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ARTICLE INFO ABSTRACT
Associate editor: Christophe Tournassat Ra incorporation into (Ba,Ra)SO4 solid solutions is a key control on Ra mobility in groundwater systems and
typically occurs through coprecipitation and recrystallization. The effectiveness and persistence of these
Keywords: mechanisms under long-term reactive transport conditions remain poorly constrained, particularly in fractured
3D reactive transport crystalline rocks, where Ra migration is controlled by the coupled effects of heterogeneous flow, advecti-
SOlifl solutions ve-diffusive transport, fracture-matrix mass exchange, reaction kinetics, and evolving hydrogeochemical con-
léisiircrilpitation ditions. Here, we employ 3D reactive transport modeling using PFLOTRAN to investigate Ra mobility under near-
Recrystallization field conditions relevant to geological nuclear waste repositories. The models couple fluid flow, solute transport,
Coupled dissolution-reprecipitation and non-ideal solid solution-aqueous solution (SS-AS) interactions, incorporating a regular Guggenheim solid
Reaction Kkinetics solution model and composition-dependent dissolution-precipitation kinetics for stoichiometric solid solutions.
Fracture-matrix systems Simulations are conducted in a 10 m x 10 m x 10 m fracture-matrix domain upscaled from a discrete fracture
Nuclear waste disposal network, with a constant-flux inflow boundary and fixed Ra concentration representing a sustained Ra source

over 10,000 years. The results show that coprecipitation leads to strong but transient Ra immobilization, with
substantial Ra uptake within the first ~200 years, followed by progressive Ra remobilization as sulfate is
depleted and previously formed solid solutions dissolve. Consequently, Ra retention decreases markedly and
becomes minimal after ~1000 years. In contrast, recrystallization supports persistent Ra immobilization
throughout the entire 10,000-year simulation period, provided that sufficient barite remains available within
fracture zones. This mechanism is sustained by kinetically controlled coupled dissolution-reprecipitation and
produces a characteristic spatial zonation, with Ra-rich solid solutions near inflow regions and progressively Ba-
rich compositions downstream. Sensitivity analyses further demonstrate that increasing Ba/Ra ratios in the
inflowing fluid can reduce the long-term Ra retention under kinetically controlled reactive transport conditions,
in contrast to predictions based solely on thermodynamic equilibrium. Fractures are identified as the dominant
domains for long-term Ra immobilization, whereas the low-permeability matrix contributes only minimally due
to limited diffusive accessibility. Once fractures lose their retention capacity, aqueous Ra is predominantly
flushed from the system rather than retained within the matrix. Overall, these results suggest that equilibrium
assumptions commonly adopted in radionuclide safety assessments are insufficient to predict Ra behavior in
complex subsurface systems, and thus robust evaluation of long-term Ra mobility requires coupling reaction
mechanisms and kinetics with flow and transport in evolving fracture-matrix systems. Although both copreci-
pitation and recrystallization form (Ba,Ra)SO4 solid solutions, their distinct microscopic mechanisms lead to
contrasting long-term behaviors when upscaled to the field scale. These findings have important implications for
nuclear waste disposal and managing Ra contamination in geothermal and mining environments.
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1. Introduction

The mobility of trace elements in groundwater is fundamental to ore
deposit formation, contaminant migration, and safe disposal of nuclear
waste (White, 2020; Rollinson and Pease, 2021). A primary process
limiting their mobility is sorption onto mineral surfaces, which typically
represents the first mechanism retarding their transport in water-rock
systems (Langmuir, 1997; Bethke, 2022). Sorption, principally through
ion exchange and surface complexation, is particularly effective for
certain trace elements (e.g., actinides) in lithologies with high sorption
capacities (e.g., clays), and its efficiency is controlled by mineral surface
area, pH, ionic strength, and the presence of competing ions (Tournassat
et al., 2013; Bethke, 2022). However, sorption is intrinsically inefficient
for some elements. For instance, radium (Ra), as a divalent cation with a
large ionic radius, is only weakly retained in lithologies with limited
sorption capacity, such as crystalline rocks (Fernandes et al., 2023;
Fabritius et al., 2024). Under such conditions, incorporation into ther-
modynamically stable mineral lattices via solid solution formation be-
comes the dominant mechanism for long-term immobilization (Prieto,
2009; Vinograd et al., 2018). This process occurs within a wide range of
mineral groups, including carbonates (Tesoriero and Pankow, 1996),
phosphates (Kersten, 2025), silicates (Tutolo and Leong, 2025), and
sulfates (Glynn, 2000), and therefore plays a vital role in controlling the
fate of radionuclides, whose mobility over geological timescales poses
radiological hazards and presents major challenges for safety assessment
and remediation strategies (Bosbach et al., 2020).

Ra is a naturally occurring radionuclide produced by the decay of
28y and 222Th. Its most abundant isotope, 2?°Ra, is highly radiotoxic
with a half-life of ~1600 years (Langmuir and Riese, 1985). In radio-
active waste, Ra becomes increasingly important over time (up to 108
years), as it is continuously generated by the decay of UO, spent fuel,
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and unlike many short-lived fission products, persists as a major long-
term contributor to radiological dose (SKB, 2011). The formation of
(Ba,Ra)S0y4 solid solutions is widely regarded as the primary mechanism
controlling Ra transport in groundwater systems (Zhu, 2004; Vinograd
et al., 2013). This is because (Ba,Ra)SO4 solid solutions are significantly
less soluble than pure RaSOg4, thereby maintaining aqueous Ra concen-
trations well below RaSQ, saturation (Berner and Curti, 2002; Bosbach
et al., 2010; Curti et al., 2010; Klinkenberg et al., 2014; Brandt et al.,
2015,2020). Increasing Ba/Ra ratios further decrease Ra solubility
through the so-called “dilution effect” (Fig. 1A). This effect is widely
invoked to explain the low Ra concentrations observed in natural waters
and constitutes a key assumption in safety assessment of Ra migration
potential in near-field environments of geological repositories (Fig. 1B;
Grandia et al., 2008; Vinograd et al., 2013).

Mechanistically, (Ba,Ra)SO4 solid solutions can form via coprecipi-
tation and recrystallization (Fig. 1C). Coprecipitation occurs when fluids
become supersaturated with respect to (Ba,Ra)SO4, typically due to
mixing between Ba/Ra-bearing and sulfate-bearing fluids or through
evaporation. In contrast, recrystallization involves the progressive
incorporation of Ra into pre-existing barite through coupled dis-
solution-reprecipitation processes (Fig. 1C). Evidence for coprecipita-
tion has been reported in various natural and engineered environments,
including evaporitic deposits (Rosenberg et al., 2018; Zhang et al.,
2025), geothermal pipe scaling (Fisher, 1998), uranium and coal mining
sites (Liu and Hendry, 2011; Jirasek et al., 2020), hydrocarbon pro-
duction systems (Zhang et al., 2014), and wastewater treatment facil-
ities (IAEA, 2003). Coprecipitation is also relevant to nuclear waste
repositories, where Ba and Ra may be co-released from waste and sub-
sequently interact with sulfate-bearing formation waters (Grandia et al.,
2008; Curti et al., 2019; Ait-Mouheb et al., 2024). By contrast, recrys-
tallization is expected to dominate under conditions where pre-existing
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Fig. 1. (A) Thermodynamic predominance diagram of the Ba-Ra-SO,4 system showing a decrease in Ra solubility with increasing Ba>*/Ra?" activity ratios. (B)
Conceptual illustration of a geological repository in fractured crystalline rocks, highlighting potential Ra release and transport along fracture networks. (C) Schematic
illustration of microscopic coprecipitation and recrystallization processes leading to the formation of (Ba,Ra)SO4 solid solutions.
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barite interacts with Ra-bearing fluids derived from the decay of long-
lived 228U in spent fuel. Barite initially precipitated from Ba-bearing
fluids associated with the decay of short-lived Cs-isotopes (e.g., >’Cs,
134Cs) may form before Ra release and subsequently incorporate Ra
through recrystallization (Curti et al., 2010; Klinkenberg et al., 2014;
Brandt et al., 2015,2020). This mechanism also occurs in natural aqui-
fers and has been employed in engineered remediation strategies, where
barite has been used as a reactive barrier to immobilize Ra in mining
effluents (Jirasek et al., 2020; Besancon et al., 2025).

