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Abstract. Electroosmotic flow (EOF) can transport porewater and dissolved neutral solutes through fine-grained porous media, 15 

but its magnitude may evolve as electrode reactions alter pH and electrolyte conditions at mineral–water interfaces. Here, we 

use 24 two-dimensional pore-scale simulations to quantify how interfacial-charge parameterization, background electrolyte 

concentration, and pore architecture regulate transient electroosmotic displacement. The model couples incompressible flow, 

multicomponent Nernst–Planck–Poisson transport, time-dependent electrolysis boundary forcing, and chemistry-dependent 

electroosmotic slip. Zeta potential is calculated from the local aqueous chemistry using either a one-pK electric-double-layer 20 

(EDL) parameterization or a two-pK extended triple-layer (ETL) parameterization. The simulations were conducted in four 

uniformly oriented packings and two composite pore geometries. Under a matched background electrolyte concentration of 10 

mM, the geometry-averaged fraction of tracer depleted from the contaminated medium zone after 30 min was 0.998 for the 

EDL cases and 0.918 for the ETL cases, while the corresponding late-time tailing indices were 0.002 and 0.094. Within the 

ETL cases, increasing the background electrolyte concentration from 1 to 100 mM reduced the mean 30 min depletion fraction 25 

from 0.963 to 0.613 and increased the tailing index from 0.037 to 0.465. None of the 100 mM cases reached 90 % depletion 

within 30 min. Pore architecture did not alter this group-level ordering but systematically reorganized directional transport and 

plume geometry within each electrochemical regime. In the uniformly oriented packings, rotation redistributed flow between 

the gradient-aligned and transverse directions and produced systematic plume reorientation, although fixed-time depletion 

varied non-monotonically with angle. In the composite geometries, the heterogeneous directional geometry maintained 30 

stronger domain-scale directional organization and reached its case-specific early and intermediate progress levels earlier than 

the non-directional geometry, whereas their fixed-window depletion ranking depended on the electrochemical setting. 

Comparisons at case-specific relative progress levels separated plume reorganization from differences in transport timescale. 
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These results reveal a two-level control on transient electroosmotic transport: interfacial-charge representation and background 

electrolyte concentration determine transport magnitude and timescale, whereas pore structure redistributes flow pathways and 35 

plume geometry within the resulting regime. 

1 Introduction 

Organic contaminants can persist in fine-grained soils and sediments because low hydraulic conductivity restricts pressure-

driven flushing, leaving molecular diffusion as a dominant transport mechanism (Souza et al., 2017; Li and Yu, 2015; Gill et 

al., 2014; Yeung and Gu, 2011; Yeung and Datla, 1995; Qin et al., 2015; Xu et al., 2019; Chowdhury et al., 2017). 40 

Electrokinetic remediation provides an alternative mechanism for inducing porewater movement. When an electric field is 

applied across a charged porous medium, electroosmotic flow (EOF) develops along mineral surfaces and can advect porewater 

and dissolved neutral solutes through pore spaces in which pressure-driven flow is inefficient (Qiao et al., 2018; Shi et al., 

2008; Ko et al., 2000; Shapiro and Probstein, 1993; Sprocati et al., 2020). 

Electroosmotic mobility is not necessarily constant during electrokinetic treatment. Water electrolysis generates acidic 45 

conditions near the anode and alkaline conditions near the cathode, while electromigration redistributes dissolved ions and 

alters local electrolyte composition. These chemical changes modify mineral–water interfacial charge and the zeta potential, 

𝜁, which controls electroosmotic slip (Acar and Alshawabkeh, 1993; Shapiro and Probstein, 1993; Revil, 2017; Zhang and 

Wang, 2015, 2017; Eykholt and Daniel, 1994; Dzenitis, 1997). Consequently, both the magnitude and spatial distribution of 

EOF may evolve during treatment, producing non-uniform solute displacement and persistent residual concentrations (Crespy 50 

et al., 2007; Masi et al., 2017; Thormann et al., 1998; Sprocati et al., 2020; Sun et al., 2019; Rezaee et al., 2019; Lopez-

Vizcaino et al., 2017).  

Pore-scale models commonly represent this coupling by relating zeta potential to local aqueous chemistry and applying the 

resulting electroosmotic mobility through a slip boundary condition (Yang et al., 2022; de Lima et al., 2010a; de Lima et al., 

2010b; Zhang and Wang, 2017). This approach allows spatially and temporally varying aqueous chemistry to affect pore-scale 55 

flow without explicitly resolving the electric double layer. However, the predicted response depends on the constitutive 

representation of interfacial charge. A one-pK electric-double-layer (EDL) parameterization primarily describes proton-

regulated surface charging, whereas a two-pK extended triple-layer (ETL) parameterization additionally represents distinct 

protonation and deprotonation reactions, specific cation adsorption, and charge partitioning among interfacial planes (Wang 

and Revil, 2010). These formulations may therefore predict substantially different transient EOF responses, particularly at 60 

elevated electrolyte concentrations. Few pore-scale studies, however, have compared alternative interfacial-charge 

formulations and pore architectures within a common numerical framework, making their respective effects on transient 

transport difficult to separate. 

Pore architecture provides an additional control on electroosmotic transport. Particle orientation changes the alignment of 

mineral surfaces with the imposed electric field, whereas composite media introduce internal structural contrasts, constrictions, 65 
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and alternative transport pathways. Previous studies have shown that pore geometry affects electrokinetic velocity, mixing, 

and dispersion even under similar externally imposed electrical conditions (Godinez-Brizuela and Niasar, 2020; Alizadeh et 

al., 2019; Hlushkou et al., 2007). Bulk displacement metrics and mean velocities alone may therefore be insufficient to 

characterize structural effects (Eykholt and Daniel, 1994; Crespy et al., 2007; Masi et al., 2017). Plume position, orientation, 

spreading, and residual-concentration patterns are also needed to determine whether similar bulk responses arise from different 70 

pore-scale pathways. 

These considerations motivate three questions. First, how do the selected one-pK and two-pK interfacial-charge 

parameterizations differ in their predictions of transient electroosmotic displacement under matched background electrolyte 

conditions? Second, how does background electrolyte concentration affect displacement within the extended triple-layer 

formulation? Third, under fixed interfacial conditions, how does pore architecture redistribute directional flow, alter plume 75 

geometry, and affect transport timing and persistence? From a hydrological perspective, the underlying issue is whether 

electroosmotically driven porewater flow can be represented using a fixed mobility or must instead be treated as a transient 

flow regulated by evolving aqueous chemistry and spatially redistributed by pore architecture. We address these questions by 

combining bulk depletion and persistence metrics with spatial plume descriptors evaluated at case-specific relative progress 

levels. Figure 1 summarizes the conceptual distinction between the two controls: the interfacial parameterization translates 80 

local aqueous chemistry into zeta potential and electroosmotic mobility, whereas pore architecture governs how the resulting 

flow is distributed through the pore space. 

 

Figure 1. Conceptual controls on transient electroosmotic transport.  

(a) Schematic representation of the extended triple-layer structure and the shear-plane zeta potential at elevated electrolyte concentration. 85 
(b) Illustrative zeta-potential responses calculated using the one-pK EDL and two-pK ETL parameterizations described in Sect. S1. (c) 

Representative focused-ion-beam scanning electron microscopy (FIB–SEM) image illustrating particle orientation and structural 

heterogeneity in a fine-grained porous medium. Panels (b) and (c) provide conceptual and structural context and are neither direct 

simulation outputs nor geometries used as inputs to the pore-scale simulations. 

To examine these controls, we conducted 24 two-dimensional pore-scale simulations coupling incompressible flow, 90 

multicomponent ionic transport, electric potential, electrolysis-driven boundary chemistry, and chemistry-dependent 
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electroosmotic slip. The simulations span four uniformly oriented elliptical packings and two composite pore geometries under 

controlled electrochemical conditions. The SROE series provides a controlled test of how progressive packing rotation 

redistributes electroosmotic flow and reorganizes plume geometry, whereas the HD–ND comparison contrasts directional 

composite organization with non-directional grain-size heterogeneity. The design supports two complementary 95 

electrochemical comparisons: the two interfacial-charge parameterizations are evaluated under a common background 

electrolyte condition, while electrolyte-concentration effects are examined within the ETL formulation. Applying the same 

suite of pore geometries across these comparisons allows the effects of pore architecture on flow partitioning and plume 

organization to be evaluated within each electrochemical setting. Together, this framework links evolving boundary chemistry 

to interfacial electrokinetics and structure-dependent solute transport in low-permeability porous media, thereby clarifying 100 

how chemically regulated electroosmotic water movement contributes to advective transport where pressure-driven flow is 

weak. 

2 Methods 

We performed two-dimensional pore-scale simulations to examine how the interfacial-charge parameterization, background 

electrolyte concentration, and pore architecture control transient electroosmotic transport. The model couples incompressible 105 

fluid flow, multicomponent ion transport, electric potential, and time-dependent electrolysis boundary forcing. The zeta 

potential at each solid–liquid interface is updated from the adjacent aqueous composition and incorporated into an 

electroosmotic slip boundary condition. The following sections describe the governing equations, interfacial parameterizations, 

pore geometries, numerical implementation, boundary and initial conditions, and transport diagnostics. 

