area
�s 	� Volume fraction of rock
vf 	� Average velocity of fluid
pf 	� Average pressure
�f 	� Dynamic viscosity
�f 	� Fluid density
�s 	� Rock density
�f,i 	� Concentration of component i in fluid
� 	� Diffuse-interface function

Subscripts
f	� Fluid phase
s	� Solid phase

1  Introduction

The demand for lithium (Li)-ion batteries has grown significantly with the increased usage 
of rechargeable energy storage for electronics, electrified transportation, and renewable 
electricity generation. According to the U.S. Geological Survey, 74% of Li consumption 
was for producing Li-ion batteries (USGS 2020). As such, the enhancement and diversifi-
cation of the sources of Li supply are crucial for the successful clean energy transition. In 
general, Li is produced from solid minerals and brines in natural systems. Recent studies 
have found that produced water from shale reservoirs contained various organic and inor-
ganic components, including an abundant amount of Li (Jang et al. 2017).

Currently, about two-thirds of Li supply is resourced from subsurface brines worldwide 
(Flexer et  al. 2018). However, brines that contain high concentrations of Li are limited 
to the regions that extend between northwest Argentina, southwest Bolivia, and north-
ern Chile (Flexer et  al. 2018). This region is referred to as the Lithium Triangle, which 
could account for up to 80% of the world’s Li brine resources. Li can also be extracted 
from solid minerals such as spodumene, petalite, and lepidolite. The cost of Li extraction 
from hard rock is known to be about twice of Li extraction cost from brines. Even though 
Australia ranks currently the number one in Li production from hard rock minerals world-
wide (USGS 2020), it has been recently reported that the Li content in the produced water 
from Marcellus Shale could be about 230 ml/L (Phan et al. 2016), as shedding light on the 
potential diversification of the sources of Li supply.

Although shale brines have promising potential for Li supply, the current state-of-art 
lacks systematic knowledge relevant to the origin, fate, and transport of Li in shale brines 
(Lee 2022). Several researchers investigated Li originated from hydrocarbon source rocks 
and the subsequent evolution of formation water (Chan et al. 2002; Yu et al. 2013; Teichert 
et al. 2020). They found that depositional environments, thermal maturity of organic mat-
ter, and source rock age could influence Li isotopic compositions. The results suggest that 
δ7Li could be an efficient tracer to unravel the source of Li and track the accumulation 
location from the petroleum source rock system (Teichert et  al. 2020). They provided 
strong evidence of Li evolution from the organic-rich source rocks. In the most recent 
study, Lee investigated the origin, fate, and transport of Li with a conceptual numerical 
model and found the location of Li accumulation in shale brines (Lee 2022). The release of 
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Li during the kerogen maturation in organic-rich source rocks and the subsequent process 
of fate and transport of released Li were considered during the numerical simulation. This 
basin-scale model study provided the knowledge of locating the high-concentration zones 
of Li in shale brines as a function of various geochemical factors.

This study aims to improve the prediction capability of the behavior of Li in organic-
rich shale systems through pore-scale reactive transport modeling and upscaled contin-
uum-scale modeling, with the reaction mechanisms of Li releasing from rock into fluid 
elucidated with experiments. To accomplish the objective of this study, we first analyzed 
the reaction kinetics of Li release from organic-rich shale rock obtained with hydrother-
mal reactions. Second, the reaction model was coupled with the pore-scale reactive trans-
port models, to numerically describe the release and transport of Li. After developing the 
pore-scale reactive transport model, we applied it to both fracture-matrix and ideal grain 
models, considering the prevalence of the fracture-matrix system in reservoirs with natural 
fractures. Finally, we presented the upscaling method to describe the fate and transport of 
Li in the systems of organic-rich shales. The continuum-scale properties, such as effective 
diffusivity coefficients and Li release rate, were obtained as the field-averaged pore-scale 
modeling results with ideal grain models. The findings of this study are expected to pro-
vide a new insight into the production of Li from shale brines by elucidating the phenom-
ena relevant to the release and transport of Li in subsurface formations.