Previous studies have constrained both the thermodynamic and ki-
netic properties of the Ba-Ra-SO4 system. For example, the non-ideal
mixing behavior of (Ba,Ra)SO4 solid solutions has been described
using Guggenheim interaction parameters derived from quantum me-
chanical calculations (Vinograd et al., 2013, 2018). Precipitation rate
constants have been constrained through microfluidic experiments
(Poonoosamy et al., 2024), batch studies (Hedstrom et al., 2013), and
atomistic simulations (Rudin et al., 2024). Laboratory observations
consistently show that coprecipitation proceeds rapidly, typically on
timescales of hours (Rosenberg et al., 2014, 2018; Poonoosamy et al.,
2024), whereas recrystallization is markedly slower, requiring years to
achieve complete replacement (Bosbach et al., 2010; Curti et al., 2010;
Klinkenberg et al., 2014; Brandt et al., 2015,2020; Heberling et al.,
2018; Fig. 1C). However, applying such parameters to natural subsur-
face systems remains challenging because geochemical reactions are
tightly coupled with flow and transport processes in heterogeneous
geological media (Steefel et al., 2005,2015). Although Ra reactive
transport has been investigated using 1D continuum-scale models (Shao
et al., 2009) and pore-scale simulations based on the Lattice Boltzmann
method (Curti et al., 2019), the roles of fracture-matrix systems in
controlling Ra immobilization remains poorly constrained. This gap is
critical because fractured crystalline rocks host, or are planned to host,
nuclear waste repositories (e.g., in Finland, Sweden, and Canada; Hedin
and Olsson, 2016), as well as groundwater and geothermal resources
(Coleman et al., 2015), all of which are relevant to Ra contamination
issues.

Fractures are widely recognized as the dominant pathways for flow
and transport in crystalline rocks (Viswanathan et al., 2021; Steefel and
Hu, 2022; Andrews et al., 2023), whereas the adjacent low-permeability
matrix is commonly regarded as the primary domain for long-term
radionuclide immobilization by matrix diffusion (Zuber and Motyka,
1994, MacQuarrie and Mayer, 2005; Tsang et al., 2015; Zhang et al.,
2022; Yang et al., 2024). Field tests at the Grimsel Underground Labo-
ratory in Switzerland support this conventional viewpoint, demon-
strating rapid advective transport along fracture networks and slow
solute exchange with the surrounding matrix (Dideriksen et al., 2010).
However, because these experiments span only a few years, they cannot
capture long-term water-rock interactions and may therefore underes-
timate the significance of fracture networks for radionuclide immobili-
zation. Consequently, the relative contributions of fractures and the
matrix to long-term Ra immobilization remain poorly constrained. This
uncertainty is critical, as fracture networks can act not only as transport
pathways but also as highly reactive environments that promote Ra
immobilization via coprecipitation or recrystallization, as evidenced by
the widespread occurrence of mineral-filled veins and fault systems in
crystalline rocks (Bons et al., 2012; Wang et al., 2024).

Taken together, this study aims to address three key questions: (1)
how coprecipitation and recrystallization control the spatiotemporal
distribution of (Ba,Ra)SO4 solid solutions and long-term Ra immobili-
zation in fracture-matrix systems under dynamic reactive flow transport;
(2) whether the thermodynamically predicted “dilution effect” persists
when solid solution-aqueous solution (SS-AS) interactions are kineti-
cally controlled in natural flow conditions; and (3) which hydro-
geochemical factors control Ra immobilization in fractures versus the
matrix over short- and long-term timescales. To address these questions,
we employ 3D reactive transport modeling that couples heterogeneous
flow and solute transport with kinetically controlled, non-ideal SS-AS
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interactions in fracture-matrix systems. The modeling framework in-
tegrates upscaled discrete fracture-matrix (UDFM) models derived from
discrete fracture networks (DFN) (Hyman et al., 2015; Sweeney et al.,
2020) with massively parallel PFLOTRAN simulations on high-
performance computers (Hammond et al., 2013; Lichtner et al., 2015).
Our results demonstrate that coprecipitation and recrystallization have
contrasting controls on long-term Ra mobility in fractured crystalline
rocks, with Ra immobilization controlled by the coupled effects of re-
action mechanisms, kinetics, and fracture-matrix hydrogeology. These
findings provide a mechanistic basis for predicting long-term Ra
behavior in geological nuclear waste disposal systems, enhanced
geothermal systems, and groundwater resources, and provide new in-
sights into mineralization processes of critical trace metal deposits in
complex subsurface environments.

2. Methods
2.1. Modeling overview

We conducted 3D reactive transport modeling and thermodynamic
reaction path modeling to investigate the formation of (Ba,Ra)SO4 solid
solutions and their impact on Ra transport in fractured crystalline rocks.
Reaction path models were calculated independently using PHREEQC
(Parkhurst and Appelo, 1999) to quantify SS-AS equilibrium conditions
over a range of fluid/solid mass ratios. These calculations account for
non-ideal solid solution behavior based on endmember solubility
products and Guggenheim interaction parameters and are used here to
establish equilibrium reference trends and the “dilution effect”. Reactive
transport modeling was performed using PFLOTRAN (Hammond et al.,
2013; Lichtner et al., 2015), a massively parallel code that solves
coupled flow, transport and geochemical reaction equations using a
finite volume method and Newton-Krylov iteration. In PFLOTRAN, (Ba,
Ra)S04 solid solutions are represented as a set of discretized stoichio-
metric phases governed by kinetic precipitation-dissolution rate laws.
Discrete fracture networks (DFN) were generated using DFNWORKS
(Hyman et al., 2014,2015) and upscaled to continuum representations
through the Upscaled Discrete Fracture Matrix (UDFM) approach,
enabling simulation of heterogeneous fracture-matrix flow and fracture-
matrix interactions and their control on Ra mobility (Sweeney et al.,
2020).

2.2. Geochemical models for solid solution-aqueous solution (SS-AS)
interactions

Two modeling approaches are commonly used to describe SS-AS
equilibrium conditions. The first treats solid solutions as continuous
phases and determines equilibrium by minimizing the Gibbs free energy
of the entire system, as implemented in the GEM-Selektor (GEMS) code
(Kulik et al., 2013). This approach is thermodynamically rigorous and
particularly well suited for equilibrium modeling of complex SS-AS
systems, such as non-ideal ternary (Ba,Sr,Ra)SO4 solid solutions
(Vinograd et al., 2018). However, coupling GEMS with flow and trans-
port solvers remains computationally prohibitive for long-term, 3D
reactive transport modeling in fracture-matrix systems, and existing
applications are largely limited to simplified 1D or 2D models
(Kosakowski and Watanabe, 2014). The second approach represents
solid solutions as a finite set of discrete stoichiometric endmembers
based on the law of mass action method (Reed, 1982). Precipitation and
dissolution of these endmembers are governed by stoichiometric solu-
bility products (Glynn et al., 1990). This formulation is computationally
efficient and readily coupled with kinetic rate laws, making it well suited
for reactive transport modeling in complex geological systems. A
recognized limitation of this approach is that equilibrium solid solution
compositions must be specified by the users. If the endmembers are not
appropriately selected, the system may evolve toward a metastable state
in equilibrium with other specified phases rather than toward true
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thermodynamic equilibrium (Prieto, 2009). This limitation can be
mitigated by approximating a continuous solid solution using a set of
kinetically formulated stoichiometric endmembers spanning the rele-
vant compositional range (Lichtner and Carey, 2006). Under this
formulation, thermodynamically unstable phases preferentially
dissolve, whereas more stable compositions precipitate, enabling a self-
organized evolution toward equilibrium through coupled dissolution-
reprecipitation processes (Lichtner and Carey, 2006).

