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Abstract

The reaction between radionuclides and minerals is critical for the safe disposal of high-level radioactive waste.
This study investigated the reaction pathways between magnetite and uranium in Beishan groundwater using the
PHREEQC software. The results demonstrate that magnetite can effectively reduce U(VI), with the resulting U(IV)
then precipitating as uraninite. However, at low uranium concentrations, the U(IV) generated by reduction is
insufficient to drive uraninite precipitation. Increased temperatures enhance the reduction of U(VI) by magnetite
and promote uraninite precipitation, thereby decreasing uranium mobility. The selection of thermodynamic
database significantly influences the U(VI) reduction by magnetite.

1. Introduction

Currently, a deep geological repository (DGR) based on the “multi-barrier” concept is regarded as the most
suitable strategy for the safe disposal of high-level radioactive waste (HLW) worldwide [1]. Under this approach,
solidified HLW is encased in canisters and deposited in deep geological rock at depths of 500—1,000 meters
underground. However, the service life of an HLW repository is on the order of tens of thousands of years. If the
canisters are damaged during storage, there is a risk that the contained radionuclides will migrate and disperse
into the groundwater, posing a threat to the environment and human health. Consequently, a comprehensive
safety assessment of the repository must be conducted during the site selection. This assessment must include
the reactions between radionuclides and minerals in the barrier system, as these constitute a key component of
the overall safety assessment [2-5].

The Beishan area of Gansu Province has been identified as a priority candidate site for China’s deep geological
repository for HLW. The nation’s first underground research laboratory for the geological disposal of HLW is
currently under construction in this region. While studies have investigated the speciation of radionuclides in
Beishan groundwater and their adsorption behaviour on mineral surfaces, few have modelled the redox reactions
occurring between radionuclides and minerals [6—9]. Previous studies have reported that iron minerals can
significantly limit the mobility of radionuclides through sorption, coprecipitation and reduction processes in
repository environments [10—14]. Magnetite is a mixed ferric and ferrous oxide that is widely found in geological
environments. It is also the main corrosion product of waste canisters intended for the long term disposal [12,
15].

Uranium is a redox-sensitive element capable of existing in multiple valence states [16]. Under well-oxidized
conditions, uranium predominantly occurs in the hexavalent state, generally present as uranyl complexes in
groundwater, and exhibits relatively high mobility. In contrast, under anoxic and reducing conditions, uranium
primarily exists in the tetravalent state, typically as crystalline precipitates, and displays considerably lower
mobility. Magnetite contains divalent iron and possesses a certain reducing capacity [17, 18]. Studying the
reaction between magnetite and uranium is important for predicting the long-term stability of DGR and assessing
the effectiveness of the barrier system in retaining radionuclides.

PHREEQC is a powerful geochemical modelling software developed by the U.S. Geological Survey [19]. It has
become one of the most widely used computational tools in the fields of water-rock interaction, radionuclide
transport and environmental remediation [20]. Significant advantages of the software include its open-source and
free nature, concise input syntax, and comprehensive database. PHREEQC has been successfully applied in areas
such as safety assessments of geological repositories, the prediction of sorption behavior and the study of the

Page 2/14



migration of radionuclides. Chen et al. [21] used PHREEQC software to calculate the saturation index of insoluble
minerals in relation to the uranium extraction process and the chemical composition of leaching at a uranium
deposit. Li et al. [22] used this software to predict the natural attenuation capability of sandstone aquifers at
uranium mining sites and the surrounding areas. Miihr-Ebert et al. [23] compared experimental results and
PHREEQC calculations to evaluate the speciation of uranium in groundwaters. Reiller et al. [24] studied the
aqueous speciation of uranium and radium in mining acidic waters based on time-resolved laser-induced
fluorescence spectroscopy (TRLFS) and PHREEQC modelling.

This work aims to use PHREEQC to simulate reaction pathways between magnetite and U(VI) using groundwater
from the Beishan area as a case study. The effects of different uranium concentrations, temperatures and
databases on the reactions will be analysed, as will the theoretical effectiveness of magnetite in inhibiting
uranium mobility. The goal is to provide theoretical references and data support for the safety assessment of DGR
in China.