2 � Methodologies

2.1 � Experimental Procedures

The experimental procedures and analysis of hydrothermal reactions have also been 
addressed with details in the work of the authors presenting a suite of geochemical experi-
ments and characterizations of Li in shale rocks and brines (Lee et al. 2024). The hydro-
thermal reactions were conducted in the mechanical convection oven (Thermo Scientific 
Heratherm OMH60-S-SS) to elucidate the fluid–rock interactions resulting in the release 
of Li from the shale rock into the fluid. The hydrothermal liquids included deionized (DI) 
water and the solutions of KCl, MgCl2, CaCl2, and NaCl with various concentrations (0.01 
M, 0.05 M, and 0.1 M). One-g-ground source rock powder from Green River Shale and 
30-ml hydrothermal liquid were put into a high-pressure–high-temperature autoclave reac-
tor with 50-ml-volume capacity. Each of the hydrothermal reaction experiments was con-
tinued for 72 h. The detailed conditions of hydrothermal reaction experiments are presented 
in Table S1 of Supplementary Information. After the reaction, the hydrothermal fluid was 
filtered and diluted for Inductively Coupled Plasma Mass Spectrometry (ICP–MS) analy-
sis. We used ICAR RQ Thermo Fisher ICP–MS to perform the elemental analysis of Li.

We quantified the reaction kinetics of the release mechanisms of Li from shale rock 
into fluid, and the specific surface area of Green River Shale sample was analyzed with 
BET sorption analyzer. Anton Paar’s NovaTouch was used with nitrogen as the adsorption 
gas. Detailed results of BET sorption analysis can be found in Table S2 of Supplementary 
Information.

Given that the release mechanism of Li in shale rock is known to be closely related to 
the kerogen maturity of shale, Rock–Eval analysis was conducted with Vinci RockEval-6 
Pyrolysis Analyzer. The results of Rock–Eval pyrolysis analysis are provided in Table S3 of 
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Supplementary Information. The pyrolysis results confirmed that the Green River Shale con-
tained Type I kerogen with low-marginal thermal maturity.

2.2 � Reaction Rate Law

The release mechanism of Li from shale rock into fluid was analyzed as the chemical reac-
tions exchanging cations, given that the cation exchange has driven Li to be released from the 
source rock (organic-rich shale rock) during the hydrothermal reactions. The elucidated reac-
tion kinetics were to be coupled with the mass-balance equation in the pore-scale modeling 
to account for the reactive transport of Li in shale systems. The chemical reaction model was 
established by measuring the Li concentration in hydrothermal fluids after the experiments. 
Given that KCl, MgCl2, CaCl2, and NaCl solutions were considered in this study, we have the 
following chemical reactions for the rock and fluid interactions that exchange cations:

We assumed that the reactions always occurred in the forward direction due to the low 
activity product, and thereby the chemical reaction rate was in a linear relationship with time. 
With the concentration of Na+ , K+ , Mg

2+ , Ca2+ , and Li+ ions measured before and after the 
reactions, the reaction rate could be obtained. The reaction rate of the exchanging cation (A) 
and shale rock can be described as the first order rate law, which has the following equations 
(Kimura et al. 1981):

where rA is the reaction rate (mol/m3 s); NA and NB are the numbers of moles of the cation 
(A) in solution and Li (B) in rock, respectively. k′ is the reaction rate constant (m/s); S is 
the interfacial surface area (m2/m3); CA′ is the concentration of reacting cation (A) in solu-
tion; b is the chemical stoichiometry, which varies in different chemical reactions; b = 1 
when Na+ and K+ exchange with Li+, whereas b = 2 when Ca2+ and Mg2+ exchange with 
Li+; and V is the volume of the particle (m3). In the pore-scale model, when we use mass-
balance equation and apply the above reaction rate law in the source term, the chemical 
reaction rate has the following relationship:

(1)Na
+ + Li − Shale(s) → Li

+ + Na − Shale

(2)K
+ + Li − Shale(s) → Li

+ + K − Shale

(3)Mg
2+ + 2Li − Shale(s) → 2Li

+ +Mg − Shale

(4)Ca
2+ + 2Li − Shale(s) → 2Li

+ + Ca − Shale

(5)A + bLi − shale(s) → bLi
+ + A − Shale

(6)−rA = −
1

V

dNA

dt
= −

1

bV

dNB

dt
= k�SCA�

(7)−RA = �ARLi

(8)�A =
Vm,Li

bVm,A



Pore‑Scale and Upscaled Investigations of Release and Transport…

1 3

where �A  is stoichiometric coefficients based on molar mass and chemical valence, 
and Vm is the molar volume (m3/mol), respectively. RA and RLi are the reaction rate (kg/
m3 s). Vm,Li and Vm,A are molar volumes of Li and the cations ( Na+ , K+ , Mg