2.1 Pore-scale electrokinetic transport model  110 

The model represents the coupled evolution of aqueous chemistry and electroosmotic transport. Water electrolysis modifies 

the distributions of H+ and OH− within the pore space, while electromigration and advection redistribute the background 

electrolyte. The resulting local pH and electrolyte conditions determine the zeta potential, 𝜁, at mineral–water interfaces. The 

zeta potential controls electroosmotic mobility and the corresponding tangential slip velocity along grain surfaces. The 

resulting porewater flow, in turn, transports dissolved ions and the neutral tracer. The model therefore couples electrolysis-115 

driven aqueous chemistry, chemistry-dependent interfacial slip, and pore-scale solute transport through the interfacial-charge 

relations, multicomponent transport equations, and time-dependent electrode boundary conditions described below.  

2.1.1 Zeta-potential closures 

The zeta potential is evaluated at each solid–liquid boundary using one of two equilibrium interfacial parameterizations: a one-

pK electric-double-layer (EDL) formulation and a two-pK extended triple-layer (ETL) formulation. The one-pK EDL 120 

formulation represents proton-regulated charging of an amphoteric surface site and relates the interfacial electrokinetic state 
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primarily to local proton concentration and ionic strength (de Lima et al., 2010b; Zhang and Wang, 2017). The two-pK ETL 

formulation separately represents surface protonation and deprotonation, specific adsorption of the background cation, and 

charge partitioning among the surface, Stern, and diffuse-layer planes. It therefore provides a more explicit representation of 

the dependence of 𝜁 on both pH and electrolyte concentration (Wang and Revil, 2010). 125 

The parameter set defines a quartz-like reference surface for controlled model comparison. Values for surface-site density, 

point of zero charge, equilibrium constants, and Stern-layer capacitances were compiled from the cited studies and applied 

consistently across all simulations (Wang and Revil, 2010; Zhang and Zhang, 1992; Bray et al., 2014; Liu et al., 2013; Leroy 

et al., 2007; Papirer, 2000). The governing interfacial equations and parameter values are provided in Sect. S1 and Table S1. 

Under the local-equilibrium assumption, the interfacial equations update 𝜁 pointwise from the aqueous conditions adjacent to 130 

each grain surface, and the resulting value determines the local electroosmotic mobility in the slip boundary condition. The 

two formulations therefore serve as chemistry-dependent constitutive relations for electroosmotic slip. Surface speciation 

determines the interfacial electrokinetic state, but finite surface-site inventories and associated surface-reaction source or sink 

terms are not included in the aqueous species balances.  

2.1.2 Flow and electroosmotic slip 135 

The porewater is treated as an incompressible Newtonian fluid. The full incompressible Navier–Stokes equations are retained 

in the numerical implementation, although the simulated velocities and characteristic pore dimensions correspond to a low-

Reynolds-number regime. Conservation of mass and momentum is expressed as  

𝛻 ∙ 𝒖 = 0 ,            (1) 

𝜌
𝜕𝒖

𝜕𝑡
+ 𝜌(𝒖 ∙ 𝛻)𝒖 = 𝛻 ∙ [−𝑝𝑰̄ + 𝜇(𝛻𝒖 + (𝛻𝒖)T)] + 𝑭 .       (2) 140 

Here, 𝜌 (kg·m−3) is the fluid density, 𝒖 (m·s−1) is the velocity vector, 𝑝 (Pa) is pressure, 𝜇 (Pa·s) is the dynamic viscosity, 𝑰̄ is 

the identity tensor, and 𝑭 (N·m−3) is the volumetric body-force term. In the present simulations, 𝑭 = 0, because electroosmotic 

forcing is represented through a thin-double-layer slip condition at the solid–liquid boundary rather than by an electrical body 

force explicitly resolved within the porewater (Appelo, 2017; Yang and Wang, 2019; Alizadeh et al., 2019; Peters et al., 2016; 

Alizadeh et al., 2017; Godinez-Brizuela and Niasar, 2020). 145 

Electroosmotic slip at the grain surface is represented by the Helmholtz–Smoluchowski relation  

𝒖eo = 𝜇eo𝑬𝑡 =
𝜀0𝜀𝑟𝜁

𝜇
(𝜤

_

− 𝒏𝒏) ∙ 𝛻𝛷 ,         (3) 

where 𝜇𝑒𝑜 = −𝜀0𝜀𝑟𝜁/𝜇 (m2·V-1·s-1) is the electroosmotic mobility, 𝜀0 (F·m−1) is the vacuum permittivity, 𝜀𝑟 (–) is the relative 

permittivity of the aqueous phase, 𝒏 is the outward unit normal to the grain surface, 𝑬𝑡 (V·m−1) is the tangential electric field, 

and 𝛷 (V) is the electric potential. The normal fluid velocity at grain surfaces is zero, while the tangential velocity is prescribed 150 

by Eq. (3). The resulting velocity field is used as the advective velocity for all aqueous species. 
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2.1.3 Multicomponent transport and electric potential 

Transport of each aqueous species is described by the Nernst–Planck flux, which includes molecular diffusion, 

electromigration, and advection:  

𝑱𝑖 = −𝐷𝑖𝛻𝐶𝑖 − 𝐷𝑖𝐶𝑖
𝑧𝑖𝐹

𝑅𝑇
𝛻𝛷 + 𝒖𝐶𝑖 ,          (4) 155 

where 𝑱𝑖(mol·m-2·s-1) is the flux of species 𝑖. Mass conservation for species 𝑖 is expressed as  

𝜕𝐶𝑖

𝜕𝑡
+ 𝛻 ∙ 𝑱𝑖 = 𝑅𝑖 ,            (5) 

where 𝐷𝑖  (m
2·s−1), 𝐶𝑖 (mol·m−3), and 𝑧𝑖 (–) are the molecular diffusion coefficient, molar concentration, and charge number of 

species 𝑖, respectively; 𝐹 (C·mol−1) is the Faraday constant; 𝑅 (J·mol−1·K−1) is the universal gas constant; 𝑇 (K) is the absolute 

temperature; and 𝑅𝑖 (mol·m−3·s−1) is the aqueous production or consumption rate. For the neutral tracer Org, 𝑧Org = 0, and the 160 

electromigration term in Eq. (4) therefore vanishes. Within the porewater domain, 𝑅𝑖 = 0 for the transported species; water 

autoionization is imposed as an equilibrium constraint, and electrolysis is represented through boundary fluxes rather than 

volumetric reaction terms. 

The electric potential is obtained from Poisson’s equation  

𝛻2𝛷 = −
𝜌𝑒

𝜀0𝜀𝑟
 ,            (6) 165 

where 𝜌𝑒  = 𝐹 ∑ 𝑧𝑖𝐶𝑖  is the local aqueous charge density (C·m−3). Equations (4)–(6), together with the flow equations and 

interfacial slip condition, describe the coupled evolution of aqueous concentrations, electric potential, and electroosmotic 

transport (Sun et al., 2019; Sprocati et al., 2021). The porewater electric potential and aqueous charge density are resolved at 

the pore scale, whereas the interfacial electric double layer is not explicitly meshed and is represented through the slip condition 

in Eq. (3). 170 

2.1.4 Electrode reactions and pH forcing 

Water electrolysis was represented as the only electrode process. The standard reduction half-reactions are given in Reactions 

(R1) and (R2). At the anode, Reaction (R1) proceeds in the reverse direction, producing H+, whereas at the cathode, Reaction 

(R2) proceeds in the forward direction, producing OH−. These reactions impose time-dependent acidic and alkaline forcing at 

the lateral boundaries and generate pH gradients across the pore space (Sprocati et al., 2019; Vizcaino et al., 2018; Cang et al., 175 

2013; Xu et al., 2020):  

O2+4H++4e− ⇌ 2H2O         E0=1.229V ,         (R1) 

2H2O+2e− ⇌ H2+2OH−      E0= − 0.8277V .        (R2) 
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The production fluxes of H+ and OH− are determined from the normal ionic current density according to Faraday’s law. The 

concentrations in the idealized, well-mixed electrode chambers are then updated through boundary mass balances and imposed 180 

as spatially uniform, time-dependent concentration conditions at the anode and cathode boundaries. The ionic-current 

expressions, electrode-chamber mass balances, and species-specific boundary conditions are provided in Sect. S2 and Table 

S2. 

Electrode chemistry and electroosmotic transport are dynamically coupled within the modelled aqueous system. Changes in 

proton concentration modify 𝜁 and hence the electroosmotic slip velocity, while the resulting flow transports H+, OH−, and 185 

the background ions through the pore space. The electrode boundary conditions evolve together with the transport solution 

rather than being prescribed as fixed pH values. Accordingly, the modelled feedback links aqueous chemistry, the constitutive 

interfacial electrokinetic state, and porewater transport, while finite surface-site inventories and associated surface-reaction 

source terms are not included in the aqueous species balances. 

2.2 Pore geometries and simulation design 190 

2.2.1 Pore geometries 

Two classes of two-dimensional pore geometries were constructed to distinguish orientation-associated structural effects from 

those arising from composite heterogeneity (Fig. 2). Each geometry consists of a central porous test section 2.0 × 10−3 m in 

length, flanked by an anode-side and a cathode-side buffer zone, each 2.5 × 10−4 m in length. These buffer zones separate the 

electrode boundaries from the porous medium and provide a consistent transition between the imposed electrochemical 195 

boundary conditions and transport within the pore space. 