Following the approach of Lichtner and Carey (2006), this study
represents (Ba,Ra)SO4 solid solutions as a finite set of stoichiometric
phases that precipitate and dissolve kinetically. Potential Sr incorpora-
tion leading to ternary (Ba,Sr,Ra)SO4 solid solutions is not considered.
Dissolution and precipitation rates are described using Transition State
Theory (TST):

Rn= —Apeky o]l — Q' esign(l — Q) ¢))

where Ry, is the reaction rate (molom*3os’1), Ap the specific surface
area (m™1), k) the intrinsic rate constant (molem 2es™1), B, the affinity
exponent, and Qg the stoichiometric supersaturation ratio. These pa-
rameters are either user-defined or dynamically updated during simu-
lations, enabling precipitation-dissolution kinetics to evolve with solid
solution composition and local under- or supersaturation conditions
(Lichtner and Carey, 2006).

Thermodynamic SS-AS equilibrium is described using the law of
mass action, with solid-phase activity coefficients accounting for non-
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ideal mixing between the pure BaSO4 and RaSO4 endmembers (Prieto,
2009):

apsz- ® Agpz- = Kpaso, Xpaso, Yeaso, @

3

Apa2+ ® dgp2- = KRras0, XRas0, YRaso,
where a; denotes aqueous activity of species i, X; the mole fraction of
pure endmember j in the solid solution, K; the solubility product of the
pure endmember, and v; the corresponding solid-phase activity coeffi-

cient, which is described using a regular solid solution model:

Inyp,s0, = Go(1 — Xpaso, ) 4)

N¥res0, = Go(1 — Xraso,)* 5)
where the Guggenheim interaction parameter Gy is set to 1 (Vinograd
et al, 2013). Solubility products of the pure endmembers are
logKraso, = —10.26 (Langmuir and Riese, 1985) and logKgaso, = —9.97
(Johnson et al., 1992). These parameters were used to construct a
Lippmann diagram illustrating SS-AS equilibrium relationships
(Fig. 2A).

To represent equilibrium conditions for stoichiometric solid solu-
tions, we introduce the stoichiometric solubility product (Ky), which is
analogous to the solubility product (Ks,) of a pure phase but applies to
non-ideal stoichiometric solid solutions (e.g., BayRa;xSO4). Each
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Fig. 2. (A) Lippmann diagram of the (Ba,Ra)SO4 solid solution-aqueous solution system with a Guggenheim interaction parameter ag = 1. (B) Stoichiometric sol-
ubility product (Kg) of (Ba,Ra)SO4 solid solutions as a function of composition, comparing non-ideal mixing (ap = 1) and ideal mixing (ap = 0). (C) Stoichiometric
supersaturation ratio (Q) of (Ba,Ra)SO, solid solutions under conditions of 1 x 10~* mol/L Ba®*, 1 x 107> mol/L Ra®>", and 1 x 10> mol/L SO3". (D) Precipitation
rate constants for (Ba,Ra)SO4 solid solutions estimated from experimental kinetic data for barite (Bosbach, 2002) and Bag sRag sS04 (Poonoosamy et al., 2024).
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stoichiometric solid solution is treated as a single-component phase with
a fixed composition that dissolves congruently (Prieto, 2009):

Ba,Ra; 4SO, <> xBa*" + (1 — x)Ra®" + SO2~ 6)

Assuming unit activity of the solid phase, applying the law of mass
action yields the stoichiometric solubility product:

)

Ky = (ape-)"(apaz+ )lixasoff

Substituting the endmember equilibrium expressions (Egs. (2)-(3))
into Eq. (7) yields:

)XBasu4 ( ) XRasoy

Kst = (KBaso, Yaso, XBaso, KRas0, YRaso, XRas0, 8

K values were pre-calculated over the full range of stoichiometric
compositions and incorporated into the thermodynamic database, with
details provided in Supplementary Material (SM) Table S1. To evaluate
the saturation state of each stoichiometric solid solution during simu-
lations, the stoichiometric saturation ratio () is defined as:

X X
(aRaz+ ) (@pq2: ) % (ag02- )
(KBaso, Ypaso, XBaso, )2 (Kaso, YRaso, XRasO, ) rasos

9

IAP,

K

Qst (XRa) =

where IAPq; is the stoichiometric ion activity product. Analogous to the
classical saturation ratio for a pure phase (Q = IAP/K,), Qy > 1 in-
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dicates supersaturation favoring precipitation, Qg < 1 indicates under-
saturation favoring dissolution, and Qg 1 corresponds to
stoichiometric equilibrium. When multiple stoichiometric solid solu-
tions coexist, the composition associated with the highest Qg (>1) is
thermodynamically favored, and other solid solutions tend to dissolve
and reprecipitate toward this composition (Fig. 2C).

Aqueous activity coefficients were calculated using the extended
Debye-Hiickel B-dot model. Intrinsic precipitation rate constants for (Ba,
Ra)SO4 solid solutions (Eq. (1)) were linearly interpolated between
experimentally determined values for barite (1.5 x 107! molem 2es™;
Bosbach, 2002) and BagsRag sS04 (1.23 x 10710 molom’zos’l; Poo-
noosamy et al., 2024) (Fig. 2D; SM Table S2). In the baseline models,
dissolution and precipitate rate constants were assumed to be equal,
whereas additional sensitivity analyses employed dissolution rate con-
stants three orders of magnitude higher to account for potentially slower
nucleation kinetics and elevated saturation thresholds for precipitation
(Christy and Putnis, 1993). The continuous (Ba,Ra)SO4 solid solution
was represented using a finite set of stoichiometric phases with non-
uniform compositional resolution. Finer discretization was applied to-
ward Ba-rich compositions to capture trace Ra incorporation under
highly Ba-dominated conditions, whereas coarser discretization was
used toward Ra-rich compositions. Details of the discretization scheme
for each model are provided in SM Table S3.

(B) Upscaled Discrete Fracture Matrix (UDFM) Model
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Fig. 3. (A) Discrete fracture network (DFN) model constructed for the crystalline rock domain. (B) Upscaled discrete fracture matrix (UDFM) model used in 3D
reactive transport modeling, with the inflow boundary condition indicated. (C) Stereonet of the DFN model showing two dominant fracture sets: sub-horizontal and
sub-vertical orientations. (D) Upscaled permeability distribution of the UDFM model, illustrating high-permeability fracture grid cells and low-permeability matrix

grid cells.
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2.3. 3D reactive transport modeling of Ra retention in fractured
crystalline rocks

2.3.1. Conceptual hydrogeologic model

A 10 m x 10 m x 10 m domain was used to represent fractured
crystalline rocks in the near-field environments of a geological re-
pository of radioactive waste (Fig. 1B). After the failure of waste can-
isters, Ra produced by the decay of U238 (constituting ~95% of the waste
inventory in spent fuel repositories) is mobilized by groundwater and
enters the surrounding domain, where it interacts with fractured crys-
talline rock and is attenuated through (Ba,Ra)SO4 solid solution for-
mation (Bosbach et al., 2010; SKB, 2011). The DFN comprises 44 planar
fractures stochastically distributed according to a 3D von Mises-Fisher
distribution (Fig. 3A) and was upscaled into an unstructured UDFM
mesh comprising 82,391 unstructured grid cells (Fig. 3B), with locally
refined resolution at fracture intersections to capture localized flow and
transport. Stereonet analysis indicates two dominant fracture sets,
including subhorizontal fractures with low dip angles (0-30°) and sub-
vertical fractures with high dip angles (70-90°), both trending approx-
imately north—south (Fig. 3C). This fracture geometry is consistent with
natural fracture networks in crystalline bedrock sites such as Olkiluoto,
Finland (Fox et al., 2012; Feva et al., 2023), and Forsmark, Sweden
(Hedin and Olsson, 2016; Doolaeghe et al., 2023). Fracture permeabil-
ities were assigned from 107® to 10* m? using a volume averaging
scheme (Sweeney et al., 2020), consistent with measurements from
naturally fractured granitic rocks (Brace, 1984). The rock matrix was
assigned to have a low permeability of 1 x 10-2° m? (Fig. 3D), repre-
sentative of intact crystalline rocks containing only microfractures
(Scibek et al., 2025). Porosities were set to 1% for the matrix and 10%
for fractures based on laboratory and field data for granitic rocks
(Fig. 3D; Schild et al., 2001; Tullborg and Larson, 2006).