2. Principles of simulation

Reaction path simulation is a forward modeling approach in geochemistry, grounded in thermodynamic
equilibrium theory, that tracks the progressive evolution of a system’s chemical composition as a function of
“reaction progress” (e.g., titrant addition) in response to external perturbations. The underlying concept is to
decompose complex geochemical reactions into a series of sequential equilibrium states; by computing the
chemical equilibrium at each step, the complete evolutionary pathway from the initial to the final state of the
system can be reconstructed. This approach is conceptually analogous to a laboratory experiment in which
reactants are incrementally added to a reaction vessel while the resulting changes are monitored.

Given the known chemical composition of groundwater at the starting point, the reaction path simulation method
employs a mass-balance model to determine the extent of water-rock interactions and the mass transfer of
minerals, thereby predicting the final chemical composition of the aqueous phase. This constitutes a forward
modeling problem. PHREEQC calculates chemical equilibria by solving a system of multivariate nonlinear
equations, based on mass-balance equations, the law of mass action, and charge-balance constraints.

In this work, the LLNL database of PHREEQC (Version 3.7.3) was employed. This database originates from the
thermodynamic dataset compiled by the Lawrence Livermore National Laboratory (LLNL) for the EQ3/6 and GWB
software packages, and has been reformatted for compatibility with PHREEQC. Among all standard databases
distributed with PHREEQC, the LLNL database features one of the most comprehensive coverages of elements
and aqueous species, rendering it particularly suitable for handling complex groundwater systems containing
multiple trace components [25].

To better adapt to the reducing environment characteristic of the repository, the reaction system in this study was
modeled as a closed system. The initial uranium concentration was set to 1.0x10” % mol/L, with uranium present
in the hexavalent state. The groundwater utilized in this work is from Beishan borehole BS28 at depths ranging
from 365 to 900 meters, which is adjacent to the site of China’s first underground research laboratory currently
under construction for the HLW repository and is thus considered representative. Yang et al. [26] reported a pH of
8.1 and an Eh of 98 mV for this groundwater; the detailed chemical composition is presented in Table 1.
Magnetite was added incrementally to the groundwater at a total dosage ranging from 0 to 0.02 mol/L, in 20
equal steps of 1 mmol/L per addition.
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Table 1
Chemical compositions of groundwaters in the Beishan area (mmol/L).

Components  Nat ca2t  K* Mg®* CI° HCO; S0 F No,~ PH Eh(mV)

Concentration 452 458 0409 2.08 36.2 215 9.18 0.106 0228 7.8 98

3. Results and discussion

3.1 Redox reaction of magnetite with U(VI)

The redox reaction between magnetite and U(VI) is illustrated in Fig. 1. At magnetite concentrations below 4
mmol/L, U(VI) reduction is challenging, and its aqueous concentration remains unchanged. It is evident that as
the magnetite concentration is increased further, there is a rapid decline in the aqueous U(VI) concentration.
When the mineral concentration attains 10 mmol/L, it can be deduced that approximately 90% of the U(VI) in the
system has been reduced to U(IV). Consequently, the U(VI) concentration declines in a gradual manner with an
increase in magnetite content, ultimately reaching a state of stability at approximately 2.4x10™® mol/L. The
findings of this study suggest that magnetite has the capacity to markedly reduce the mobility of uranium through
a process of reductive transformation.

During the reaction of magnetite with U(VI), the system pH increases progressively with rising magnetite
concentration, evolving from an initial value of 7.8 to 9.8. This pH elevation is attributable to the consumption of
H* ions in the groundwater solution by the dissolution of magnetite and the concomitant reduction reactions.
Simultaneously, hydrolysis of dissolved Fe(ll)/Fe(lll) species following magnetite dissolution alters the carbonate
buffering system, thereby further contributing to the pH increase. The introduction of magnetite as a reducing
agent into the Beishan groundwater solution results in a decrease in the pe value from 1.66 to - 3.65, which
corresponds to an Eh decline from 98 mV to - 216 mV. The transition of Eh from positive to negative values is
indicative of a shift in the groundwater environment from oxidizing to reducing conditions.