The first geometry class consists of regularly arranged elliptical grains with a uniform orientation. The entire packing was 

rotated clockwise by 0°, 15°, 30°, or 45°, while the grain dimensions and packing topology remained unchanged. Each ellipse 

has a semi-minor axis of 5.0×10−5 m and a semi-major axis of 1.0×10−4 m, giving porosities ranging from 0.35 to 0.40. These 

single-row oriented-ellipse (SROE) packings provide a controlled framework for evaluating transport differences associated 200 

with packing rotation while limiting changes in grain-size distribution and packing topology. Because packing rotation also 

introduces modest differences in porosity and local pore geometry, these comparisons are described throughout as orientation-

associated structural effects. The SROE series was used to determine whether progressive structural rotation produces 

systematic changes in directional flow partitioning and plume geometry, and whether the corresponding CMZ depletion 

response varies monotonically with packing angle. 205 

The second geometry class comprises two composite pore geometries. The non-directional composite (ND) was generated 

from a truncated lognormal grain-size distribution with a mean grain diameter of 5.0×10−5 m, a standard deviation of 1.5×10−5 

m, and a target porosity of 0.35 following Yang et al. (2022). The heterogeneous directional geometry (HD) was constructed 

by combining subdomains containing SROE packings with different prescribed orientations. Unlike the SROE geometries, 

ND introduces grain-size variability without a preferred orientation, whereas HD combines orientation contrasts with internal 210 
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interfaces. These deterministic geometries provide controlled contrasts between non-directional grain-size variability and 

directional composite organization. The HD–ND comparison was used to assess whether directional subdomain organization 

produces more persistent domain-scale flow deflection and a transport-timing response distinct from that associated with non-

directional grain-size heterogeneity, and whether either structure confers a consistent fixed-window depletion advantage. 

 215 
Figure 2. Composite pore geometries used in Scenario II.  

(a) Non-directional (ND) geometry generated from a truncated lognormal grain-size distribution; (b) corresponding grain-size distribution 

following Yang et al. (2022), and (c) heterogeneous directional (HD) geometry constructed by combining subdomains with different ellipse 

orientations. The uniformly oriented SROE geometries used in Scenario I are not shown because only the packing orientation varies among 

those cases.  220 

2.2.2 Simulation scenarios and case definition 

Two simulation scenarios were designed to separate orientation-associated structural effects from those associated with 

composite pore architecture. Scenario I comprises four uniformly oriented SROE packings rotated by 0°, 15°, 30°, and 45°, 

providing a controlled rotation series, whereas Scenario II comprises the two composite geometries, HD and ND, contrasting 

directional subdomain organization with non-directional grain-size heterogeneity. Within each structural scenario, the 225 

simulation matrix was organized around two controlled comparison axes: interfacial-charge parameterization and initial 

background electrolyte concentration, 𝐶𝑏. 

The first comparison evaluated the EDL (DT) and ETL (TT) formulations under matched 𝐶𝑏 = 10 mM conditions. The second 

evaluated 𝐶𝑏 = 1, 10, and 100 mM within the ETL formulation, denoted TO, TT, and TH, respectively. This structure provides 

a matched-concentration comparison of the two interfacial parameterizations and a separate electrolyte-concentration series 230 

within the ETL formulation. 

https://doi.org/10.5194/egusphere-2026-4386
Preprint. Discussion started: 4 August 2026
c© Author(s) 2026. CC BY 4.0 License.



9 

 

Each simulation label combines the electrochemical group with the pore-structure identifier. For Scenario I, the suffixes 0, 15, 

30, and 45 denote the clockwise rotation angles of the SROE packings, whereas for Scenario II, the suffixes HD and ND denote 

the two composite geometries. For example, TT30 represents the ETL formulation at 10 mM in the 30° SROE packing, whereas 

TTHD denotes the same electrochemical setting in the heterogeneous directional composite.  235 

The complete simulation matrix comprises 16 Scenario I simulations and 8 Scenario II simulations, giving 24 simulations in 

total (Table 1). Each simulation differs from the others by only one or two predefined model factors, enabling direct process-

based comparisons across structural and electrochemical conditions. 

Table 1. Simulation matrix defined by interfacial-charge parameterization, initial background electrolyte concentration, and pore 

geometry. 240 

Scenario Geometry Structure 
ETL–1 mM 

(TO) 

ETL–10 mM 

(TT) 

ETL–100 mM 

(TH) 

EDL–10 mM 

(DT) 

Scenario I Uniformly oriented SROE packing 

0° TO0 TT0 TH0 DT0 

15° TO15 TT15 TH15 DT15 

30° TO30 TT30 TH30 DT30 

45° TO45 TT45 TH45 DT45 

Scenario II 
Heterogeneous directional composite HD TOHD TTHD THHD DTHD 

Non-directional composite ND TOND TTND THND DTND 

Note: TO, TT, and TH denote the ETL formulation at 𝐶𝑏 = 1, 10, and 100 mM, respectively, whereas DT denotes the EDL formulation at 𝐶𝑏 

= 10 mM. The suffixes 0, 15, 30, and 45 indicate the clockwise rotation angle of the SROE packing, and HD and ND denote the heterogeneous 

directional and non-directional composite geometries, respectively. The DT–TT comparison evaluates the two selected interfacial-charge 

parameterizations under matched 10 mM conditions, whereas the TO–TT–TH sequence evaluates electrolyte-concentration effects within 

the ETL formulation. 245 

2.3 Numerical implementation and boundary conditions 

2.3.1 Aqueous species and numerical implementation 

The aqueous system comprises four ionic species, H+, OH−, Na+, and Cl−, together with an idealized conservative neutral 

tracer, denoted Org. Water autoionization is imposed as an instantaneous equilibrium constraint, 𝐶H+𝐶OH−  = 𝐾𝑤 . Activity 

coefficients are set to unity, and aqueous activities are therefore approximated by molar concentrations. This ideal-solution 250 

approximation is applied consistently across all simulations to enable controlled comparisons among interfacial 

parameterizations, background electrolyte concentrations, and pore geometries. At 𝐶𝑏 = 100 mM, non-ideal activity effects 

may influence the absolute interfacial potentials and transport rates. The 100 mM cases are therefore used primarily to evaluate 

concentration-dependent trends within the ETL formulation. The implementation of water autoionization at the electrode 

boundaries is described in Sect. S2. 255 

Org represents a conservative dissolved neutral tracer transported by molecular diffusion and electroosmotic advection, 

without electromigration, sorption, degradation, or aqueous reaction. It is used to isolate advective–diffusive displacement 

under the tested electroosmotic conditions. The molecular diffusivity of Org was fixed at 2.03×10−9 m2∙s-1, equal to that of Cl−, 

and was applied consistently across all simulations.  
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The computational domains were discretized using geometry-adaptive unstructured meshes. Depending on the pore geometry, 260 

the meshes contained approximately 1×105–2×105 elements and 3×106–6×106 degrees of freedom. The same meshing strategy 

and boundary-refinement criteria were applied across cases to maintain a consistent numerical representation of grain surfaces 

and concentration gradients. 

All simulations were performed for 30 min using COMSOL Multiphysics 5.6. A common simulation window was adopted to 

compare early displacement, intermediate redistribution, and late-time tracer persistence across all cases. For slowly 265 

progressing cases, threshold-based metrics that were not reached within this period were treated as right-censored. 

Representative ETL cases were recalculated using relative nonlinear-solver tolerances of 5×10−3, 10−3, and 10−4. Across the 

tested tolerance range, changes in 𝜁, electroosmotic mobility, and the reported plume descriptors were negligible relative to 

the contrasts among cases, indicating that the reported comparisons were insensitive to nonlinear-solver tolerance. Spatial- and 

temporal-discretization sensitivity was additionally assessed for the representative TT30 case. Across the principal transport 270 

metrics, differences between the production mesh M2 and the fine-reference mesh M3 were at most 0.421%, while reducing 

the production maximum time step on M2 to one-quarter changed the metrics by at most 1.445%. Further details are provided 

in Sect. S5 and Table S7. 

Table 2. Physical properties and aqueous diffusion coefficients used in the pore-scale simulations. 

Parameter Symbol Value Source 

Temperature T 298.15 K 

This study 
Fluid density ρ 1000 kg∙m-3 

Dynamic viscosity μ 1.01×10-3 Pa∙s 

Relative permittivity of the aqueous phase εr 80 

Molecular diffusivity of OH− 𝐷OH⁻  5.27×10-9 m2∙s-1 

Lide (2002) 

Molecular diffusivity of H+ 𝐷H+  9.31×10-9 m2∙s-1 

Molecular diffusivity of Na+ 𝐷Na+ 1.33×10-9 m2∙s-1 

Molecular diffusivity of Cl− 𝐷Cl⁻  2.03×10-9 m2∙s-1 

Molecular diffusivity of Org 𝐷Org 2.03×10-9 m2∙s-1 

Note: Org denotes the conservative neutral tracer used to isolate advective–diffusive transport. Its diffusivity was set equal to that of Cl−. 275 

2.3.2 Boundary and initial conditions 

The anode and cathode are located at the left and right lateral boundaries, respectively. Equal hydraulic pressures are imposed 

at the two lateral boundaries, such that no external pressure gradient acts across the domain. A potential difference of 0.25 V 

was imposed over the full 2.5 mm electrode-to-electrode computational length, comprising the 2.0 mm porous test section and 

two 0.25 mm buffer zones, corresponding to a nominal electric-field strength of 100 V m−1 (1 V cm−1). The top and bottom 280 

boundaries are periodic for fluid flow, aqueous-species transport, and electric potential. 