2.3.2. Boundary and initial conditions for baseline models

The model domain was defined with an inflow boundary through
which Ra-rich groundwater entered the system, while all remaining
boundaries were assigned as outflow boundaries that allow fluid to exit
naturally (Fig. 3B). A hydrostatic pressure gradient was imposed as the
initial condition. The inflow boundary was specified as a Neumann-type
condition with a constant influx rate of 0.005 m/yr, consistent with
groundwater flow rates in low-permeability crystalline rocks in tecton-
ically stable cratonic settings (Hartley et al., 2004; Freeze et al., 2019).
All other boundaries were assigned zero-gradient Neumann conditions
for flow. For solute transport, the inflow boundary was set as a Dirichlet
condition with a fixed chemical composition representing a constant Ra
source, whereas outflow boundaries were assigned zero-gradient Neu-
mann conditions, allowing solutes to leave the domain solely by
advection.

Two baseline scenarios were simulated to investigate Ra immobili-
zation via coprecipitation and recrystallization. In the coprecipitation
model, the domain initially contained sulfate-rich groundwater but no
pre-existing barite. The background fluid represented typical crystalline
formation waters (Fritz et al., 1994; Boumaiza et al., 2024), with a pH of
7, an ionic strength of 0.1 mol/L NaCl, a sulfate concentration of 1 x
1073 mol/L, and low background concentrations of Ba?* and Ra?* of 1
x 1071% mol/L (Table 1). The inflowing fluid was enriched in Ba’* (1 x
10~*mol/L) and Ra®t (1 x 10> mol/L) but depleted in SO?{ (1x10°10
mol/L; Table 1). Although both fluids were undersaturated with respect
to (Ba,Ra)SOy4 solid solutions, their strong compositional contrast pro-
moted coprecipitation of (Ba,Ra)SO4 at fluid mixing zones. In the
baseline recrystallization model, the domain initially contained a small
amount of barite. The background fluid was equilibrated with barite at
pH 7 and an ionic strength of 0.1 mol/L NaCl, resulting in a sulfate
concentration of 1 x 10~° mol/L, a Ba®>* concentration of 1.6 x 10~
mol/L at the barite solubility limit, and a Ra®>" concentration of 1 x
1071 mol/L (Table 1). The inflowing fluid was enriched in Ra%t (1 x
10~° mol/L) but depleted in Ba®t (1 x 10719 mol/L), inducing partial
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Table 1
Initial domain and inflow boundary fluid compositions used in the baseline
coprecipitation and recrystallization models for reactive transport modeling.

Input parameters Coprecipitation model Recrystallization model

Primary Units  Inflow Initial Inflow Initial
species boundary domain boundary domain
fluid fluid fluid fluid

Na® mol/ 0.1 0.1 0.1 0.1
L

cl- mol/ 0.1 0.1 0.1 0.1
L

Ba?* mol/ 1x107* 1x1071° 1x1071° 1.6 x 1077
L

Ra*" mol/ 1x107° 1x1071° 1x107° 1x1071°
L

503~ mol/ 1x107'° 1x107° 1 %1071 1x1073
L

barite dissolution followed by reprecipitation of (Ba,Ra)SO4 solid solu-
tions within the domain.

In both baseline models, a fixed specific surface area of 100 m ! was
assigned to all mineral phases absent at the start of the simulations but
permitted to form, ensuring that kinetically controlled precipitation of
newly forming phases and dissolution of metastable phases could pro-
ceed under the specified initial and boundary conditions. To quantita-
tively evaluate Ra immobilization, Ra retention efficiency (Eretention) Was
quantified using a mass balance approach:

E _ MRa—in — MRa—out
retention — M
Ra—in

where Mg,_in and Mg, oy denote the cumulative masses of Ra entering
and leaving the domain through the boundary, respectively.

2.3.3. Sensitivity analysis (SA)

A series of sensitivity analyses (SA-1 to SA-16) were conducted for
both the coprecipitation and recrystallization models by varying one
parameter at a time relative to the baseline models. An overview of all
sensitivity analyses is provided in Table 2.

3. Results
3.1. Thermodynamic reaction path modeling

Thermodynamic reaction path modeling was conducted by pro-
gressively adding barite (up to 1 x 1072 kg) to 1 kg of Ra-rich fluid to
evaluate the coupled evolution of aqueous solution chemistry and solid
solution composition under equilibrium conditions. The resulting
changes in aqueous Ra®" and Ba?" concentrations, solid solution
composition, and aqueous Ba/Ra molar ratios are shown in Fig. 4. With
increasing barite addition, aqueous Ba®" concentrations increase,
whereas Ra?* concentrations decrease (Fig. 4A-B), accompanied by
progressive enrichment of solid solutions in BaSO4 relative to RaSO4
(Fig. 4C-D). Consequently, the aqueous Ba/Ra molar ratio increases
monotonically with decreasing fluid/solid mass ratio (Fig. 4E).
Increasing the initial SO3~ concentration from 1 x 1073 to 1 x 1072
mol/L reduces dissolved Ba>" and Ra®" concentrations by approxi-
mately one order of magnitude (Fig. 4A-B), but has little effect on solid
solution compositions (Xraso,, Xpaso,) (Fig. 4C-D) or on aqueous Ba/Ra
molar ratios (Fig. 4E). The inverse relationship between aqueous Ba/Ra
molar ratios and the RaSO4 mole fraction in the solid solution is illus-
trated in Fig. 4F, where Xgras0, decreases from 0.98 to 0.077 as the Ba/Ra
ratio increases from 0.1 to 100.

3.2. Reactive transport modeling of the baseline coprecipitation model

The baseline coprecipitation model predicts the evolution of (Ba,Ra)
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Table 2
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Sensitivity analysis (SA) scenarios used to evaluate the impacts of key parameters on Ra retention in coprecipitation and recrystallization models compared to the

corresponding baseline models.

SAID Model type Varied parameter Baseline value Modified value Objective (to evaluate)

SA-1 Coprecipitation Initial SO~ concentration 1 x 1073 mol/L 1 x 1072 mol/L Increased sulfate availability

SA-2 Coprecipitation Inflowing Ba?* concentration 1 x 10~* mol/L 1 x 1073 mol/L Elevated Ba/Ra molar ratio (100:1)
SA-3 Coprecipitation Inflow velocity 0.005 m/yr 0.05 m/yr Accelerated advective transport
SA-4 Coprecipitation Mineral specific surface area 100 m™! 1000 m~! Enhanced reaction kinetics

SA-5 Coprecipitation Mineral specific surface area 100 m™! 0.1m™! Strongly reduced reaction kinetics
SA-6 Coprecipitation Diffusion coefficient 1 x 10719 m?/s 1 x107° m?%/s Enhanced diffusive transport

SA-7 Coprecipitation Dissolution rate constant Equal to precipitation 10% x precipitation Accelerated mineral dissolution
SA-8 Coprecipitation Inflowing Ra" concentration 1 x 107° mol/L 1 x 107° mol/L Strongly reduced Ra supply

SA-9 Recrystallization Inflowing Ba>* concentration 1 x 1071 mol/L 1 x 10~* mol/L Elevated Ba/Ra molar ratio (100:1)
SA-10 Recrystallization Inflow velocity 0.005 m/yr 0.05 m/yr Accelerated advective transport
SA-11 Recrystallization Barite content 0.1 vol% 0.001 vol% Reduced barite availability

SA-12 Recrystallization Mineral specific surface area 100 m™! 1000 m™! Enhanced reaction kinetics

SA-13 Recrystallization Mineral specific surface area 100 m™! 10m™? Reduced reaction kinetics

SA-14 Recrystallization Diffusion coefficient 1 x 1079 m?%/s 1 x 1072 m?%/s Enhanced diffusive transport
SA-15 Recrystallization Dissolution rate constant Equal to precipitation 10% x precipitation Accelerated mineral dissolution
SA-16 Recrystallization Inflowing Ra®" concentration 1 x 107 mol/L 1 x 107° mol/L Strongly reduced Ra supply

SO4 solid solutions over 10,000 years (Fig. 5), together with spatio-
temporal variations in aqueous Ra concentrations and Ba/Ra molar ra-
tios (Fig. 6). The domain is initially saturated with sulfate-rich fluids in
both fractures and the matrix. Ba/Ra-bearing fluids with a Ba/Ra molar
ratio of 10 continuously enter the system, progressively displacing
resident fluids and inducing mixing-driven precipitation followed by
dissolution of (Ba,Ra)SO4 solid solutions.