2+ , and Ca2+ ), 
respectively. Calculated �A value for each chemical reaction was �Na = 0.54 , �K = 0.28 , 
�Mg = 1.84 , and �Ca = 0.997 , respectively.

2.3 � Mathematical Method for Numerical Simulation

The governing equations of the developed pore-scale reactive transport model are listed 
in Table 1. The Darcy–Brinkmann–Stokes method (DBS) was implemented to solve the 
fluid flow and reactive transport in the pore-scale modeling. In the pore-scale model, the 
free zone and solid zone were denoted by the local volume fractions of pore ( �f ) and solid 
( �s ) within the control volume. Here, the DBS momentum equation was used to describe 
the fluid flow in both fluid and solid zones. Where the last term ( �fk

−1vf ) is the Darcy 
resistance term, which denotes the momentum exchange between the fluid and solid phase 
(You and Lee 2021b). In the fluid zone, the volume fraction of pore is 1, which makes 
the Darcy resistance term ( �fk

−1vf ) zero, and the DBS momentum equation turns into 
the normal Navier–Stokes equation. Likewise, fluid flow in fracture zones is described 
with Navier–Stokes equation. In the solid zone, the volume fraction of the pore is near 0, 
and the Darcy resistance term becomes very large (≈ 1015 magnitude). This term in the 
solid zone can be regarded as a sink term, and the velocity becomes zero. Thus, the DBS 
method considers both the solid and fluid phases within a grid block at the fluid–rock inter-
face. As such, unlike the traditional pore-scale modeling method, the stated DBS method 
includes the upscaled terms and effectively implements the non-slip boundary condition at 
the solid–fluid interface with the application of Darcy resistance term. The advection–dif-
fusion mass-balance equations of the ions ( Na+ , K+ , Mg

2+ , Ca2+ , and Li+ ) were used to 
quantify the concentration of each ion in the fluid phase. Given that the weight loss of the 
source rock powder did not have an obvious change before and after the hydrothermal reac-
tion experiments, we assumed that the local porosity of the rock did not change during the 
simulation.

The pore-scale reactive transport model was developed based on OpenFOAM, an open-
source computational fluid dynamics (CFD) platform (Weller et  al. 1998). This work 
was done by additionally describing the relevant physical-and-chemical phenomena in 
the source codes of pisoFOAM, which was initially designed to solve the incompressible 
transient flow (Leal 1992). The partial differential equations were discretized into linear 
algebraic equations by the finite volume method (FVM). The geometry models were gen-
erated by the open-source 3D computer graphics software, Blender (Blender Foundation 

Table 1   The governing equations of reactive transport modeling in pore–scale

Equation type Main governing equation Supplemental equations

Darcy–Brinkman–Stokes 
(DBS) momentum 
equation

1

�f

(
��fvf

�t
+ ∇ ⋅

(
�f

�f

vfvf

))
= −∇pf +

�f

�f

∇2vf − �fk
−1vf k−1 = k−1

0

(1−�f)
2

�f
3 ,

k0 = 10–15 m2

Advection–diffusion 
mass-balance equation

��f�f�f,i

�t
+ ∇ ⋅

(
vf�f�f,i

)
= ∇ ⋅

(
�f�fDi∇�f,i

)
− Ri(�f,i) , Ri = �fk�S�i�

S = ‖∇�‖�
� = 4�f

(
1 − �f

)
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1994). The initial volume fractions of the pores were initialized, and the initial and bound-
ary conditions were set as follows: vf|t=0 = vf0 , vf|x=0 = vf0 , 

�pf

�n
|x=0 = 0 , pf|x=x0 = pout , 

�f,i|x=0 = �f,i0 , and �f,i|t=0 = 0 (You and Lee 2021a, 2021b). The flow chart of the devel-
oped numerical algorithm is shown in Fig. 1.