At grain surfaces, the normal fluid velocity is zero, and the tangential velocity is prescribed by the Helmholtz–Smoluchowski 

slip condition in Eq. (3). All aqueous species satisfy a zero-normal-flux condition at the solid boundaries. The interfacial-
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charge parameterizations update the local zeta potential but do not introduce explicit surface-reaction source or sink terms into 

the aqueous species balances, as described in Sect. 2.1.1. 285 

The porewater is initially uniform at pH 7 and at the prescribed background electrolyte concentration, 𝐶𝑏 . The initial 

concentrations of Na+  and Cl−  are both set to 𝐶𝑏 , while the initial H+  and OH−  concentrations are consistent with water 

autoionization at pH 7. Time-dependent acid and base boundary conditions were applied at the anode and cathode, respectively, 

using the electrolysis-driven electrode-chamber mass balances described in Sect. S2 and Table S2. 

Org was initialized at 1 mol∙m−3 within the central porous test section, hereafter termed the contaminated medium zone (CMZ), 290 

and at zero concentration in the anode and cathode buffer zones. Both lateral electrode boundaries are assigned 𝐶Org = 0, 

providing Dirichlet sink conditions for tracer reaching the domain boundaries. This condition represents immediate removal 

of tracer entering the idealized electrode chambers. Accordingly, the CMZ-based metrics quantify tracer depletion from the 

initially contaminated region, irrespective of whether the displaced tracer remains in the buffer zones or leaves through a lateral 

boundary. 295 

2.4 Evaluation metrics and plume analysis 

Model outputs were evaluated using complementary temporal and spatial diagnostics. Boundary- and zone-averaged quantities 

were used to characterize the temporal evolution of aqueous chemistry, interfacial electrokinetic response, and porewater flow. 

Metrics calculated for the contaminated medium zone (CMZ) quantify fixed-time depletion and late-time persistence, whereas 

case-specific relative-progress descriptors compare plume organization at matched fractions of each case’s 30 min CMZ 300 

depletion. Together, these diagnostics distinguish differences in transport magnitude and timescale from differences in spatial 

plume organization. 

2.4.1 Boundary- and zone-averaged diagnostics 

For a generic field variable 𝑋(𝒙, 𝑡), averages over an external electrode boundary, the internal grain–fluid boundary, and a 

fluid-filled model subdomain are defined by Eqs. (7)–(9), respectively.  305 

⟨𝑋⟩𝛤𝑒𝑏
(𝑡) =

1

|𝛤𝑒𝑏|
∫ 𝑋(𝒙, 𝑡)𝑑𝛤,

𝛤𝑒𝑏
      𝛤𝑒𝑏 ∈ {𝛤𝐴, 𝛤𝐶} ,     (7) 

⟨𝑋⟩𝛤𝑖𝑏
(𝑡) =

1

|𝛤𝑖𝑏|
∫ 𝑋(𝒙, 𝑡)𝑑𝛤

𝛤𝑖𝑏
 ,     (8) 

⟨𝑋⟩𝛺𝑘
(𝑡) =

1

|𝛺𝑘|
∫ 𝑋(𝒙, 𝑡)𝑑𝛺,

𝛺𝑘
     𝑘 ∈ {CMZ, ABZ, CBZ} .    (9) 

Here, 𝛤𝐴 and 𝛤𝐶  denote the external anode and cathode boundaries, 𝛤𝑖𝑏 denotes the internal grain–fluid boundary and 𝛺ABZ, 

𝛺CMZ, and 𝛺CBZ denote the fluid-filled portions of the anode buffer zone, contaminated medium zone, and cathode buffer zone, 310 

respectively. The quantities |𝛤| and |𝛺| denote boundary length and fluid-domain area in the two-dimensional model. 
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External-boundary averages were calculated for the concentration of Na+, Cl−, and H+. Under the ideal-activity assumption, 

pH was calculated as pH = −log10(𝐶H+), with 𝐶H+ expressed in mol∙L−1. Internal-boundary diagnostics included the zeta 

potential, electroosmotic mobility, gradient-aligned and gradient-transverse components of electroosmotic slip velocity, and 

the corresponding components of the tangential electric field. Zone-averaged quantities included Org concentration, pH, and 315 

porewater speed, 𝑈(𝒙, 𝑡) = ||𝐮(𝒙, 𝑡)||. Although no externally imposed pressure gradient was applied, local pressure gradients 

developed within the pore space to satisfy incompressibility and the geometric constraints imposed by the grain surfaces. 

2.4.2 CMZ depletion and late-time persistence metrics 

Because Org was initially present only in the CMZ, tracer depletion from the initially contaminated region was quantified 

using the normalized CMZ-averaged concentration defined in Eq. (10). Three complementary metrics were derived from this 320 

quantity. The 30 min CMZ depletion fraction in Eq. (11) measures the fraction of the initial normalized concentration depleted 

from the CMZ by 𝑡 = 30 min. The time to 90 % CMZ depletion in Eq. (12) is defined as the first time at which the normalized 

CMZ concentration decreases to 0.10. Late-time persistence is quantified using the dimensionless CMZ tailing index in Eq. 

(13), defined as the mean normalized CMZ concentration over the 15–30 min interval. Larger tailing index values therefore 

indicate stronger persistence of tracer within the initially contaminated region. 325 

𝑓CMZ(𝑡) =
⟨𝐶Org⟩

𝛺CMZ
(𝑡)

⟨𝐶Org⟩
𝛺CMZ

(0)
 ,           (10) 

𝜂30,CMZ = 1 − 𝑓CMZ(30 min) ,          (11) 

𝑡90,CMZ = min{ 𝑡: 𝑓CMZ(𝑡) ≤ 0.10} ,         (12) 

𝑇𝐼CMZ =
1

15 min
∫ 𝑓CMZ(𝑡)𝑑𝑡

30 min

15 min
 .          (13) 

When 90 % CMZ depletion was not reached within the 30 min simulation window, the corresponding threshold time was 330 

treated as right-censored and reported as > 30 min. Time integrals were evaluated from the discrete model outputs using 

numerical quadrature. 

2.4.3 Relative-progress plume characterization and moment descriptors 

Comparisons at a fixed physical time combine differences in transport rate with differences in plume morphology. To 

distinguish these effects, Org concentration fields were additionally evaluated at case-specific relative CMZ-depletion progress 335 

levels (de Barros et al., 2013; Fiori, 2014). Relative progress was quantified using Eq. (14). 

𝑃(𝑡) =
𝑓CMZ(0)−𝑓CMZ(𝑡)

𝑓CMZ(0)−𝑓CMZ(𝑡𝑒𝑛𝑑)
,     𝑡𝑒𝑛𝑑 = 30 min .        (14) 
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Because the normalized CMZ concentration equals 1 at 𝑡 = 0, this quantity represents the fraction of each case’s own 30 min 

CMZ depletion achieved by time 𝑡. Equal progress values therefore do not indicate equal absolute CMZ concentrations, equal 

tracer masses, or equal whole-domain displacement across cases. First-attainment times therefore describe how rapidly each 340 

case approached its own 30 min depletion endpoint and were not used as standalone measures of absolute or fixed-window 

depletion performance. 

Small non-monotonic variations in the discrete progress series 𝑃(𝑡) were handled by applying the cumulative-maximum 

transformation defined in Sect. S3.1. Three target progress levels, 𝑝𝑠 = 0.25, 0.60, and 1.00, were selected. For each target, the 

stage time, 𝑡𝑝𝑠
, was defined as the first time at which the monotonized progress series reached that level and was determined 345 

by linear interpolation between the two adjacent saved outputs. The 0.25 and 0.60 levels represent early and intermediate 

fractions of each case’s within-window CMZ depletion, respectively. The 1.00 level represents the first attainment of the CMZ 

depletion observed at 𝑡 = 30 min. It may therefore occur before the final output time if the CMZ concentration subsequently 

exhibits a small rebound. Concentration fields were extracted from the saved output nearest to the interpolated stage time; the 

model-output interval was 0.05 min. Further details are provided in Sect. S3.1. 350 

At each stage-aligned time, position and shape were characterized over a common fluid-filled analysis domain using the zeroth 

concentration moment 𝑀0, plume-centroid coordinates (𝜈𝑥
, 𝜈𝑦), concentration-weighted covariance tensor 𝐂𝐎𝐕, principal-

axis orientation 𝜃, and anisotropy ratio 𝑅𝑃 = 𝜆1/𝜆2, 𝜆1 ≥ 𝜆2 (Boso et al., 2013; de Barros et al., 2016). The centroid describes 

plume position, 𝜃 describes the dominant plume orientation, and 𝑅𝑃 quantifies elongation along the major relative to the minor 

principal axis. Full definitions and computational details are provided in Sect. S3.2. 355 

Relative-progress alignment was used only to compare plume morphology and spatial organization at normalized stages. In 

Scenario I, it was used to identify rotation-associated plume reorientation independently of transport-rate differences; in 

Scenario II, it was used to compare directional plume advancement and organization between HD and ND at case-specific 

matched stages. Absolute transport rates and fixed-window depletion remained quantified using the CMZ depletion fraction, 

threshold time, and tailing index. 360 

2.4.4 Plume-aligned ridge analysis for Scenario II 

For the composite geometries in Scenario II, an additional plume-aligned analysis was used to identify resolved multipeak 

concentration patterns (Jiménez-Martínez et al., 2017; de Dreuzy et al., 2012; Sole-Mari et al., 2020; Hyman, 2020; Palodhi 

and Mishra, 2025). The analysis was restricted to Scenario II because the composite structures were more likely than the 

uniformly oriented packings to produce projected profiles with multiple local maxima. At each selected progress level, the 365 

concentration field was transformed into coordinates centred on the plume centroid and aligned with its major principal axis. 