During the early stage of the simulation (<500 years), coprecipita-
tion occurs predominantly within fractures due to advective mixing
between Ba/Ra-rich inflowing fluids and sulfate-rich resident fluids
(Fig. 5A-B). Solid solution volume fractions locally reach ~1 x 1076,
particularly near fracture intersections. As sulfate becomes progres-
sively depleted near the inflow boundary, previously precipitated solid
solutions in fractures begin to dissolve. In contrast, coprecipitation in
the adjacent matrix increases as Ba?>" and Ra?" diffuse from fractures
and mix with sulfate-rich matrix fluids. By ~1000 years, solid solutions
initially formed in fractures are largely dissolved, and dissolution fronts
extend into the matrix (Fig. 5C). From 2000 to 10,000 years, dissolution
continues to propagate deeper into the matrix, while coprecipitation
persists only within hydraulically isolated matrix regions distal from
fractures, where SO%’ remains available (Fig. 5D-F). At 10,000 years,
(Ba,Ra)S0y is preserved only within isolated matrix domains (Fig. 5F).

The spatiotemporal evolution of solid solution distributions is
consistent with the corresponding changes in aqueous Ra concentrations
and Ba/Ra molar ratios. Between 100 and 1000 years, Ra-rich inflowing
fluids progressively displace sulfate-rich resident fluids, initially within
fractures and subsequently in the adjacent matrix (Fig. 6A-C). By
10,000 years, this displacement is almost complete throughout the
entire domain, and Ba/Ra molar ratios converge toward the inflow value
of 10, indicating effective compositional homogenization driven by
advective-diffusive transport and fluid mixing (Fig. 6D-F).

3.3. Reactive transport modeling of the baseline recrystallization model

Fig. 7 shows the evolution of (Ba,Ra)SO4 distributions during barite
recrystallization over 10,000 years. The domain is initially saturated
with sulfate-rich fluids and equilibrated with pre-existing barite uni-
formly distributed in fractures and the matrix. Continuous inflow of
Ra’*-rich (1 x 107° mol/L) and Ba2+—p00r 1 x 10710 mol/L) fluids
promotes barite dissolution and subsequent (Ba,Ra)SO4 reprecipitation,
leading to progressive Ra incorporation into the solid phase.

During the early stage (<1000 years), recrystallization occurs pre-
dominantly within fractures, where advective transport dominates,
while solid solution formation within the matrix remains negligible
(Fig. 7A-C). The volume fractions of (Ba,Ra)SOy4 in fractures increase
gradually over time at the expense of barite dissolution. From 2000 to
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10,000 years, recrystallization remains largely confined to fractures,
with peak volume fractions reaching ~1 x 107> near the inflow
boundary and decreasing downstream (Fig. 7D-F). The overall spatial
pattern remains similar to that observed at earlier times, indicating
sustained accumulation of solid solutions within fracture zones and only
minor recrystallization in the matrix.

The total amount of solid solutions within the domain increases
continuously over time, and solid phases spanning a wide range of Ra
contents coexist, forming a pronounced zonation pattern in which Ra-
rich solid solutions dominate near the inflow boundary, whereas Ra-
poor phases prevail downstream. Spatial distributions of aqueous Ra
concentrations and Ba/Ra molar ratios delineate finger-shaped reaction
fronts within the fracture network (Fig. 8A-F). These fronts are
geometrically controlled by fracture orientation and extend slightly into
the adjacent matrix, producing sharp geochemical gradients at fracture-
matrix interfaces. Aqueous Ra concentrations decrease progressively
along the flow path from ~1 x 107> mol/L at the inflow boundary to ~1
x 107%% mol/L downstream, reflecting progressive Ra removal from the
aqueous phases and its incorporation into solid solutions by recrystal-
lization. Although the reaction front migrate slowly downstream, its
overall geometry remains nearly unchanged over 10,000 years, consis-
tent with a quasi-steady reactive transport regime in which advective
supply of Ra by upstream fluids is balanced by its removal through solid
solution formation within the region.

3.4. Sensitivity analysis (SA) results

In the coprecipitation models, parameter variations primarily affect
the amount and persistence of solid solution formation, while the overall
spatiotemporal distribution patterns remain largely unchanged.
Increased sulfate availability enhances early (Ba,Ra)SO4 precipitation in
fractures, followed by sulfate depletion and dissolution at later times
(SA-1, Fig. 9). Elevated Ba" concentrations and higher Ba/Ra ratios in
the inflowing fluid increase both the extent and persistence of copreci-
pitation relative to the baseline model (SA-2, Fig. 9). Higher flow ve-
locities accelerate advective mixing between inflowing and resident
fluids, leading to earlier precipitation and subsequent dissolution in
fractures, with minimal impact on precipitation-dissolution patterns in
the matrix (SA-3, Fig. 9). Variations in reactive surface area over one
order of magnitude produce only minor effects on the resulting patterns
(SA-4, Fig. 9; SA-5, Fig. 10). Increased diffusivity enhances early
coprecipitation but accelerates late-stage dissolution and Ra remobili-
zation by promoting Ra®" diffusion into the matrix and more rapid
sulfate depletion (SA-6, Fig. 10). Increasing dissolution rate constants
sustains downstream supersaturation through enhanced upstream
dissolution, thereby enhancing downstream coprecipitation (SA-7,
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(B) Fluid chemistry varies with fluid-rock interaction
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Fig. 4. Reaction path modeling results in which barite is incrementally added to 1 kg of Ra-rich fluids. (A) Ba>" and Ra®* concentrations as a function of the mass
(kg) of barite added to a fluid initially containing 1 x 10~% mol/L Ra%*. (B) Same as (A), but for fluid initially containing 1 x 10~® mol/L Ra%*. (C) Composition of the
precipitated solid solution, expressed as mole fractions Xpaso, and Xraso,, during barite addition to a fluid with 1 x 10~° mol/L Ra**. (D) Same as (C), but for fluid

initially containing 1 x 10~ mol/L Ra®>". (E) Evolution of the Ba/Ra molar ratio

during barite addition for different initial Ra?" concentrations. (F) Modeled

relationship between the Ba/Ra molar ratio and solid solution composition (Xraso,), illustrating the shift toward BaSO4-rich phases with increasing Ba/Ra ratios.

Fig. 10). Reducing the inflowing Ra concentrations to 1 x 10~° mol/L
substantially inhibits coprecipitation and favors the formation of Ba-
dominated phases containing only trace amounts of Ra (SA-8, Fig. 10).

The recrystallization models show stronger sensitivity to parameters
that control the spatial distribution and geometry of reaction fronts,
where coupled barite dissolution and (Ba,Ra)SO4 reprecipitation occur.
Higher Ba" concentrations increase the amount and persistence of Ba-
rich solid solutions (SA-9, Fig. 11). Higher flow rates promote more
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pervasive precipitation along fractures (SA-10, Fig. 11), whereas
reduced initial barite availability leads to early precipitation within
fractures, followed by dissolution and a transition toward matrix
retention near fracture-matrix interfaces (SA-11, Fig. 11). Reactive
surface area has a strong control on recrystallization patterns. Increasing
surface area confines precipitation to narrow zones near fluid inlets (SA-
12, Fig. 11), whereas decreasing surface area generates elongated,
finger-shaped precipitation fronts extending farther downstream (SA-
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Fig. 5. Reactive transport modeling results for the baseline coprecipitation scenario, showing the spatiotemporal distribution of (Ba,Ra)SO4 solid solutions within the
modeled domain after (A) 100 years, (B) 500 years, (C) 1000 years, (D) 2000 years, (E) 5000 years, and (F) 10,000 years.
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Fig. 6. Reactive transport modeling results for the baseline coprecipitation scenario, showing spatial distributions of Ra concentrations and Ba/Ra molar ratios
within the modeled domain after (A) 100 years, (B) 500 years, (C) 1000 years, (D) 2000 years, (E) 5000 years, and (F) 10,000 years.