The fluid flow and transport in the continuum-scale model was described by Darcy’s 
Law and convention–diffusion equation. The equations are listed in Table 2. U and K are 
the velocity and permeability, respectively; � is the porosity of the porous media; � is 
medium tortuosity, which equals to �1∕3 ; Deff is the effective diffusivity coefficient; and R 
is the reaction rate of Li release. If the porous medium is considered as isotropic, K can be 
a scalar in the simulation. R and Deff can be represented as the relationship with porosity 
and obtained from the pore-scale modeling.

Fig. 1   The flow chart of the numerical algorithm for the pore-scale reactive transport modeling

Table 2   The governing equations 
of reactive transport modeling in 
the continuum-scale model

Equation type Main governing equation

Darcy’s law U = −
K

�
⋅ (∇p − �g)

Advection–diffusion 
mass-balance equa-
tion

���f,i

�t
+ ∇ ⋅

(
U�f,i

)
= ∇ ⋅

(
��Deff∇�f,i

)
− R
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The upscaling process for continuum-scale modeling with the results obtained with 
pore-scale modeling is shown in Fig. 2. We applied the developed pore-scale reactive 
transport model to calculate the Li concentration with respect to time and conducted 
the numerical tracer experiments over the synthetic ideal grain models. We obtained 
the reaction rate of Li being released from shale rock under different domain porosities. 
With numerical tracer experiments, the relationship between the effective diffusivity 
coefficients and porosity could be established. The relationships between reaction rate 
and effective diffusivity coefficient with respect to porosity were then obtained and used 
as the input data for the continuum-scale model. In the upscaled continuum-scale mod-
eling, the fluid flow was described by the Darcy equation, and the transport of Li was 
described by the mass-balance equation, respectively. Porosity was used to denote the 
volume percentage of the void space of bulk rock, which had a range from 0 to 1. The 
continuum-scale geometry model had three geological layers as follows: the caprock 
layer at the top had a porosity of 0.1; the source rock layer and the brine accumulation 
layer were initialized with the random porosity fields, following the normal distributions 
with the mean of 0.4 and the standard deviation of 0.05. The source rock layer contained 
organic matter and minerals where solid Li was contained.

Fig. 2   The workflow of pore-scale reactive transport modeling and upscaled continuum-scale modeling
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3 � Results and Discussion

3.1 � Hydrothermal Reaction Experiments

The ICP–MS results of Li concentration after the hydrothermal reactions for 72 h are 
summarized in Table S4 of Supplementary Information. As can be seen, the hydrother-
mal solution and its concentration had a significant influence on the Li release from 
shale rock into the fluid. At 130 °C and 165 °C, the temperature did not have a signifi-
cant impact on the Li release. It is also observed that the different hydrothermal solu-
tions had different sensitivity to the temperature of the Li release. CaCl2 solution had 
the highest efficiency in releasing Li from shale rock into fluid, whereas the efficiency of 
cation exchange showed a relatively insignificant sensitivity to the temperature. With the 
hydrothermal temperature of 200 °C, the released Li concentration was generally higher 
than the cases of 130 °C and 165 °C. For most of the solutions, especially for KCl and 
MgCl2, released Li concentration in fluid showed values close to the cases of 130 °C and 
165 °C-hydrothermal temperatures. The determined reaction rate constants for different 
hydrothermal solutions and temperatures are listed in Table 3. CaCl2 solutions showed a 
relatively larger reaction rate constant than other solutions. This was because Ca2+ had 
the fastest hydration shell exchange rate, which made it easier to exchange for bound Li 
(Eberl 1980a; Sawhney 1972a). In addition, it is also known that heavier element with 
higher ionic charge is easier to be fixated in the interlayer of clay under humid condi-
tion by exchanging with lighter element with lower ionic charge (Sawhney 1972b; Vine 
1975; Eberl 1980b). Shale rock mainly contains organic compounds and various miner-
als such as clay, carbonate, and quartz, where Li is inorganically bound as an interlayer 
cation of clay in shale rock. Especially for Mg2+ with the same ionic charge to Ca2+, the 
ion exchange capacity of Ca2+ is much stronger than Mg2+ on the surfaces of minerals 
or exchange sites in soils and clays due to its larger ionic radius (Chapman 1965).