The field was then resampled within an adaptive window, and a one-dimensional profile was obtained by maximum projection 

across the transverse coordinate. The coordinate transformation, resampling procedure, and profile construction are described 

in Sect. S3.3–S3.5. 
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After normalization and smoothing, local maxima were identified using fixed criteria for peak height, prominence, and 370 

minimum separation. The number of resolved concentration ridges is denoted 𝑁peaks. When 𝑁peaks ≥ 2, the median adjacent-

peak distance 𝑃𝑆, and its interquartile range 𝑃𝑆IQR, were reported as measures of characteristic ridge spacing and spacing 

variability, respectively. When 𝑁peaks < 2, these quantities were undefined, indicating a unimodal or insufficiently resolved 

projected profile rather than numerical failure. Because the detected maxima represent concentration ridges in a projected 

plume profile rather than individual pores or pore throats, these metrics were used only as supplementary spatial descriptors 375 

and not to rank overall displacement performance or infer pore-size distributions. The complete detection procedure is provided 

in Sect. S3.6. 

3 Results 

3.1 Cross-case CMZ depletion and persistence 

Tracer depletion from the initially contaminated region was evaluated using the 30 min CMZ depletion fraction, 𝜂30,CMZ , the 380 

time to 90 % CMZ depletion, 𝑡90,CMZ, and the window-based CMZ tailing index, 𝑇𝐼CMZ, calculated over 15–30 min. Case-

specific values are reported in Table S3, whereas Table 3 summarizes the variation of these metrics across the tested pore 

geometries. 

Table 3. Descriptive summaries of CMZ depletion and persistence metrics across the tested pore geometries. 

Series Structural subset 𝜼𝟑𝟎,CMZ 𝒕𝟗𝟎,CMZ(min) 𝑻𝑰CMZ 

TO 

TO0–TO45 0.961 ± 0.014 7.89 ± 1.57 0.040 ± 0.015 

TOHD–TOND 0.967 ± 0.016 8.88 ± 1.17 0.033 ± 0.016 

TO0–TOND 0.963 ± 0.013 8.22 ± 1.42 0.037 ± 0.014 

TT 

TT0–TT45 0.915 ± 0.019 19.22 ± 7.03 0.095 ± 0.027 

TTHD–TTND 0.924 ± 0.018 18.74 ± 0.60 0.093 ± 0.004 

TT0–TTND 0.918 ± 0.018 19.06 ± 5.68 0.094 ± 0.021 

TH 

TH0–TH45 0.596 ± 0.048 > 30.00 (4/4 censored) 0.474 ± 0.043 

THHD–THND 0.647 ± 0.088 > 30.00 (2/2 censored) 0.448 ± 0.086 

TH0–THND 0.613 ± 0.060 > 30.00 (6/6 censored) 0.465 ± 0.053 

DT 

DT0–DT45 0.998 ± 0.001 2.76 ± 0.41 0.002 ± 0.001 

DTHD–DTND 0.998 ± 0.001 3.22 ± 0.52 0.002 ± 0.001 

DT0–DTND 0.998 ± 0.001 2.92 ± 0.46 0.002 ± 0.001 

Note: Case-specific values are provided in Table S3. Values are reported as the mean ± standard deviation across the indicated deterministic 385 
pore geometries. For groups containing right-censored 𝑡90,𝐶𝑀𝑍 values, censored observations were represented at the 30 min simulation 

limit. The resulting summaries are therefore descriptive lower bounds and should not be interpreted as estimates of the uncensored 

threshold-time distribution. 

Clear group-level contrasts were observed in all three CMZ metrics (Fig. 3). Under the matched 10 mM background electrolyte 

condition, the EDL group (DT) showed a mean 30 min depletion fraction of 0.998, compared with 0.918 for the ETL group 390 

(TT). The corresponding mean tailing indices were 0.002 and 0.094. All DT cases reached 90 % CMZ depletion within 2.44–

3.59 min, whereas the TT threshold times ranged from 13.89 to 19.16 min among the cases that reached the threshold; TT0 

remained right-censored at 30 min.  
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Figure 3. CMZ depletion and persistence metrics across the four interfacial electrochemical groups. 395 

(a) CMZ depletion fraction after 30 min, 𝜂30,𝐶𝑀𝑍; (b) time to 90 % CMZ depletion, 𝑡90,𝐶𝑀𝑍; and (c) CMZ tailing index, 𝑇𝐼𝐶𝑀𝑍, averaged 

over 15–30 min. TO, TT, and TH denote the ETL formulation at 𝐶𝑏 = 1, 10, and 100 mM, respectively, whereas DT denotes the EDL 

formulation at 𝐶𝑏 = 10 mM. Symbols show descriptive means across the six tested pore geometries, and error bars show the corresponding 

standard deviations among those geometries. Right-censored 𝑡90,𝐶𝑀𝑍 values are displayed at the 30 min observation limit using distinct 

symbols.  400 

Within the ETL formulation, increasing the background electrolyte concentration progressively reduced CMZ depletion and 

increased late-time persistence. The mean 30 min depletion fraction decreased from 0.963 for TO to 0.918 for TT and 0.613 

for TH, while the mean tailing index increased from 0.037 to 0.094 and 0.465. All TO cases reached 90 % CMZ depletion 

within 6.68–10.19 min. In contrast, none of the TH cases reached this threshold within the 30 min simulation window. 

Within-group differences among pore geometries remained detectable, although their magnitude depended on both the 405 

electrochemical setting and the metric considered (Table S3). The TT group showed the widest structure-associated range in 

𝑡90,CMZ, extending from 13.89 min to > 30 min, whereas the DT cases differed only slightly in depletion and tailing. Because 

all TH cases were right-censored for 𝑡90,CMZ, their structural differences were expressed more clearly by the fixed-time metrics: 

the 30 min depletion fraction ranged from 0.553 to 0.710, and the tailing index ranged from 0.387 to 0.515. 

Across the complete case matrix, the three CMZ metrics showed a consistent group-level ordering: DT exhibited the greatest 410 

30 min depletion and weakest late-time persistence, followed by TO and TT, whereas TH showed the lowest depletion and 

strongest persistence. These between-group contrasts were generally larger than the differences among pore geometries within 

the same group. Sections 3.2 and 3.3 therefore examine how pore structure modifies velocity partitioning and plume 

organization within these broader electrochemical transport regimes. 

3.2 Scenario I: Orientation-associated structural effects in SROE packings 415 

3.2.1 Zone-averaged evolution of Org, pH, and porewater velocity 

Figure 4 shows the temporal evolution of zone-averaged Org concentration and pH in the anode buffer zone (ABZ), 

contaminated medium zone (CMZ), and cathode buffer zone (CBZ). The corresponding zone-averaged porewater speeds are 
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shown in Fig. S1a–c. Across all electrochemical groups, Org was progressively depleted from the CMZ and redistributed into 

the adjacent buffer zones, but the transport timescales differed markedly among DT, TO, TT, and TH. 420 

 

Figure 4. Temporal evolution of zone-averaged Org concentration and pH in the four SROE geometries.  

Panels (a–c) show Org concentration in the anode buffer zone (ABZ), contaminated medium zone (CMZ), and cathode buffer zone (CBZ), 

respectively; panels (d–f) show the corresponding zone-averaged pH. Solid curves represent descriptive means across the four packing 

orientations within each electrochemical group, and shaded bands indicate ±1 standard deviation among the four orientations. TO, TT, and 425 
TH denote the ETL formulation at 𝐶𝑏 = 1, 10, and 100 mM, respectively, whereas DT denotes the EDL formulation at 𝐶𝑏 = 10 mM. 

CMZ concentration decreased most rapidly in the DT cases, followed by TO and TT, whereas TH retained the highest 

concentrations throughout the 30 min simulation period. This ordering is consistent with the CMZ metrics reported in Sect. 

3.1. The spread among the four SROE orientations was most evident for TT and TH and remained comparatively small for DT 

after the initial displacement period. In the buffer zones, the faster DT and TO cases generally showed earlier tracer 430 

accumulation and subsequent decline, whereas TT and TH exhibited later redistribution and greater late-time persistence. 

Orientation-associated differences were most visible during the rising and declining portions of the CBZ concentration curves. 

Electrolysis also produced distinct pH responses among the electrochemical groups. The ABZ and CMZ became progressively 

more acidic, with the largest zone-averaged pH decrease occurring in TH and intermediate changes in TT. In the CBZ, several 

cases showed an initial alkaline excursion followed by stabilization or a later decrease. Both the magnitude and timing of these 435 

changes varied among the SROE orientations. 

Zone-averaged porewater speed followed the group ordering DT > TO > TT > TH throughout most of the simulation window 

(Fig. S1a–c). Within each group, the spread among the four SROE geometries was smaller than the separation among 

electrochemical groups, although persistent orientation-associated differences remained visible in all three zones. 
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3.2.2 Internal-boundary electrokinetic response 440 

Figure 5 summarizes electrokinetic quantities averaged over the internal grain–fluid boundaries within the CMZ. The 

boundary-averaged zeta potential remained negative in all cases, with its magnitude following the ordering DT > TO > TT > 

TH. The DT cases also showed the strongest temporal change, becoming progressively less negative, whereas the ETL groups 

varied less over the 30 min period. Electroosmotic mobility followed the same group ordering and temporal pattern. Within 

each electrochemical group, differences among the four SROE geometries were substantially smaller than the separation 445 

among group-averaged responses. 

