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ABSTRACT: In water-scarce areas, the reclamation of wastewater
through advanced water treatment and subsequent reinjection into
depleted aquifers is an increasingly attractive water management
option. However, such injection can trigger a range of water-
sediment interactions which need to be well understood and
quantified to ensure sustainable operations. In this study, reactive
transport modeling was used to analyze and quantify the
interacting hydrogeochemical processes controlling the mobiliza-
tion of fluoride and phosphate during injection of highly treated
recycled water into a siliciclastic aquifer. The reactive transport
model explained the field-observed fluoride and phosphate
transport behavior as a result of the incongruent dissolution of
carbonate-rich fluorapatite where (i) a rapid proton exchange
reaction primarily released fluoride and calcium, and (ii) equilibrium with a mineral-water interface layer of hydrated dibasic calcium
phosphate released phosphate. The modeling results illustrated that net exchange of calcium on cation exchange sites in the
sediments postbreakthrough of the injectant was responsible for incongruent mineral dissolution and the associated fluoride and
phosphate release. Accordingly, amending calcium chloride into the injectant could potentially reduce fluoride and phosphate
mobilization at the study site. Insights from this study are broadly applicable to understanding and preventing geogenic fluoride
mobilization from fluoride-bearing apatite minerals in many other aquifers worldwide.

■ INTRODUCTION

Managed aquifer recharge (MAR) is an increasingly used water
management option, particularly in water-scarce areas.1−4 In
many cases, MAR applications facilitate water banking,
increase water recycling and enhance water security, while
also providing passive treatment such as the removal of
pathogens and the attenuation of organic micropollutants that
may be present in the MAR source water.2,5−7 However, in
some cases, MAR can also trigger undesired geochemical
processes in the recharged aquifer such as the mobilization of
colloids and toxic metal(loid)s that may degrade groundwater
quality.3,8−15 The type and extent of these geochemical
processes depend on the composition of the injectant (e.g.,
surface water, stormwater and recycled wastewater) and the
hydrogeochemical characteristics of the target aquifer. For
example, the injection of oxygenated water into anoxic aquifers
often induces pyrite oxidation,9,16,17 and sometimes associated
with it, the mobilization of metal(loid)s such as arsenic.11,18,19

While fluoride intake at low levels is considered beneficial
for humans and animals, excess fluoride in drinking water with
concentrations >1.5 mg L−1 (79 μM) is detrimental to health
as it causes dental and skeletal fluorosis.20−23 Although much
less attention has been paid to fluoride release in MAR systems

compared to toxic metal(loid)s, fluoride release has been
observed in multiple incidents during MAR, even where
neither the native groundwater nor the injectant contains
significant fluoride concentrations. For example, Gaus et al.24

reported elevated fluoride concentrations during an aquifer
storage and recovery (ASR) operation in a chalk aquifer due to
fluorite dissolution. Stone et al.25 also reported an ASR study
where increased fluoride concentrations occurred during
injection of fresh surface water into an alluvial aquifer. Brindha
et al.26 investigated the application of MAR to dilute high
fluoride in weathered basement-rock aquifers and also
discussed scenarios where increased fluoride release might
occur. In our recent study, release of fluoride was also shown
to occur during a field MAR experiment with highly treated
recycled water.27 Fluoride mobilization was accompanied by
phosphate mobilization and hypothesized to be a result of the
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dissolution of fluoride-bearing calcium-phosphate (apatite)
minerals.
Fluoride-bearing apatite minerals, particularly carbonate-rich

fluorapatite (CFA = Ca10(PO4)5(CO3F)F2) and fluorapatite
(FAP = Ca10(PO4)6F2), are ubiquitous accessory minerals in
most igneous, metamorphic, and sedimentary rocks.28,29

Previous experimental studies have demonstrated that FAP
and CFA often contain a fluoride-depleted surface layer that
controls mineral dissolution.30−38 The mineral dissolution, and
therefore release of fluoride and phosphate, occurs when the
chemical equilibrium with this surface layer is disturbed, often
in conjunction with removal of dissolved calcium in the system
due to displacement of the native water with low-calcium
water, cation exchange, and/or precipitation of calcium-bearing
minerals.39,40 To date, the risk of fluoride and phosphate
mobilization by MAR with low ionic strength water has not
been widely recognized. However, given the increasing
importance of purified reclaimed waters or desalinated
seawater as the source water for MAR and the number of
MAR schemes that rely on aquifers containing fluoride-bearing
apatite minerals,41−43 potential water-sediment interactions
need to be well understood and quantified to ensure
sustainable operations. Reactive transport models (RTMs)
that assist with untangling the many intertwined hydro-
geochemical processes that control the fate of fluoride are
fundamental to predict its long-term behavior in full-scale
MAR schemes, where recycled water might be injected over
several decades and large-scale groundwater quality changes
are likely to occur.44 RTMs are not only suitable to elucidate
the contribution of individual geochemical processes and their
interactions with groundwater flow and multispecies solute
transport processes when used to interpret experimental data,
but also to underpin the design of pretreatment system options
that can mitigate the risk of mobilizing fluoride or other
metal(oids).