Table 3   Reaction rate constants 
for various systems

System Temperature (°C) Reaction rate 
constant (m/s)

Na–Li 130 2.5858 × 10–14

Mg–Li 130 2.3063 × 10–14

Ca–Li 130 1.9251 × 10–13

K–Li 130 4.7084 × 10–14

Na–Li 165 2.6999 × 10–14

Mg–Li 165 1.3075 × 10–14

Ca–Li 165 1.9434 × 10–13

K–Li 165 4.8852 × 10–14

Na–Li 200 7.0237 × 10–14

Mg–Li 200 5.9508 × 10–14

Ca–Li 200 2.1347 × 10–13

K–Li 200 7.3713 × 10–14
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3.2 � Pore‑Scale Simulation with a Fracture‑Matrix Model

To provide the pore-scale insight of Li release from shale rock into fluid and the subse-
quent transport, we synthesized the pore-scale fracture-matrix geometry model, as shown 
in Fig.  3a. The model had a dimension of 7.2 mm × 4.9 mm with 300 × 300 rectangular 
grids (i.e., grid size of 0.024 mm × 0.016 mm). The regions in black and gray indicate the 
rock grain and the fluid zone, respectively. The boundary condition is shown in Fig. 3b. 
The brine containing the cations of Na+, Mg2+, Ca2+, and K+ was injected from the left-
hand side of the domain. The left boundary was set as velocity inlet, and the right bound-
ary was set as pressure outlet, respectively. The input parameters for this simulation and the 
brine’s ion contents are presented in the following Tables 4 and 5, respectively.

Figure 4a shows the Li transport with respect to time. Li was generated around the sur-
face of the grain after being released from it and tended to accumulate in the free zone 
around the rock matrix. The fracture area showed a relatively higher fluid velocity, as 

Fig. 3   a Geometry model of the pore-scale reactive transport simulation; b boundary conditions

Table 4   The input parameters for 
the pore-scale modeling

Parameter Value

Inlet velocity 5 × 10–6 m/s
Diffusivity coefficient of brine 5 × 10–9 m2/s
Fluid density 920 kg/m3

Fluid viscosity 2.4 × 10–4 Pa s
System temperature 200 °C
Reaction rate constant of Na–Li system 7.02373 × 10–14 m/s
Reaction rate constant of Mg–Li system 5.95078 × 10–14 m/s
Reaction rate constant of Ca–Li system 2.13457 × 10–13 m/s
Reaction rate constant of K–Li system 7.37131 × 10–14 m/s

Table 5   The cation compositions 
of injection fluid in the pore-
scale modeling (Lee et al. 2024)

Cations in injected brine Mass frac-
tion (wt. %)

Na 3.09
K 0.064
Mg 0.3316
Ca 3.33



	 J. You, K. J. Lee 

1 3

shown in Fig. 4b. Figure 4b also presents the streamlines of the fluid flow, where the color 
of the streamline represents the magnitude of fluid velocity. Streamlines were distributed 
in the free zone around the matrix with a significantly low fluid velocity, which indicated 
that Li was easily accumulated in this area. As time passed, an abundant amount of Li 
was accumulated in the domain and approached the equilibrium. The average Li concentra-
tion in the computational domain with time is shown in Fig. 4c. Li concentration gradually 
reached the equilibrium state, where the average Li concentration in the system at the equi-
librium was about 10−10 wt%.

3.3 � Pore‑Scale Simulation with Ideal Grain Models

To systematically provide the pore-scale characteristics of Li release from shale rock 
into fluids by cation exchange and the subsequent transport, we generated homogene-
ously arranged ideal grain models with the porosity ranging from 0.26 to 0.73 (Fig. 5a) 
for pore-scale simulations. Given that the primary purpose of this work was to initiate 
discussions and provide a preliminary understanding of release of Li and its subsequent 
transport, we investigated the idealized conceptual models, to clearly understand the 
relevant phenomena in a general sense rather than in specific conditions with complex 