 

Figure 5. Internal-boundary-averaged electrokinetic quantities within the CMZ for the four SROE geometries.  

Panels (a) and (b) show the temporal evolution of the boundary-averaged zeta potential, ⟨𝜁⟩𝛤𝑖𝑏,𝐶𝑀𝑍
, and electroosmotic mobility, ⟨𝜇𝑒𝑜⟩𝛤𝑖𝑏,𝐶𝑀𝑍

, 

respectively. Panels (c) and (d) show the corresponding gradient-aligned and gradient-transverse electroosmotic velocity components, 450 
⟨𝑢𝑒𝑜,𝑥⟩𝛤𝑖𝑏,𝐶𝑀𝑍

 and ⟨𝑢𝑒𝑜,𝑦⟩𝛤𝑖𝑏,𝐶𝑀𝑍
. Panels (e) and (f) show the spatiotemporally averaged gradient-aligned and gradient-transverse components 

of the tangential electric field as functions of packing-rotation angle. In panels (a–d), solid curves denote descriptive means across the four 

SROE orientations within each electrochemical group, and shaded bands indicate ± 1 standard deviation among those orientations. 

The gradient-aligned component of electroosmotic slip velocity generally followed the ordering DT > TO > TT > TH, whereas 

the smaller gradient-transverse component was more sensitive to packing orientation. The transverse component was close to 455 

zero in the 0° geometries and became increasingly non-zero as the packing was rotated. Consistent directional changes occurred 

in the tangential electric field: with increasing packing angle, its spatiotemporally averaged gradient-aligned component 

decreased, while the gradient-transverse component increased from approximately zero (Fig. 5e–f). External electrode-

boundary concentrations and pH are reported in Fig. S1d–i; the principal response was progressive acidification at the anode 

and alkalization at the cathode. 460 
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3.2.3 Orientation-associated differences under the TT setting 

The TT group was selected for detailed comparison because it showed the widest orientation-associated range in the CMZ 

depletion metrics among the Scenario I groups for which most cases reached the 90 % threshold. Figure 6 compares the CMZ-

averaged Org concentration and porewater speed with the corresponding internal-boundary electroosmotic-slip components in 

the four TT geometries. 465 

 

Figure 6. CMZ-averaged Org concentration and porewater speed, together with internal-boundary electroosmotic-slip components, 

for the four TT SROE geometries. 

Panel (a) shows the CMZ-averaged Org concentration, ⟨𝐶𝑂𝑟𝑔⟩
𝛺CMZ

; panel (b) shows the CMZ-averaged porewater speed, ⟨𝑈⟩𝛺𝐶𝑀𝑍
; and 

panels (c) and (d) show the internal-boundary-averaged gradient-aligned and gradient-transverse electroosmotic-slip components, 470 
⟨𝑢𝑒𝑜,𝑥⟩𝛤𝑖𝑏

 and ⟨𝑢𝑒𝑜,𝑦⟩𝛤𝑖𝑏
, respectively. Curves represent the 0°, 15°, 30°, and 45° SROE geometries under the ETL formulation at 𝐶𝑏 = 10 

mM. Each curve represents one deterministic pore geometry. 

The fixed-time CMZ response varied non-monotonically with packing angle (Fig. 6a). After 30 min, the depletion fraction 

increased from 0.888 in TT0 to 0.915 in TT15 and 0.930 in TT30, before decreasing slightly to 0.927 in TT45 (Table S3). 

TT30 also showed the lowest tailing index (0.073), whereas TT0 showed the highest value (0.134) and did not reach 90 % 475 

depletion within 30 min. Among the remaining cases, the 90 % threshold was reached after 17.21 min in TT15, 13.89 min in 

TT30, and 15.78 min in TT45. 

The CMZ-averaged porewater speed showed a similar non-monotonic response (Fig. 6b), with TT30 maintaining the highest 

speed and TT0 the lowest over most of the simulation period. By contrast, the internal-boundary electroosmotic-slip 
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components varied more systematically with orientation: the gradient-aligned component decreased as the packing angle 480 

increased, whereas the gradient-transverse component increased from approximately zero at 0°. Together, these orientation-

dependent changes were associated with the highest CMZ-averaged porewater speed at the intermediate 30° orientation rather 

than at either angular endpoint. 

Thus, increasing packing angle did not produce a monotonic change in CMZ depletion. Instead, the fixed-time response 

reflected the combined variation of gradient-aligned and gradient-transverse flow components. The associated plume-scale 485 

differences are examined in Sect. 3.2.4. 

3.2.4 Stage-aligned plume organization and spatial moments 

To distinguish plume morphology from differences in transport timescale, Org concentration fields were compared at relative 

CMZ-depletion progress levels of 0.25, 0.60, and 1.00. The corresponding first-attainment times are reported in Table S4. As 

defined in Sect. 2.4.3, equal progress levels represent equal fractions of each case’s own 30 min CMZ depletion and not equal 490 

absolute residual concentrations. 

Stage-attainment times differed substantially among the electrochemical groups. DT reached the early and intermediate 

progress levels first, whereas TH generally required the longest time to reach 0.60. Within TO, TT, and DT, the 30° geometry 

reached the 0.60 level earlier than the other SROE geometries, at 3.90, 6.50, and 1.55 min, respectively; within TH, the earliest 

attainment occurred in TH45 at 9.90 min. 495 

At the intermediate progress level of 0.60, plume migration remained predominantly aligned with the applied electric field, 

but plume orientation and transverse displacement varied systematically with packing rotation (Fig. 7). The 0° geometries 

retained an approximately field-aligned major axis and showed little transverse centroid displacement. With increasing packing 

angle, the plume major axis rotated away from the applied-field direction, accompanied by greater transverse displacement 

and changes in front shape and trailing-concentration patterns. 500 
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Figure 7. Org concentration fields in the Scenario I SROE geometries at the relative progress level of 0.60. 

Columns correspond to packing-rotation angles of 0°, 15°, 30°, and 45°, and rows correspond to the TO, TT, TH, and DT electrochemical 

groups. White arrows show the local porewater-flow direction. Markers indicate the concentration-weighted plume centroids, and arrows 

show the major principal-axis orientation obtained from the second spatial moments. All panels use the same concentration colour scale. 505 

The spatial-moment descriptors quantify these differences across the three progress levels (Fig. 8). Principal-axis orientation 

generally increased with packing angle, particularly at the 0.60 level, indicating systematic plume reorientation with the 

imposed structural rotation. The anisotropy ratio generally decreased with increasing angle, although both descriptors also 

evolved with relative progress. The normalized CMZ concentrations shown in Fig. 8 provide the corresponding absolute 

residual levels but are not independent of the progress-alignment definition. 510 
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Figure 8. Spatial-moment descriptors for Scenario I at relative progress levels of 0.25, 0.60, and 1.00.  

Panels (a, d, g) show the normalized CMZ concentration, 𝑓𝐶𝑀𝑍; panels (b, e, h) show the principal-axis orientation, 𝜃; and panels (c, f, i) 

show the anisotropy ratio, 𝑅𝑃. Symbols denote the four electrochemical groups, and lines connect the four SROE packing angles within each 

group. The 𝑓𝐶𝑀𝑍 values are shown only to indicate absolute residual concentration and are not independent of the progress-alignment 515 
definition. 

The gradient-aligned plume centroid advanced as relative progress increased (Fig. 9a). Transverse centroid displacement 

remained close to zero in the 0° geometries but became non-zero in the rotated packings (Fig. 9b). The largest deviations 

generally occurred at the intermediate progress level, whereas several cases showed smaller values or changes in sign at 1.00. 

Transverse displacement was therefore transient and did not necessarily accumulate monotonically over the simulation window. 520 
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Figure 9. Plume-centroid coordinates for the Scenario I SROE geometries at relative progress levels of 0.25, 0.60, and 1.00. 

Panel (a) shows the gradient-aligned centroid coordinate, 𝜈𝑥, and panel (b) shows the normalized gradient-transverse centroid displacement, 

(𝜈𝑦 − 𝜈𝑦̂)/𝜈𝑦̂, where 𝜈𝑦̂ denotes the average of 𝜈𝑦 within the corresponding comparison group. Results are shown for packing-rotation 

angles of 0°, 15°, 30°, and 45°. Markers denote the TO, TT, TH, and DT electrochemical groups at the three relative progress levels. Dashed 525 
lines are included only as visual guides. 

Together, the velocity and plume descriptors show that packing rotation primarily modified directional flow partitioning, 

plume orientation, transient transverse centroid motion, and anisotropy. Electrochemical setting strongly affected the time 

required to reach the selected progress levels, whereas systematic spatial contrasts remained detectable among orientations 

within each group. The non-monotonic fixed-time depletion response therefore coexisted with more consistent orientation-530 

associated changes in plume geometry.  
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3.3 Scenario II: Composite-geometry contrasts between HD and ND 

3.3.1 Zone- and boundary-averaged responses in the composite geometries  

The zone-averaged Org concentration, pH, and porewater-speed trajectories retained the broad electrochemical-group ordering 

observed in Scenario I (Figs. S2 and S3). CMZ concentration decreased most rapidly in DT and most slowly in TH, with TO 535 

and TT showing intermediate responses. Correspondingly, porewater speed was highest in DT and lowest in TH. Differences 

in the bulk CMZ response between HD and ND remained detectable within individual electrochemical groups but did not 

follow a consistent geometry-dependent ordering. The more persistent structural contrast concerned directional flow 

partitioning and transport timing. 