13, Fig. 12). Increased diffusivity broadens reaction fronts by enhancing
transverse diffusion and penetration into the matrix (SA-14, Fig. 12).
Increasing dissolution rate constant produces effects similar to
increasing reactive surface area, promoting more localized recrystalli-
zation windows near the inlets and shortening reaction front lengths in
fractures (SA-15, Fig. 12). Reducing the inflowing Ra concentration to 1
x 107° mol/L markedly limits both the spatial extent and temporal
persistence of recrystallization (SA-16, Fig. 12).
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Retention efficiencies show contrasting temporal trends between
coprecipitation and recrystallization scenarios (Fig. 13C-D). In copre-
cipitation scenarios, retention generally declines rapidly with time,
falling below 0.1 within ~1000 years. Elevated sulfate concentrations
enhance retention (SA-1), whereas higher Ba®" concentrations (SA-2),
increased flow rates (SA-3), reduced mineral surface area (SA-5),
increased dissolution rate constants (SA-7), and strongly reduced
inflowing Ra®* concentrations (SA-8) decrease retention efficiency.
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Fig. 7. Reactive transport modeling results for the baseline recrystallization scenario, showing the spatiotemporal distribution of (Ba,Ra)SO4 solid solutions within
the modeled domain after (A) 100 years, (B) 500 years, (C) 1000 years, (D) 2000 years, (E) 5000 years, and (F) 10,000 years.
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Fig. 8. Reactive transport modeling results for the baseline recrystallization scenario, showing spatial distributions of Ra concentrations and Ba/Ra molar ratios
within the modeled domain after (A) 100 years, (B) 500 years, (C) 1000 years, (D) 2000 years, (E) 5000 years, and (F) 10,000 years.

Increasing specific surface area has little effect (SA-4), while higher
diffusivity produces only a transient enhancement in retention before
accelerating Ra remobilization compared to the baseline model (SA-6).

In contrast, recrystallization scenarios maintain consistently high
retention efficiencies, generally exceeding 0.95 throughout the simula-
tions. Higher Ba®* concentrations (SA-9), increased flow rates (SA-10),
and reduced reactive surface area (SA-13) result in only minor decreases
in retention, whereas limited initial barite availability (SA-11) and very
low inflowing Ra concentrations (SA-16) produce the largest declines.
Increased reactive surface area (SA-12) and enhanced dissolution rate
constants (SA-15) promote retention, while higher diffusivity (SA-14)
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initially reduces retention by enhancing early Ra transport out of the
domain but increases long-term retention by promoting fracture-matrix
exchange. Overall, under identical boundary conditions, recrystalliza-
tion scenarios consistently yields substantially higher long-term Ra
retention efficiency than coprecipitation scenarios (Fig. 13C-D).
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SA-1: Elevated initial aqueous sulfate concentration enhances coprecipitation and increases matrix retention
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SA-3: Higher flow rate induces earlier dissolution of previously formed solid solutions in fractures
due to enhanced advective flushing with negligible effects on matrix retention

(Ba,Ra)SO, solid solution volume fraction

——1e-9

SA-4: Increasing surface area shows no impact on solid solution formation and subsequent dissolution

Fig. 9. Spatiotemporal evolution of solid solution distributions in coprecipitation models for sensitivity analyses SA-1 to SA-4 over 1000-10,000 years (see Table 2

for model setup details).
4. Discussion

4.1. Distinct mechanisms controlling Ra immobilization in fractured
crystalline rocks

Although the microscopic geochemical mechanisms of Ra immobi-
lization via coprecipitation and recrystallization have been extensively
studied by experimental studies (Bosbach et al., 2010; Curti et al., 2010;
Brandt et al., 2015; Poonoosamy et al., 2024), their effectiveness and
spatiotemporal evolution at the field scale in fracture-matrix systems
under reactive transport conditions remain poorly constrained. Our re-
sults show that, in barite-free zones, Ra retention is controlled by
coprecipitation, which can be effective at early stages but is intrinsically
transient because it depends on aqueous sulfate availability, which
controls the persistence of mixing-induced supersaturation. In contrast,
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in barite-bearing zones, Ra immobilization is dominated by kinetically
controlled recrystallization, enabling sustained Ra retention through
coupled barite dissolution and (Ba,Ra)SO4 solid solution reprecipitation
over geological timescales.

In fractures, recrystallization generates reaction fronts characterized
by pronounced compositional zonation, with Ra-rich solid solutions
forming near fluid inlets and progressively Ba-richer compositions
developing downstream (Fig. 7). These patterns reflect transport-
controlled reaction disequilibrium, which can be quantified using
Damkohler numbers (Da < 1; e.g., Seigneur et al., 2019), indicating that
advective Ra transport overwhelms the kinetics of Ra incorporation into
barite through recrystallization. As a result, the advective Ra flux ex-
ceeds the local capacity of recrystallization to immobilize Ra near inflow
regions, producing elongated reaction fronts extending along fracture
networks (Fig. 7). Increasing Damkohler numbers, through reduced flow
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Fig. 10. Spatiotemporal evolution of solid solution distributions in coprecipitation models for sensitivity analyses SA-5 to SA-8 over 1000-10,000 years (see Table 2

for model setup details).

velocities, increased mineral surface areas, or elevated dissolution rate
constants, enhances the relative importance of reaction kinetics over
advective transport, promotes the development of near-equilibrium
conditions close to fluid inlets, and thereby confines Ra uptake to nar-
rower zones, limits downstream migration, and increases overall
retention efficiency.

In contrast, coprecipitation in fractures does not develop comparable
reaction front structures because it is driven by highly supersaturated
conditions generated by fluid mixing, which are inherently transient
when sulfate is displaced by sustained flushing (Fig. 6). Unlike recrys-
tallization, coprecipitation does not involve a rate-limiting barite
dissolution step and is therefore only weakly sensitive to mineral
dissolution kinetics. During early-stage mixing, high supersaturation
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leads to high Damkohler numbers, allowing precipitation to proceed
rapidly relative to advective transport and to approach local equilibrium
in fracture zones. However, continued flushing progressively depletes
sulfate and collapses supersaturation, causing coprecipitation to cease.
As undersaturation develops in fractures, previously formed solid solu-
tions dissolve and Ra is remobilized and flushed from the domain.
Consequently, the spatiotemporal extent of coprecipitation is primarily
controlled by transient sulfate availability, such that the inherent
instability of sulfate distributions results in transient Ra retention in
fractures (Fig. 5).

Transport within the rock matrix is diffusion-dominated, and there-
fore solute residence times are sufficiently long for local equilibrium
conditions (Da > 1) to be attained, enabling efficient Ra immobilization
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Fig. 11. Spatiotemporal evolution of solid solution distributions in recrystallization models for sensitivity analyses SA-9 to SA-12 over 1000-10,000 years (see

Table 2 for model setup details).

within matrix domains by either coprecipitation or recrystallization.
Barite abundance has a critical control on the persistence of recrystal-
lization. When barite content in fractures is limited (e.g., 0.01%),
recrystallization-controlled immobilization is initially effective but be-
comes transient once reactive barite is exhausted, causing Ra retention
to progressively shift toward diffusion-dominated matrix zones (SA-11,
Fig. 11). This represents a transitional case between recrystallization-
dominated and coprecipitation-dominated systems, in which the over-
all retention efficiency is initially high but declines rapidly following
barite depletion, ultimately approaching the low values characteristic of
transient coprecipitation scenarios at long timescales (SA-11, Fig. 13D).