The saturation index (SI) is a logarithmic measure that quantifies the degree of deviation of an aqueous solution
from mineral equilibrium. This provides a thermodynamic indication of the tendency for mineral dissolution or
precipitation. When Sl < 0, the mineral is undersaturated and tends to dissolve; when Sl > 0, the mineral is
supersaturated and tends to precipitate; when Sl = 0, the mineral is exactly at equilibrium with respect to
dissolution and precipitation. This study examined the variations in the saturation indexes of uraninite and
schoepite as a function of increasing magnetite concentration under Beishan groundwater conditions, as
presented in Fig. 1b. The results show that in the absence of magnetite addition, the Sl of uraninite is - 0.62,
indicating that precipitation of this mineral does not occur in the system. With progressive addition of magnetite,
the Sl of uraninite shifts from negative to positive values and eventually rises to 5.36, suggesting that hexavalent
uranium is gradually reduced to tetravalent uraninite, which subsequently precipitates, thereby continuously
diminishing uranium mobility. Prior to magnetite addition, the Sl of schoepite is - 0.42, and throughout the entire
reaction process, the Sl of schoepite remains negative, indicating that schoepite precipitation is
thermodynamically unfavorable. It is noteworthy that the SI of schoepite exhibits an initial increase followed by a
subsequent decrease as the reaction proceeds. This behavior can be attributed to the rapid pH rise from 7.8 to
9.5 during the early stage of magnetite reaction. Under elevated pH conditions, the increased OH™ concentration
drives the transformation of dissolved uranyl species into schoepite precipitate (UO5-2H,0). Subsequently, as the
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magnetite concentration continues to increase, the pe decreases substantially, leading to extensive reduction of
U(VI) to U(IV) and a marked decline in UO,?* concentration, which in turn causes the Sl of schoepite to decrease
progressively.

3.2 Reduction of U(VI) at low concentrations

The present study investigates the effect of lower uranium concentrations on the reductive reaction of uranium by
magnetite. To this end, the reduction and immobilisation behaviour of uranium by magnetite was examined at an
initial uranium concentration of 1.0x10~ % mol/L, and the results were compared with those obtained at a higher
concentration (1.0x10™ % mol/L).

The reaction between magnetite and U(VI) at low concentration is presented in Fig. 2a. At magnetite
concentrations below 4 mmol/L, the U(VI) concentration remains essentially unchanged, indicating that U(VI)
reduction is ineffective during this stage. It is evident that as the magnetite concentration increases, the aqueous
U(VI) concentration undergoes a rapid decline. It is noteworthy that when the magnetite concentration attains ~ 8
mmol/L, the preponderance of U(VI) in the system has been significantly reduced. Consequently, the U(VI)
concentration declines in a gradual manner with an increase in magnetite content, ultimately reaching a state of
stability at approximately 2.5x10~ 2 mol/L. The reduction trend of U(VI) at low concentrations is highly similar to
that at high concentrations, with a notable decline occurring at approximately 4 mmol/L of magnetite in both
cases, and the final residual U(VI) fractions are comparable (2.5%—3%). The variations in system pH and pe are
demonstrated in Fig. 2c and 2d. The trends in pH and pe evolution are almost identical to those observed at high
concentrations. This indicates that the redox state and acid-base properties of the system are predominantly
governed by the intrinsic characteristics of magnetite itself.

The variations in the Sl of uraninite and schoepite as a function of magnetite concentration are shown in Fig. 2b.
Prior to magnetite addition, the Sl of schoepite is approximately - 6.5, and throughout the entire reaction process,
the Sl of schoepite remains negative, indicating that schoepite precipitation is thermodynamically unfavorable. In
the absence of magnetite addition, the Sl of uraninite is approximately - 6.7. With increasing magnetite
concentration in the system, the Sl of uraninite gradually rises from negative values but ultimately approaches
only - 0.64, never transitioning to positive values. This stands in marked contrast to the high concentration
condition, in which the Sl of uraninite increases to 5.36, indicating the sustained formation of substantial uraninite
precipitates. The persistent undersaturation of uraninite under low concentration conditions can be attributed to
the following reason: although magnetite can effectively reduce U(VI) to U(IV), the total uranium concentration is
extremely low (1.0x10” "9 mol/L), and the resulting U(IV) concentration remains far below the solubility product of
uraninite, insufficient to drive the nucleation and precipitation of this mineral. Consequently, under low
concentration conditions, uranium persists in the aqueous phase as dissolved U(IV) species.

Latta et al. [27] investigated the adsorption and reduction of U(VI) by titanium-substituted magnetite, and found
that U(VI) could be reduced by Fe(ll) present in the mineral. However, analysis of the EXAFS spectra of the
reaction products revealed no contribution from U-U interactions. This finding indicates that the reduction
products were not tetravalent uranium precipitates but rather tetravalent uranium surface complexes. In a
subsequent study, the same research team examined the structural products of U(VI) reduction by magnetite
under varying uranium concentrations and found that uraninite was formed at higher uranium concentrations,
whereas tetravalent uranium surface complexes were generated at lower concentrations [28]. These findings are
in good agreement with the simulation results, which demonstrate that U(VI) is reduced to uraninite under high
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concentration conditions, while under low concentration conditions it remains in the aqueous phase as dissolved
U(IV), which is susceptible to adsorption onto mineral surfaces [29].