Under TO and TT, ND showed greater CMZ depletion after 30 min than HD. The depletion fractions were 0.978 and 0.956 540 

for TOND and TOHD, respectively, and 0.937 and 0.911 for TTND and TTHD (Table S3). ND also showed slightly lower 

tailing indices under both settings. However, HD reached the 90 % CMZ depletion threshold earlier: 𝑡90,CMZ was 8.05 min for 

TOHD compared with 9.71 min for TOND and 18.31 min for TTHD compared with 19.16 min for TTND. Thus, earlier 

threshold attainment did not necessarily correspond to greater depletion at the end of the simulation window. 

A different HD–ND contrast occurred under TH. Neither geometry reached 90 % CMZ depletion within 30 min, but THHD 545 

showed a greater 30 min depletion fraction than THND (0.710 compared with 0.585) and a lower tailing index (0.387 compared 

with 0.508). Under DT, both geometries approached complete CMZ depletion, although DTHD reached the 90 % threshold 

earlier than DTND, at 2.85 and 3.59 min, respectively. The HD–ND ranking therefore depended on both the electrochemical 

setting and the metric used to characterize depletion. 

The internal-boundary-averaged zeta potential and electroosmotic mobility showed the group ordering DT > TO > TT > TH 550 

in magnitude, with only small differences between HD and ND relative to the separation among electrochemical groups (Fig. 

10a–b). The gradient-aligned electroosmotic slip velocity followed the same broad ordering but exhibited clearer geometry-

dependent differences (Fig. 10c). The strongest directional contrast occurred in the gradient-transverse component: HD 

maintained a non-zero transverse velocity, whereas the corresponding ND values remained close to zero throughout most of 

the simulation (Fig. 10d). Consistent differences were observed in the tangential electric field, whose transverse component 555 

was non-zero in HD but close to zero when averaged over ND (Fig. 10e). 
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Figure 10. Internal-boundary-averaged electrokinetic quantities for the Scenario II composite geometries. 

Panels (a–d) show the temporal evolution of (a) zeta potential, ⟨𝜁⟩𝛤𝑖𝑏
; (b) electroosmotic mobility, ⟨𝜇𝑒𝑜⟩𝛤𝑖𝑏

; (c) gradient-aligned 

electroosmotic slip velocity, ⟨𝑢𝑒𝑜,𝑥⟩𝛤𝑖𝑏
; and (d) gradient-transverse electroosmotic slip velocity, ⟨𝑢𝑒𝑜,𝑦⟩𝛤𝑖𝑏

. Colours denote the TO, TT, TH, 560 

and DT electrochemical groups. Solid curves show the arithmetic mean of the HD and ND values, and shaded envelopes span the two 

geometry-specific values. Panel (e) shows the spatiotemporally averaged gradient-aligned and gradient-transverse components of the 

tangential electric field for HD and ND.  

Overall, HD and ND differed little in boundary-averaged zeta potential and electroosmotic mobility but clearly in directional 

flow organization. HD maintained non-zero domain-averaged transverse electric-field and electroosmotic-slip components, 565 

whereas the corresponding ND components remained close to zero after domain averaging. At the CMZ scale, however, the 

HD–ND ranking remained dependent on the electrochemical setting and evaluation metric. Thus, directional composite 

organization produced a consistent contrast in domain-scale flow direction without imposing a uniform fixed-window 

depletion advantage. 

3.3.2 Relative-progress plume organization and spatial-moment descriptors 570 

The first-attainment times for the selected relative progress levels are reported in Table S5. In all four electrochemical groups, 

HD reached the early and intermediate progress levels of 0.25 and 0.60 earlier than ND. At the 1.00 level, HD reached the 

endpoint-equivalent depletion earlier under TO and DT, whereas both geometries first reached this level at 30 min under TT 

and TH. These first-attainment times compare how rapidly each geometry approached its own 30 min depletion endpoint; 

fixed-time HD–ND differences are reported separately in Sect. 3.3.1. 575 
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At the intermediate progress level of 0.60, the Org concentration fields showed distinct plume organizations in the two 

composite geometries (Fig. 11). In HD, plume advancement and orientation varied among subdomains with different 

prescribed packing directions, producing locally uneven front propagation. In ND, the concentration front was more irregular 

around the disordered packing region but showed less persistent domain-scale transverse deflection. The HD–ND contrast was 

therefore expressed through different patterns of local front deformation and domain-scale directional persistence. 580 

 

Figure 11. Org concentration fields in the Scenario II composite geometries at the relative progress level of 0.60. 

Panels (a, b), (c, d), (e, f), and (g, h) compare HD and ND under the TO, TT, TH, and DT settings, respectively. White arrows indicate 

porewater-velocity direction; magenta markers, ellipses, and line segments denote plume centroids, second-moment plume shapes, and 

major principal axes, respectively. All panels use the same concentration colour scale. 585 
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At a given relative progress level (Fig. 12), 𝑓CMZ  retained the corresponding differences in residual CMZ concentration, 

whereas 𝑅𝑃 , 𝜃 , and the centroid coordinates described how plume organization evolved within each case. The plume-

anisotropy ratio, 𝑅𝑃, varied with both progress level and electrochemical setting, and ND generally showed greater stage-to-

stage variation than HD. Unlike the comparatively ordered angle-dependent response in Scenario I, the composite geometries 

did not exhibit a consistent relationship between 𝑅𝑃 and the principal-axis orientation, 𝜃. 590 

 

Figure 12. Relative-progress plume descriptors for the Scenario II composite geometries.  

Panels show (a) the normalized CMZ concentration, 𝑓𝐶𝑀𝑍; (b) the anisotropy ratio, 𝑅𝑃; (c) the relationship between 𝑅𝑃 and the principal-

axis orientation, 𝜃, with the Scenario I results included for comparison; (d) the gradient-aligned centroid coordinate, 𝜈𝑥; and (e) the 

normalized gradient-transverse centroid displacement, (𝜈𝑦 − 𝜈𝑦̂)/𝜈𝑦̂ , where 𝜈𝑦̂  denotes the average of 𝜈𝑦  within the corresponding 595 

comparison group. Results are shown at 𝑝𝑠 = 0.25, 0.60, and 1.00 for the HD and ND geometries under the TO, TT, TH, and DT settings. 
The 𝑅𝑃 axis in panel (c) is logarithmic. 

The gradient-aligned centroid, 𝜈𝑥, was generally farther advanced in HD than in ND at the same relative progress level. By 

contrast, the normalized gradient-transverse centroid displacement remained small in many cases and showed no consistent 

HD–ND ordering across electrochemical groups or progress levels, although a clearer late-stage transverse displacement 600 

occurred in DTHD. Overall, earlier attainment of case-specific progress levels and greater gradient-aligned centroid 

advancement were the main consistent HD–ND contrasts, whereas plume anisotropy and transverse centroid displacement 

showed no uniform geometry ranking. 
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3.3.3 Plume-aligned concentration-ridge spacing 

Multiple resolved concentration ridges were detected in only 2 of the 24 Scenario II profiles evaluated across the three relative 605 

progress levels (Table S6). Under the TO, TT, and TH settings, all HD and ND profiles contained fewer than two resolved 

peaks, and the corresponding spacing metrics were therefore undefined. The two multi-ridge profiles occurred under the DT 

setting. At the 0.25 progress level, DTHD contained two resolved ridges with a characteristic spacing of 1.3×10-3 m. At the 

0.60 level, DTND contained five resolved ridges with a median adjacent-ridge spacing of 1.8×10-4 m and an interquartile range 

of 3.5×10-4 m. No multi-ridge profile was detected at the 1.00 progress level. 610 

Multi-ridge organization was therefore localized and stage-dependent rather than a general feature of Scenario II. Given this 

limited occurrence, the ridge analysis did not support a general HD–ND channelization contrast and was retained only as a 

supplementary descriptor of localized plume structure.  

4 Discussion 

4.1 Relative roles of the interfacial electrochemical setting and pore architecture 615 

Across the tested case matrix, the interfacial electrochemical setting determined the broad magnitude and timescale of CMZ 

tracer depletion, whereas pore architecture redistributed the resulting transport through the pore space. Under the common 10 

mM background electrolyte condition, the implemented EDL formulation produced faster CMZ depletion and weaker late-

time persistence than the ETL formulation. Within the ETL formulation, increasing 𝐶𝑏 progressively reduced depletion and 

enhanced tracer persistence. These group-level contrasts were consistently larger than the differences among pore geometries 620 

within each group, indicating that the overall transport regime was primarily governed by the chemistry-dependent interfacial 

response. 

Pore architecture nevertheless modified transport within each regime. Packing orientation and composite organization affected 

threshold-attainment times, directional velocity partitioning, plume orientation, anisotropy, and centroid motion. The 

interfacial setting and pore structure therefore acted at distinct but coupled levels: the former determined the available 625 

electroosmotic mobility and characteristic transport timescale, whereas the latter distributed the resulting flow among 

alternative directions and pathways. This distinction also explains why fixed-time CMZ metrics and spatial plume descriptors 

highlighted different structural contrasts: they characterize different aspects and stages of transport. 