Fig. 4   a Li reactive transport in the fracture-matrix system with respect to time; b streamlines and velocity 
magnitude of the fluid flow; c average mass fraction of Li in the system with respect to time
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mineral compositions and rock morphologies. The ideal grain models were integrated 
with upscaled models, to provide a prototype to study the release mechanisms of Li 
and estimate its accumulated quantity. It should be noted that while the ideal situation 
allows us to explore fundamental concepts, further research in more realistic environ-
ments in envisioned studies will be beneficial to validate and extend these findings to 
develop a large-scale model for future applications. The dimension of the computa-
tional domain was 9 mm × 4.45 mm with 360 × 250 rectangular grids (i.e., grid size of 
0.025  mm × 0.018  mm), where the parameter setting was similar to the previous sec-
tion. We mimicked the laboratory experiments of hydrothermal reactions to describe 
the Li release into fluid from the shale rock, which contained organic matter and miner-
als. As per the hydrothermal reaction experiments, we considered the reaction models 
at 130 °C, 165 °C, and 200 °C to simulate the process of Li release in the pore-scale 
ideal grain models. (The reaction rate constants with different experimental conditions 
are summarized in Table 3). We assumed that the grains contained abundant amount of 
Li as interlayer cations in a clay mineral. From the recent work of the authors, initial 
elemental concentration of Li in dried solid phase was about 0.0142 wt% in Green River 
Shale as obtained with ICP–MS analysis, and Li was mainly presented as Li+ in bulk 
rock as obtained with Time-of-Flight Secondary-Ion Mass Spectrometry analysis (Lee 
et al. 2024). Figure 5b shows the Li release and transport at the beginning of the pro-
cess. The top and bottom grains limited the flow at the boundary walls, and Li showed 
higher concentrations around the walls. We plotted the average mass fraction of Li con-
centration in the domain, when the domain reached the steady state. As stated in the 

Fig. 5   a The schematics of the ideal grain models; b release and transport of Li at temperature = 165 °C and 
porosity = 0.34; c the average mass fraction of Li in the fluid under different conditions of porosity and tem-
perature after the system reached the steady state (t = 20 h)
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previous sections, at 130 °C and 165 °C, the cation exchange process was not sensitive 
to the system temperature (Fig. 5c). From the analysis of the thermogravimetric Analy-
sis (TGA) and differential scanning calorimetry (DSC) of Green River Shale bulk rock 
in the authors’ previous study (You and Lee 2022), it was observed that the significant 
weight loss of shale during the pyrolysis process occurred from the heating temperature 
of 200 °C, which was caused by the decomposing clay minerals and nahcolite (carbon-
ate) minerals. As such, an active transformation of clay minerals explains the higher 
mass fraction of released Li at 200 °C case in Fig. 5c.

3.4 � Upscaling for Continuum‑Scale Modeling

To apply the findings from the laboratory experiments and pore-scale reactive transport 
modeling to the upscaled continuum-scale modeling, we first calculated the release rate of 
Li from shale rock into fluid and the effective diffusivity coefficient of Li in fluid with the 
results of ideal grain models presented in the previous section. The release rate of Li was 
obtained from the field-averaged Li concentration in fluid with respect to time. From the 
previous section of pore-scale simulation with the ideal grain models, we found that the 
concentration of Li in fluid rapidly reached equilibrium. The change of mass fraction of 
Li over the ideal grain models is shown in Fig. 6a. We could observe the turning point at 
about t = 5 h. Before that, the brine flowed into the domain and accumulated. After t = 5 h, 
the distribution of brine reached equilibrium, and the Li mass fraction presented the linear 
relationship with time. Thus, we assumed that the long-term Li release rate was under the 
brine’s equilibrium. We then plotted the rate of Li (per unit volume) released into fluid with 
respect to porosity in Fig. 6c. This relationship between the release rate of Li with system 
porosity was included as a source term in the mass-balance equation of the upscaled con-
tinuum-scale modeling. In the continuum-scale model, the porous media are described by 
porosity, which represents the overall void volume relative to the total volume. In this sec-
tion, concentration corresponds to the field average concentration over the control volume. 
(On the other hand, in the pore-scale model, concentration corresponded to each phase of 
fluid and solid.)