Thermodynamic reaction path modeling predicts enhanced Ra
immobilization at high Ba/Ra ratios through the “dilution effect”, such
that aqueous Ra concentrations become extremely low when the fluid is
in equilibrium with Ba-dominated phases (Fig. 4A-B). This
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interpretation has led to the expectation that increasing Ba/Ra ratios
alone could reduce aqueous Ra concentrations and thereby limit Ra
migration in groundwater systems (e.g., Grandia et al., 2008; Vinograd
et al., 2013). However, our modeling results show that under reactive
transport conditions, elevated Ba/Ra ratios consistently reduce Ra
retention efficiency in both coprecipitation and recrystallization sce-
narios (Fig. 13C-D), but for different mechanistic reasons. In copreci-
pitation scenarios, high Ba/Ra ratios favor rapid precipitation of Ba-rich
phases that efficiently consume sulfate but incorporate little Ra, leaving
a substantial fraction of Ra in the aqueous phase that is rapidly advected
out of the system. In recrystallization scenarios, elevated Ba/Ra ratios
inhibit barite dissolution, the rate-limiting step for subsequent (Ba,Ra)
SO4 reprecipitation, and thus limit subsequent Ra incorporation into
solid phases. These results demonstrate that equilibrium-based pre-
dictions cannot be directly extrapolated to open, flow-through reactive
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Recrystallization models (sensitivity analysis 13 to 16)

1000 year

SA-13

SA-14

SA-15

SA-16

5000 year

10000 year

—1e-3

(Ba,Ra)SO, solid solution volume fraction

SA-16: Decreasing inflowing Ra concentration to 1e-9 markedly reduces amount and persistence of solid solutions

Fig. 12. Spatiotemporal evolution of solid solution distributions in recrystallization models for sensitivity analyses SA-13 to SA-16 over 1000-10,000 years (see

Table 2 for model setup details).

transport environments, in which non-equilibrium geochemical re-
actions interact with flow and transport to control Ra mobility.

A further key finding is that to sustain high Ra immobilization effi-
ciency (e.g., >0.8) requires fractures to act as the dominant retention
domains, irrespective of whether coprecipitation or recrystallization
dominates. This contrasts with conventional models that emphasize
matrix storage and retention (e.g., sorption) while regarding fractures
primarily as transport pathways (Zuber and Motyka, 1994; Roubinet
et al., 2012; Zhang et al., 2022; Yang et al., 2024). In crystalline rocks,
where matrix porosity is typically <2% and permeability is several or-
ders of magnitude lower than that of fractures, fracture-matrix mass
exchange is minimal compared to advective transport in fractures
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(Tsang et al., 2015; Steefel and Hu, 2022). Consequently, Ra that is not
immobilized within fracture zones, is rapidly flushed from the system
before significant uptake in the rock matrix can occur. Enhancing the
retention capacity of fracture networks, rather than relying on diffusive
matrix storage, therefore emerges as the most effective strategy for
achieving long-term immobilization of Ra and other radionuclides in
fractured crystalline rocks.

4.2. Comparison with previous experiments

Experimental studies show that coprecipitation proceeds rapidly
because supersaturation develops immediately upon mixing Ba/Ra-
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Fig. 13. Total amount of (Ba,Ra)SO4 formed in coprecipitation (A) and recrystallization (B) scenarios. Ra retention efficiency in coprecipitation (C) and recrys-

tallization (D) scenarios.

bearing and sulfate-rich fluids, enabling fast nucleation and growth of
(Ba,Ra)SO4 solid solutions (Doerner and Hoskins, 1925; Rosenberg
et al., 2014, 2018; Poonoosamy et al., 2024). Microfluidic experiments
further demonstrate that BagsRagsSO4 can precipitate within hours
from highly supersaturated solutions resulting from fluid mixing
(Poonoosamy et al., 2024). These timescales are orders of magnitude
shorter than those considered in our reactive transport models. Conse-
quently, while coprecipitation is fundamentally a kinetic process, it
effectively attains local equilibrium on timescales relevant to field-scale
modeling. Our results further indicate that kinetic limitations become
significant only at extremely low specific surface areas (e.g., 0.1 m™1),
where reduced precipitation and dissolution rates shift the system from
reaction-dominated to transport-dominated (SA-5, Fig. 10). Under these
conditions, coprecipitation timescales become comparable to transport
timescales, preventing rapid equilibrium and allowing multiple meta-
stable phases to coexist. These results suggest that, under most geolog-
ical conditions, coprecipitation can be reasonably approximated as a
local equilibrium process, despite being kinetically controlled at shorter
timescales in laboratory experiments.

225

In contrast, recrystallization proceeds much more slowly than
coprecipitation because it requires barite dissolution before (Ba,Ra)SO4
reprecipitation, rendering barite dissolution the rate-limiting step. Even
though (Ba,Ra)SO,4 precipitation is kinetically fast, the slow release of
sulfate during barite dissolution limits the overall rate of Ra uptake
(Ruiz-Agudo et al., 2014; Konrad-Schmolke et al., 2018). Experimental
observations clearly show that recrystallization requires substantially
longer timescales. Radiotracer experiments using '**Ba and 2%Ra,
combined with fluid composition analyses (ICP-MS, ion chromatog-
raphy) and solid-phase characterization (SEM, BET), show that Ra up-
take may require more than three years to approach equilibrium
(Bosbach et al., 2010; Curti et al., 2010). Furthermore, barite pre-
equilibrated with aqueous solutions shows markedly reduced reac-
tivity, with only ~7% recrystallization occurring after five years
(Heberling et al., 2018). The decrease in reactivity is attributed to Ost-
wald ripening, which progressively reduces reactive surface area,
limiting barite dissolution and Ra incorporation (Steefel and Van Cap-
pellen, 1990).

Our modeling results capture these experimental kinetic constraints
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by representing barite dissolution as the rate-limiting step of a coupled
dissolution-reprecipitation process. Under high barite supersaturation
ratios, resulting from elevated Ba concentrations (SA-9, Fig. 11) or
decreased reactive surface area (SA-13, Fig. 12), Ra uptake through
recrystallization proceeds slowly, producing elongated reaction fronts.
In contrast, increasing reactive surface area (SA-12, Fig. 11) or disso-
lution rate constants (SA-15, Fig. 12) enhances barite dissolution, in-
creases Ra uptake rates, and results in narrower reaction fronts.
Together, experimental and modeling results demonstrate that recrys-
tallization remains kinetically controlled across laboratory, modeling,
and natural geological timescales, and cannot be approximated as a local
equilibrium process in reactive transport models.

In our models, newly formed solid solutions are assumed to be
compositionally homogeneous, without resolving microscopic zonation
or compositional heterogeneity within individual crystals (Putnis, 2009;
Ruiz-Agudo et al., 2014). This simplification reflects an inherent limi-
tation of the continuum-scale reactive transport modeling (Molins and
Knabner, 2019; Zhang et al., 2026). At the nanoscale, transient nano-
scale compositional and structural heterogeneities have been docu-
mented using high-resolution electron microscopy and atomic probe
tomography (Weber et al., 2016,2017). Similarly, pore-size-dependent
solubility effects may locally affect aqueous Ra concentrations in
nanopores (Liu and Jacques, 2017; Poonoosamy et al., 2023). However,
these effects are most pronounced at nanometer- to micrometer-scales
and are therefore likely to be averaged out at the field scale investi-
gated in this study. While such microscale processes may introduce local
deviations from model predictions, they are unlikely to change the
dominant controlling factors or overall patterns of Ra immobilization
identified here. Upscaling these microscale effects to field-scale models
lies beyond the scope of the present study but warrants further
investigation.

4.3. Implications for natural and engineered systems

Hydrothermal barite veins preserved in fractures over millions of
years provide compelling geological evidence for the long-term
geochemical stability of barite under fracture-controlled reactive flow
conditions (Dill, 1988; Wind et al., 2023). These natural analogues
demonstrate that fractures act not only as preferential pathways for fluid
flow and mass transport, but also as persistent reactive domains capable
of immobilizing Ra over geological timescales. Although natural barite
typically contains only trace amounts of Ra, elevated radioactivity of
~10 Bq/g (corresponding to ~0.3 ng/g Ra) has been reported in barite
from natural mineral deposits (Ulrych et al., 2007; Jirasek et al., 2020).
These values are substantially lower than those observed in anthropo-
genic barite formed in U mining tailings or oilfield scales, where
radioactivity commonly exceeds 1000 Bq/g (JAEA, 2003). Nevertheless,
such natural enrichments are noteworthy given the relatively short half-
life of 22°Ra (~1600 years) and the potential loss of Ra decay products
(e.g., 222Rn) from mineral lattices over time. For example, Ra-rich barite
with an initial activity of 100 Bq/g would decay to ~1.3 Bq/g after
10,000 years in the absence of Ra replenishment. The occurrence and
persistence of Ra-enriched hydrothermal barite therefore likely reflect
either relatively recent fluid-rock interaction involving coprecipitation
during fluid mixing, or repeated episodes of barite recrystallization that
continuously incorporate Ra. Because Ra is a major decay product of U,
such enrichments may indicate hydrothermal reworking of U deposits,
Ra mobilization along structurally reactivated faults (Wang and Chi,
2023), or circulation of metal-bearing hydrothermal fluids (Wang et al.,
2021,2025). Given its higher mobility than U and weaker sensitivity to
sorption and redox conditions, Ra-rich barite may thus serve as a sen-
sitive geochemical indicator for U mineralization, consistent with field
observations near U deposits, where barite records repeated cycles of
dissolution and reprecipitation that incorporate Ra released from U ores
into mineral lattices (Denton et al., 2016).