4.2 Chemistry–interface–transport coupling 

The group-level differences arose from the dynamic coupling among electrode-driven aqueous chemistry, interfacial charge, 630 

and porewater transport (Fig. 13). Electrolysis modified pH and ionic composition at the lateral boundaries, while 

electromigration and advection propagated these changes through the pore space. The evolving aqueous conditions updated 

the local zeta potential and electroosmotic mobility, thereby modifying the tangential slip velocity and resulting porewater 
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flow. The flow, in turn, redistributed H+, OH−, and the background ions. The simulations thus resolve a transient feedback 

pathway linking boundary chemistry, interfacial electrokinetics, and solute transport, consistent with previous evidence that 635 

electroosmotic mobility depends strongly on porewater pH and electrolyte conditions (Eykholt and Daniel, 1994; Dzenitis, 

1997; Sprocati et al., 2021). 

Under the common 10 mM electrolyte condition, the implemented EDL formulation predicted a more negative zeta potential 

and greater electroosmotic mobility than the ETL formulation, consistent with the faster depletion and weaker tailing in the 

DT cases. Within the ETL formulation, increasing electrolyte concentration reduced the magnitude of the predicted zeta 640 

potential and electroosmotic mobility, producing the TO–TT–TH ordering in porewater speed and CMZ persistence. In the 

selected ETL closure, this concentration dependence reflects the representation of specific cation adsorption, interfacial charge 

partitioning, and the resulting shear-plane potential. Propagation of these interfacial differences through the electroosmotic-

slip relation generated persistent contrasts in pore-scale flow and tracer displacement. 

Because the EDL and ETL formulations contain different constitutive assumptions and parameter sets, their comparison should 645 

be interpreted as evidence that transient transport predictions are sensitive to the selected interfacial representation, rather than 

as a universal ranking of model accuracy. Independent measurements of transient zeta potential and electroosmotic flux would 

be needed to determine which formulation is more appropriate for a particular mineral–electrolyte system. 

 

Figure 13. Conceptual synthesis of the coupled pathway from electrolysis-driven boundary chemistry to interfacial-charge 650 
regulation, electroosmotic mobility, porewater flow, and CMZ tracer depletion. Pore architecture redistributes the resulting flow 

and controls plume organization within the pore space. 

4.3 Structural controls on directional transport and plume organization 

In Scenario I, packing rotation redistributed the tangential electric field and electroosmotic slip between the applied-field and 

transverse directions. As the SROE angle increased, the gradient-aligned components generally decreased, whereas the 655 
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transverse components increased from approximately zero. This response is consistent with the changing projection of the 

electric field along rotated grain surfaces and the resulting redistribution of interfacial slip. Similar effects of pore geometry 

on electrokinetic flow and dispersion have been reported in previous pore-scale studies (Hlushkou et al., 2007; Alizadeh et al., 

2019; Godinez-Brizuela and Niasar, 2020). 

These changes in directional flow partitioning produced a non-monotonic response in CMZ-scale depletion. Across the TO, 660 

TT, and DT groups, the 30° geometry showed the most favourable combination of CMZ metrics, with the greatest 30 min 

depletion, the shortest 𝑡90,CMZ, and the lowest or joint-lowest tailing index. The TH group showed the same structural tendency 

in the available fixed-window metrics, with TH30 exhibiting the greatest depletion and the lowest tailing index, although all 

TH cases remained right-censored for 𝑡90,CMZ. Because electroosmotic transport was strongly suppressed under TH, however, 

its CMZ depletion metrics should be interpreted cautiously and not equated directly with effective cathode-directed 665 

displacement. Thus, among the tested geometries, the 30° packing generally produced the most favourable bulk depletion 

response. Because only four prescribed rotation angles were evaluated and no optimization analysis was performed, this result 

does not establish 30° as the optimal packing angle. The observed differences in these metrics reflect the combined effects of 

directional velocity partitioning and rotation-induced changes in local pore-space geometry. 

To distinguish these bulk transport differences from changes in plume organization, the spatial descriptors were compared at 670 

matched relative-progress levels. Increasing packing angle rotated the plume principal axis, generated transient transverse 

centroid displacement, and modified plume anisotropy. These contrasts remained visible at case-specific relative progress 

levels and were therefore not solely consequences of different transport timescales. Fixed-time and threshold-based CMZ 

metrics quantify bulk depletion and persistence, whereas the relative-progress descriptors show how pore structure reorganizes 

plume position and geometry at comparable transport stages. 675 

The composite geometries revealed a consistent distinction in directional organization. HD maintained non-zero domain-

averaged transverse electric-field and electroosmotic-slip components, reached the case-specific 0.25 and 0.60 progress levels 

earlier in all four electrochemical groups, and generally showed greater gradient-aligned centroid advancement at matched 

stages. In ND, local flow and front deformation remained evident, but the corresponding transverse components remained 

close to zero after domain averaging. Together, these results indicate more persistent domain-scale flow organization and 680 

earlier attainment of case-specific transport stages in HD. 

This directional and timing contrast did not translate into a uniform fixed-window depletion advantage. ND showed greater 30 

min depletion and weaker tailing under TO and TT, whereas HD showed greater depletion and weaker tailing under TH; under 

DT, both geometries approached complete depletion, with HD reaching the threshold earlier. The effect of composite 

organization on endpoint depletion therefore depended on the prevailing electrochemical transport regime. Because only one 685 

deterministic realization of each composite geometry was evaluated, these contrasts should be interpreted as process-based 

tendencies rather than a general ranking of HD and ND structures. The limited occurrence of multi-ridge profiles provided no 

evidence for a general geometry-dependent channelization pattern. 
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4.4 Implications and scope 

These results show that transient pore-scale electrokinetic transport cannot be interpreted from either interfacial mobility or 690 

bulk depletion metrics alone. From a hydrological perspective, electroosmotically driven porewater flow is neither spatially 

uniform nor temporally stationary. Evolving pH and electrolyte conditions modify the interfacial mobility that controls the 

available flow magnitude and transport timescale, whereas pore architecture partitions the resulting porewater flow between 

gradient-aligned and transverse pathways. Consequently, even under a constant imposed electrical gradient, the advective 

capacity and direction of porewater transport can evolve over time. Fixed-time CMZ metrics are useful for quantifying 695 

depletion and persistence, whereas relative-progress plume descriptors distinguish spatial reorganization from differences in 

transport rate. The HD–ND comparison further shows that earlier attainment of case-specific progress levels and greater field-

aligned centroid advancement need not coincide with greater end-window depletion or weaker persistence. Hydrological 

assessments of electrokinetically forced transport should therefore distinguish the magnitude, spatial organization, and timing 

of porewater flow and associated solute transport, rather than infer system behaviour from a single fixed mobility or end-700 

window depletion metric. 

These hydrological implications are most directly applicable to electrokinetically forced water and solute transport in the 

controlled, saturated, low-permeability porous systems examined here. Extension to natural porous media will require three-

dimensional or image-based structures, structural ensembles that better separate orientation from porosity, and aqueous 

chemistry that accounts for non-ideal activities and relevant mineral and contaminant reactions. Measurements of transient 705 

zeta potential, electroosmotic flux, pH propagation, and tracer breakthrough would provide a direct basis for evaluating the 

predicted chemistry–interface–structure relationships. Within its present scope, the common simulation matrix provides a 

consistent basis for separating interfacial controls on transport magnitude from structural controls on flow partitioning and 

plume organization in low-permeability porous media. 

5 Conclusions 710 

This study examined how electrolysis-driven aqueous chemistry, interfacial-charge representation, background electrolyte 

concentration, and pore architecture jointly regulate transient electroosmotic transport. A common pore-scale framework was 

used to compare two chemistry-dependent interfacial parameterizations, an electrolyte-concentration series within the ETL 

formulation, and six controlled pore geometries. Fixed-time CMZ metrics were combined with stage-aligned plume descriptors 

to characterize transport magnitude, persistence, and spatial organization. 715 

The interfacial electrochemical setting established the broad magnitude and timescale of electroosmotic transport. Under the 

common background electrolyte concentration of 10 mM, the cases using the implemented EDL parameterization showed a 

mean 30 min CMZ depletion fraction of 0.998 and a mean tailing index of 0.002, compared with 0.918 and 0.094 for the ETL 

cases. Within the ETL formulation, increasing 𝐶𝑏 from 1 to 100 mM reduced the mean depletion fraction from 0.963 to 0.613 

and increased the mean tailing index from 0.037 to 0.465; none of the 100 mM cases reached 90 % CMZ depletion within 30 720 
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min. These simulations show that interfacial-charge representation and electrolyte condition materially affected the predicted 

electroosmotic mobility, transport timescale, and late-time persistence. 

Pore architecture did not overturn the overall electrochemical-group ordering but reorganized directional transport and plume 

geometry within each group. In the SROE geometries, packing rotation redistributed the tangential electric field and 

electroosmotic slip velocity from the applied-field direction towards the transverse direction, producing systematic changes in 725 

plume orientation and anisotropy but non-monotonic changes in fixed-time CMZ depletion. In the composite geometries, HD 

maintained stronger domain-scale directional organization, reached its case-specific early and intermediate progress levels 

earlier, and generally showed greater gradient-aligned centroid advancement at matched stages than ND. However, the HD–

ND ranking in 30 min depletion and tailing changed with electrochemical setting, indicating that composite organization 

affected transport timing more consistently than endpoint depletion. Together, the results identify a two-level control on 730 

transient electroosmotic transport: evolving aqueous chemistry is translated into transport magnitude and timescale through 

the interfacial electrokinetic response, whereas pore structure determines how the resulting flow and solute mass are distributed 

through the pore space. This distinction provides a process-based basis for interpreting electrokinetically forced water 

movement, solute displacement, and late-time persistence in low-permeability porous media. 
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