In the continuum-scale model, the effective diffusivity coefficient quantifies the overall 
diffusion behavior of the reactants within the porous media, considering both the diffusion 
within the material and the resistance imposed by its internal structures (El Oualid et al. 
2017). Molecular movements are the driving force behind the effective diffusivity coef-
ficient. In a pore-scale model, describing the diffusion phenomenon of fluid in the free 
zone is straightforward using the diffusion coefficient. Here, fluids can readily diffuse in 
the free zone but barely exhibit diffusion in the solid zone. To capture the same phenom-
enon in a continuum-scale model, it becomes necessary to identify the effective diffusivity 
coefficient under similar conditions. As the effective diffusivity coefficient is the important 
continuum-scale transport property, we calculated the effective diffusivity coefficient of the 
released Li in fluids, by matching the breakthrough curve of the numerical tracer experi-
ment on the ideal grain pore-scale models and one-dimensional diffusion equation of the 
porous media (Deng et al. 2021). Here, the governing equation for the tracer experiment on 
the ideal grain pore-scale models is shown as follows:

(9)
�∅Ctracer

�t
= ∇ ⋅ (∅D∇Ctracer)
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The tracer experiment is used to measure the effective diffusivity coefficients for the 
porous media. In the above equation, D is the diffusion coefficient which equals to the 
molecular diffusion coefficient in the pore space of the pore-scale model (Deng et  al. 
2021). The diffusion of a solute in the continuum-scale model can be described by the fol-
lowing Fick’s Law under the transient condition:

Deff is the effective diffusivity coefficient, which is relevant to the porosity and tortu-
osity of the porous media, where the tortuosity is the geometric parameter of pore space 
that cannot be measured directly. For the ideal grain pore-scale models, the non-reaction 
tracer with 1-M concentration was injected from left-hand side of the domain, while the 
right-hand side was set as a zero gradient boundary condition of concentration. Since 
the effective diffusivity coefficient represents the transport property of the discrete unit 
in porous media, the transport pattern is symmetric in Y-axis, and the diffusion of the 
tracer in porous media can be simplified to one dimension. Thus, we implemented the 

(10)
�Ctracer

�t
= Deff

�
2Ctracer

�x2

Fig. 6   a Changing Li mass fractions with time over the ideal grain models; b the normalized breakthrough 
curves of the numerical tracer experiment on the ideal grain pore-scale models, where C0 is the initial injec-
tion tracer concentration, and C is the concentration at outlet boundary, respectively; c the upscaled rela-
tionship between the rate of Li release from shale rock into fluid and porosity; d the relationship between 
the effective diffusivity coefficient of Li in fluid and porosity
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one-dimensional diffusion simulation of the porous media using Fick’s Law to find the 
corresponding effective diffusivity coefficient with the given geometrical structures.

The breakthrough curves on the pore-scale ideal grain models with different porosity 
values are plotted in Fig. 6b. After matching the breakthrough curves with the results 
of one-dimensional diffusion experiments, we could find the effective diffusivity coef-
ficients for various porosities. The obtained effective diffusivity coefficients are summa-
rized in Table 6. Between the porosity values of 0.26 and 0.73, the effective diffusivity 
coefficient showed a linear relationship with porosity (Fig.  6d). This was because the 
pore-scale ideal grain models were homogeneously generated with regular grain shapes. 
This relationship was included in the mass-balance equation of the upscaled continuum-
scale modeling as well to track the transport phenomena of released Li in fluid.