3.3 Effect of temperature on the redox reaction

Temperature is a critical parameter affecting thermodynamic equilibrium of geochemical reactions. In the context
of deep geological disposal, the temperature of groundwater may be elevated due to the release of radiogenic
heat from HLW. This elevated temperature could, in turn, affect the reductive reaction of uranium by magnetite
and the precipitation behavior of uranium minerals. The present study investigated the reductive reaction of U(VI)
by magnetite, and the saturation indexes of schoepite and uraninite under different temperature conditions (25°C,
45°C, and 65°C).

The reaction between magnetite and U(VI) are presented in Fig. 3a (linear scale) and 3b (logarithmic scale). The
overall trends in U(VI) concentration as a function of magnetite concentration are generally consistent across the
three temperatures. As demonstrated in Fig. 3b, an increase in magnetite concentration beyond 8 mmol/L results
in a concomitant rise in the residual U(VI) concentration, with the highest observed at 25°C, followed by 45°C, and
the lowest at 65°C. This finding suggests that elevated temperatures promote the reductive reaction of U(VI) by
magnetite, thereby enhancing uranium removal efficiency. At a magnetite concentration of 20 mmol/L, the
residual U(VI) concentration is approximately 2.87x10”® mol/L at 25°C, 1.84x10” ® mol/L at 45°C, and decreases
to approximately 1.25x10” ® mol/L at 65°C. It is noteworthy that in the initial stage at relatively low magnetite
concentrations, the three curves nearly overlap, suggesting that the reduction reaction is primarily governed by
the available magnetite supply, and the temperature effect has not yet fully manifested.

The variation in the saturation index of schoepite as a function of magnetite concentration and temperature is
depicted in Fig. 3c. At 45°C, the trend in schoepite Sl is analogous to that at 25°C, yet it exhibits a higher peak
value that exceeds zero, indicating that elevated temperature favours schoepite precipitation. A more pronounced
effect is observed at 65°C: the schoepite Sl has an initial value of 0.02, increases rapidly to 0.84 with rising
magnetite concentration, and remains above zero throughout the magnetite concentration range of 0-12
mmol/L. This indicates that at 65°C, schoepite is supersaturated over a broad range of magnetite concentrations
and exhibits a strong tendency to precipitate. The variation in the saturation index of uraninite as a function of
magnetite concentration and temperature is demonstrated in Fig. 3d. The trends in uraninite Sl are nearly
identical across the three temperatures: in the absence of magnetite addition, the Sl of uraninite is relatively low,
with values of - 0.62 at 25°C, - 0.11 at 45°C, and - 1.74 at 65°C; with increasing magnetite concentration, the SI
rises rapidly, stabilises at ~ 8 mmol/L, and ultimately remains around 5.3. This result indicates that once the
magnetite concentration reaches a critical threshold, uraninite enters a state of strong supersaturation, and the
degree of supersaturation does not vary significantly with further increases in magnetite concentration. This
finding indicates that temperature exerts a negligible influence on the long-term saturation state of uraninite, and
that the final Sl is predominantly influenced by the total uranium concentration and the redox potential of the
system, rather than by temperature.

In summary, the effects of temperature on the reductive reaction of uranium by magnetite and the precipitation
behavior of uranium minerals exhibit notable distinctions. It has been demonstrated that elevated temperatures
enhance the reduction efficiency of U(VI), implying that magnetite exhibits a greater capacity for reduction and
retardation of uranium in higher temperature conditions. Furthermore, elevated temperatures have been observed
to promote the formation of hexavalent uranium as schoepite. However, the influence of temperature on uraninite
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precipitation is comparatively minor. Indeed, uraninite precipitation is primarily governed by the total uranium
concentration and the redox potential of the system, rather than by temperature.

3.4 Effect of thermodynamic database selection on the redox
reaction

The SIT database is the only database within the PHREEQC software that employs the Specific lon Interaction
Theory (SIT). It is applicable to thermodynamic systems at low to moderate temperatures and medium-to-high
ionic strengths, and holds significant application value in the fields of seawater geochemistry and radioactive

waste disposal [30].