Coprecipitation is kinetically fast but provides only transient

226

Geochimica et Cosmochimica Acta 417 (2026) 211-229

immobilization, making it well suited for short-term mitigation of Ra
release, such as during early leakage events or rapid pollution plume
migration, where the targeted addition of Ba?>" and sulfate can induce
immediate immobilization (Grandia et al., 2008; Curti et al., 2019;
Poonoosamy et al., 2024). However, because its effectiveness depends
on sustained sulfate availability, coprecipitation is unlikely to persist
under repository conditions where groundwater flow regimes and
chemistry evolve and sulfate may become depleted over time. In
contrast, recrystallization is kinetically slower but capable of sustaining
Ra immobilization in the near-field conditions over geological time-
scales (e.g., >10,000 years), particularly in barite-bearing fracture-ma-
trix systems of crystalline rocks (Bosbach et al., 2010; Curti et al., 2010;
Brandt et al., 2015). These contrasting behaviors indicate that copreci-
pitation is best suited for short-term engineering interventions in dy-
namic hydrological settings, such as enhanced geothermal systems or
shale gas reservoirs, whereas recrystallization provides the long-term
retention capacity critical for repository performance. Accordingly,
the establishment of barite-bearing buffer layers should be considered
during repository design or pre-closure conditioning to enhance long-
term Ra retention.

In real-world repository systems, Ra release from corroded waste
canisters to fractured crystalline rocks is controlled by several coupled
factors. These include: (1) the timing and mode of canister failure, which
control the onset and rate of Ra release through spent fuel degradation
and corrosion products into groundwater (SKB, 2011); (2) fluid-waste
interactions involving dissolution-precipitation reactions, redox pro-
cesses, secondary phase formation, and metal leaching (Tsang et al.,
2015); (3) multicomponent aqueous chemistry, in which competing
divalent cations (e.g., Ba>*, Sr*") affect Ra solubility and mobility
(Klinkenberg et al., 2018; Vinograd et al., 2018); and (4) engineered
buffer materials (e.g., bentonite), which further modify pore water
composition and near-field transport conditions (Ait-Mouheb et al.,
2024). As a result, a wide range of plausible Ra source concentrations
may enter fractured crystalline rocks. For example, safety assessment
studies by Nagra typically consider Ra concentrations of <10~% mol/L
(Nagra, 2002), whereas higher concentrations of ~107° mol/L are
considered for cemented intermediate-level waste (Gaucher and Blanc,
2006). Accordingly, high (10~° mol/L) and low (10~° mol/L) Ra source
terms were evaluated as bounding cases representing different release
scenarios. Modeling results show that, although the Ra source term af-
fects the spatial extent and temporal persistence of Ra immobilization, it
does not alter the spatiotemporal patterns of (Ba,Ra)SO4 solid solution
formation or the contrasting retention efficiencies associated with
coprecipitation and recrystallization mechanisms.

Overall, this study demonstrates that mechanistic differences at the
microscopic scale can lead to contrasting field-scale behaviors when
coupled with flow and transport in heterogeneous geological media.
Although coprecipitation and recrystallization both form (Ba,Ra)SO4
solid solutions, they generate distinct spatiotemporal patterns of Ra
retention. Several geochemical processes not considered here, such as
microbial sulfate reduction (Phillips et al., 2001; Drake et al., 2017) and
competitive incorporation of Sr in ternary (Ba,Sr,Ra)SO;4 solid solutions
(Klinkenberg et al., 2018; Vinograd et al., 2018), may further affect Ra
immobilization. In addition, the solid solution-aqueous solution model
adopted here is based on a stoichiometric saturation model that ap-
proximates, but does not fully represent, true thermodynamic equilib-
rium (Prieto, 2009). While these factors introduce additional complexity
and may lead to deviations from the results presented here, they are not
expected to alter the contrasting mechanisms of coprecipitation and
recrystallization, nor the roles of fractures and the matrix in controlling
Ra immobilization identified in this study. Accurate prediction of ab-
solute Ra concentrations and solid solution compositions over long-term
evolution in geological repository systems therefore remains a chal-
lenging task for reactive transport modeling. Despite these limitations,
our results highlight that effective Ra immobilization in fractured
crystalline rocks depends on the coupled spatiotemporal evolution of



Y. Wang et al.

fracture-matrix hydrogeology, reaction mechanisms and kinetics, and
hydrogeochemical conditions. Integrating these coupled processes
within 3D reactive transport models provides a robust framework for
evaluating long-term radionuclide behavior at repository sites, testing
contamination scenarios, and supporting scenario-based safety assess-
ments (Lichtner and Carey, 2006; Marty et al., 2009; Steefel et al., 2015;
Hyman et al., 2024).

5. Conclusions

This study demonstrates that Ra immobilization via (Ba,Ra)SO4 solid
solution formation in fractured crystalline rocks is controlled by con-
trasting coprecipitation and recrystallization mechanisms. Coprecipita-
tion proceeds rapidly under mixing-induced supersaturation but
provides only transient immobilization, as sustained groundwater
flushing progressively depletes sulfate and promotes dissolution of
previously formed solid solutions and Ra remobilization. In contrast,
recrystallization is a  kinetically controlled coupled dis-
solution-recrystallization process, in which barite dissolution acts as the
rate-limiting step, yet it enables sustained Ra immobilization over
geological timescales. Differences in microscopic differences between
coprecipitation and recrystallization are strongly expressed at the field
scale through their coupling with heterogeneous flow and transport in
fracture-matrix systems, leading to distinct spatiotemporal distributions
of (Ba,Ra)SO4 solid solutions and systematically different trends in
retention efficiency. Across all modeling scenarios, sustained high
retention efficiency is achieved only when fractures act as the dominant
reactive domains for Ra immobilization, whereas the low-permeability
rock matrix contributes minimally due to limited diffusive exchange.
Consequently, Ra that is not retained within fracture zones is prefer-
entially flushed from the domain rather than being retained within
matrix domains. Furthermore, our results suggest that equilibrium-
based predictions, including the commonly invoked “dilution effect”,
cannot be directly extrapolated to open, flow-through hydro-
geochemical systems. Robust assessment of Ra mobility in fractured
crystalline rocks therefore requires coupling of reaction mechanisms and
kinetics with flow and transport processes in evolving fracture-matrix
systems. Overall, these findings provide new mechanistic insights into
Ra mobility in groundwater systems, with implications for nuclear waste
disposal safety, contaminant management, geothermal resource
exploitation, and the long-term mobility of trace elements in complex
subsurface environments.
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Appendix A. Supplementary material

The supplementary material (SM) provides additional thermody-
namic, kinetic, and modeling results supporting this study. It includes
stoichiometric solubility products (Kg) for ideal and non-ideal (Ba,Ra)
S04 solid solutions calculated using Guggenheim interaction parameters
(SM Table S1), precipitation rate constants for barite, RaSO4, and (Ba,
Ra)SO4 solid solutions used in the reactive transport modeling (SM Table
S2), and the stoichiometric solid solutions used in baseline models and
sensitivity analyses (SM Table S3). The temporal evolution of the total
amounts of discrete (Ba,Ra)SO4 solid solutions in the baseline copreci-
pitation and recrystallization models and associated sensitivity analyses
is shown in SM Fig. S1 and SM Fig. S2, respectively. Supplementary
material to this article can be found online at https://doi.org/10.1016/j.
gca.2026.01.045.
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