We applied the derived upscaled reactive transport properties to the continuum-scale 
basin modeling, as shown in Fig. 7a. The model had a dimension of 9900 m in length 
and 5000 m in depth. The whole computational domain was discretized into 200 × 100 
grids. The top layer of the caprock did not include Li in solid and fluid phases initially; 
the second layer of the source rock contained a high content of Li initially in solid phase 
(2 wt%), which was to be released into the fluid as rock and fluid interacted; the third 
layer of brine accumulation did not include Li in solid and fluid phases initially. The 
liquid phase existed in the pore volume under subsurface conditions, and the reaction 
time was much longer than in laboratory conditions. Thus, we considered 2 wt% of Li 
concentration as the inlet boundary condition to simulate the transported Li from nearby 
zone. In the pore-scale model, the inlet species contained the cations of Na+, Mg2+, 
Ca2+, and K+ dissolved in water, with the concentrations indicated in Table 4. Follow-
ing injection into the system, cation exchange occurred as leading to the release of Li 
from the rock. The averaged Li concentration was calculated from the pore-scale model 
and subsequently applied to the continuum-scale model for investigating the transport 
and long-term fate of Li. Thus, in the source rock layer, Li was originated from both 
newly released Li and transported Li from nearby zones. This simulation aimed to rep-
resent the conditions where Li has been accumulated from the source rock and subse-
quently transported and deposited over the long-term period. The source rock layer and 
the brine accumulation layer had random porosities, which followed the normal distri-
butions with a mean of 0.4 and a standard deviation of 0.05. The left and right bounda-
ries were set as fixed pressure boundary conditions. The input parameters are shown in 
Table 7. The Li release rate ranged between 1.34 and 1.87 × 10−8 wt%/s, and the effec-
tive diffusivity coefficient of Li ranged between 1.67 and 3.2 ×10−9 m2/s, as obtained 

Table 6   The effective diffusivity 
coefficients of Li under different 
porosities

Porosity Effective diffusivity 
coefficients (m2/s)

0.73 3.80 × 10–9

0.68 3.65 × 10–9

0.58 3.20 × 10–9

0.53 3.00 × 10–9

0.47 2.80 × 10–9

0.41 2.60 × 10–9

0.34 2.00 × 10–9

0.26 1.70 × 10–9
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with the upscaled results of pore-scale modeling. The pressure difference between the 
left and right boundaries was 50 MPa.

Figure 8 shows the transport of Li as a result of continuum-scale modeling. Initially, Li 
was mainly distributed in the pores of the source rock layer after being released from the 
rock. Given that Li is easily soluble in hydrous fluid (Williams et al. 2015), released Li was 
dissolved in fluid and transported through the pores. The hydrodynamic dispersion force 
drove the fluid containing Li from the left boundary to the center of the domain. While 

Fig. 7   a The schematic of the continuum-scale geometry model; b the porosity distributions of three layers; 
c fluid velocity magnitude distribution in the field after 10 years

Table 7   Input parameters for the continuum-scale modeling

Parameters Value

Inlet pressure 50 MPa
Outlet pressure 0 MPa
Inlet brine concentration 1.7 wt%
Porosity range of source rock layer and brine accumulation layers 0.24–0.58
Porosity of caprock layer ( �) 0.1
Relationship between the release rate of Li and porosity RLi = 2.23 × 10

−8 − φ × 1.54 × 10
−8

(wt%/s)
Relationship between the effective diffusivity coefficient of Li and 

porosity
Deff = 4.5 × 10

−9 + φ × 5.9 × 10
−10

(m2/s)
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fluid flowed horizontally by the hydrodynamic dispersion force, fluid was under gravity 
force as well in the vertical direction with the hydrostatic pressure difference of 20 MPa 
between the top and bottom boundaries. Given that this continuum-scale model was estab-
lished based on the thorough scientific findings from laboratory experiments and pore-
scale modeling, it can reliably describe the release, transport, and long-term fate of Li, and 
hence provide critical insights on the potential locations of high concentration zones of Li 
in shale systems.

4 � Conclusions

In order to meet the escalating demand of Li for renewable energy storage, it is critical to 
enhance Li production by diversifying its resources. In this study, we presented a com-
prehensive workflow involving laboratory experiments, pore-scale modeling, and upscaled 
continuum-scale modeling to reliably address the release of Li from shale rock into fluid, 
transport of Li through pores, and the fate of Li in the shale system. Where the reaction 
kinetics of Li releasing from rock into fluid were elucidated through the hydrothermal reac-
tion experiments; release and transport properties of Li through pores were derived with 
pore-scale reactive transport modeling; long-term fate of Li in shale system was addressed 
by upscaled continuum-scale modeling. The findings of this study are expected to pro-
vide new insight into the production of Li from shale brines by thoroughly addressing the 
underlying subsurface phenomena.

Supplementary Information  The online version contains supplementary material available at https://​doi.​
org/​10.​1007/​s11242-​024-​02071-2.

Fig. 8   The spatial distributions of mass fraction of Li in the continuum-scale model with respect to time
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