The results of the magnetite-U(VI) reaction, calculated using the SIT database, are presented in Fig. 4. In marked
contrast to the results obtained with the LLNL database, the SIT database predicts that magnetite cannot
effectively reduce U(VI) across the entire concentration range examined. As demonstrated in Fig. 44, the total
aqueous U(VI) concentration remains essentially constant at 1.0x10” % mol/L, exhibiting no variation with
increasing magnetite concentration. As demonstrated in Fig. 4b, an increase in magnetite concentration is
accompanied by a gradual decrease in the system pe, from 1.66 to - 2.12, which corresponds to an Eh decline
from 98 mV to - 125 mV. Despite the system manifesting a propensity towards enhanced reducing conditions,
the magnitude of the pe decrease is considerably less than that calculated with the LLNL database, where pe
decreases from 1.66 to - 3.65 and Eh drops from 98 mV to - 216 mV.

As demonstrated in Fig. 4c, the variation in U(VI) aqueous speciation as a function of magnetite concentration is
illustrated, with the calculations being carried out using the SIT database. At low magnetite concentrations, the

dominant species in solution are Ca,U0,(C03); and CaU0,(C03),?". As the magnetite concentration increases,
the solution pH rises progressively. Concurrently, the concentrations of the aforementioned species gradually
decrease, while the concentration of (UO,),(CO3)(OH)5™ increases markedly and becomes the predominant
species after the magnetite concentration reaches 10 mmol/L. Furthermore, the concentrations of hydroxyl
complexes, such as UO,(0OH)3"and (UO,)3(OH),", also increase slowly with rising pH values. As demonstrated in
Fig. 4d, the U(VI) speciation calculated with the LLNL database differs considerably due to the absence of
thermodynamic data for Ca—U(VI)—COg ternary complexes within the database. The initially dominant species as
determined by this database is U0,(C05);*" and this decreases rapidly with increasing magnetite concentration,
with all U(VI) species eventually approaching zero. As stated in previous research [31], the reduction process of
uranium is not only related to the surface properties of minerals, but also closely associated with the aqueous
speciation of uranium. When U(VI) exists as CaU0,(C05)3?” in solution, uranium adsorbed on mineral surfaces
remains solely in the U(VI) form. This is in good agreement with the simulation results of the present study.

To summarize, the findings of this study indicate that the choice of thermodynamic database exerts a decisive
influence on the prediction of U(VI) reduction behavior. In carbonate-buffered systems such as the Beishan
groundwater, which contains Ca%* and HCO;", the differing treatments of the stability of Ca—U(VI)-COg ternary
complexes across various databases may lead to conclusions that are entirely contradictory. Consequently, in
practical applications, the applicability of the selected database should be validated against experimental data,
and sensitivity analyses should be performed with respect to the specific hydro-chemical conditions, so as to
ensure the reliability of geochemical modelling results.
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4. Conclusions

Based on the simulation results, the following conclusions can be drawn: (1) Magnetite can effectively reduce
U(VI) in Beishan groundwater, and the resulting U(IV) precipitates as uraninite. (2) At low uranium concentrations,
the reduction trend of U(VI) by magnetite is similar to that at high concentrations; however, owing to the extremely
low total uranium content, the produced U(IV) is insufficient to drive the nucleation and precipitation of uraninite,
and uranium instead remains in the aqueous phase as dissolved U(IV) species. (3) Elevated temperatures
promote the reductive reaction of U(VI) by magnetite. Higher temperatures favor the supersaturation and
precipitation of schoepite, but exert only a limited effect on the long-term saturation state of uraninite, whose
formation is primarily governed by the total uranium concentration and the redox potential of the system. (4) The
selection of thermodynamic database exerts a decisive influence on the prediction of U(VI) reduction behavior. In
practical applications, the applicability of the selected database should be validated against experimental data,
and database selection should be tailored to the specific conditions of the groundwater to ensure the reliability of
the modeling results.
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Figure 1

Trends of U(VI) concentration (a), saturation index of uranium minerals (b), pH (c) and pe (d) as a function of

magnetite concentration (total uranium concentration: 1.0x10™% mol/L)
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Trends of U(VI) concentration (a), saturation index of uranium minerals (b), pH (c) and pe (d) as a function of
magnetite concentration (total uranium concentration: 1.0x107'% mol/L)
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Figure 4

U(VI) concentration (a), pe (b), and U(VI) speciation (c) with magnetite concentration calculated using the SIT
database, and U(VI) speciation calculated using the LLNL database (d) (total uranium concentration: 1.0x107%
mol/L)
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