The main objectives of this study were therefore to (i)
identify and verify the mechanism(s) of fluoride and phosphate
release during water injection in natural aquifers, and (ii)
quantify the coupled flow, solute transport, and reactive
processes. We employed a process-based reactive transport
modeling approach to investigate the observed fluoride and
phosphate release and attenuation patterns in a well-
documented 4-year long field MAR experiment which injected
highly treated, low ionic strength recycled water into a low-
fluoride (<16 μM) sedimentary aquifer. On the basis of the
identified reaction network, a series of model variants were
constructed to elucidate the influences from different potential
controlling factors. Finally, a mitigation strategy based on
insights from modeling results is proposed to reduce the
magnitude of fluoride and phosphate mobilization during
MAR.

■ MATERIALS AND METHODS
Field Injection Experiment. The field injection experi-

ment analyzed in this study was conducted at a site located
∼20 km north of metropolitan Perth, Western Australia
(Figure S1 of the Supporting Information, SI).16,44,45 During
the experiment, highly treated recycled water was injected into
the siliciclastic Leederville aquifer of the Perth Basin, through a
single well screened between 124 and 224 m below ground
level (mBGL). The injection interval is overlain by a
carbonaceous confining layer and underlain by a silty clay
layer (Figure S2). The aquifer section that was targeted by the
injection consists of interbedded sand, silt and clay layers that
were deposited in a near shore setting as tidally influenced
distributary channel deposits, intertidal flat deposits, and tidal
channel infills.16,46 On the basis of X-ray diffraction (XRD)
analysis, the sandy layers consisted of quartz (∼64%), feldspar
(∼28%), and kaolinite (∼6%), whereas the clayey layers
consisted of kaolinite (∼54%), feldspar (∼20%), and quartz
(∼18%).47 XRD also detected a number of trace minerals

Table 1. Typical Initial (Native) Groundwater and Injectant Composition during the Field Injection Experiment

native groundwater

species unit 120−138 mBGL 138−153 mBGL 153−171 mBGL 171−191 mBGL 191−225 mBGL injectant

pH 6.6 ± 0.2 6.5 ± 0.2 6.6 ± 0.2 6.5 ± 0.1 6.7 ± 0.2 7.0 ± 0.2
temperature °C 24.5 ± 0.8 24.9 ± 0.5 25.4 ± 0.4 25.9 ± 0.4 26.3 ± 0.4 26.0 ± 2.8
TDS mg L−1 380 ± 44 666 ± 55 916 ± 65 1047 ± 76 1111 ± 93 33.2 ± 10.9
DO μM 518 ± 32
Cl μM 4800 ± 1780 8600 ± 1860 14130 ± 1270 14530 ± 4570 17830 ± 2260 197 ± 59
Na μM 3650 ± 478 7310 ± 522 11180 ± 1310 13400 ± 565 15570 ± 2130 448 ± 104
HCO3 μM 1360 ± 229 1310 ± 148 1328 ± 229 1300 ± 180 1640 ± 361 228 ± 118
SO4 μM 88 ± 20 406 ± 135 479 ± 88 573 ± 41 760 ± 135 1.5 ± 0.8
Si μM 399 ± 57 483 ± 40 499 ± 52 549 ± 63 449 ± 28 15.0 ± 5.2
Ca μM 599 ± 45 649 ± 20 649 ± 45 549 ± 20 649 ± 95 2.5 ± 0.0
Mg μM 379 ± 49 823 ± 95 1152 ± 74 1280 ± 107 1320 ± 103 5.0 ± 1.2
K μM 256 ± 20 332 ± 15 409 ± 20 435 ± 18 460 ± 41 26.0 ± 7.7
Fe μM 91 ± 11 145 ± 16 143 ± 27 168 ± 16 125 ± 47 0.1 ± 0.0
Br μM 6.8 ± 0.9 12.0 ± 0.8 16.0 ± 2.6 19.0 ± 3.8 21.0 ± 2.9 0.3 ± 0.0
N total μM 14.0 ± 4.3 16.0 ± 3.6 16.0 ± 2.1 16.0 ± 2.1 15.0 ± 1.4 178 ± 59
F μM 5.3 ± 2.6 6.8 ± 3.7 8.9 ± 3.7 10.0 ± 3.7 13.0 ± 2.1 6.3 ± 3.7
P total μM 3.6 ± 1.3 5.2 ± 0.6 6.5 ± 1.0 9.4 ± 1.0 8.1 ± 2.3 0.6 ± 0.3
FRPa μM 0.6 ± 0.6 0.3 ± 0.3 1.3 ± 1.6 0.6 ± 0.6 2.3 ± 3.2 0.3 ± 0.0
Mn μM 0.9 ± 0.1 1.1 ± 0.1 0.9 ± 0.1 1.1 ± 0.1 1.3 ± 0.2 0.02 ± 0.00
B μM 2.8 ± 0.9 1.9 ± 0.9 3.7 ± 2.8 2.8 ± 0.9 4.6 ± 3.7 9.3 ± 2.8
Al μM 0.4 ± 0.1 0.4 ± 0.1 0.4 ± 0.1 0.4 ± 0.3 0.4 ± 0.1 0.2 ± 0.0

aFRP stands for filterable reactive phosphorus, which is assumed to represent phosphate.
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including pyrite, lignite, chlorite, muscovite, biotite, and
siderite. Additionally, CFA was identified as cement infill
occurring within micaceous nodules found in a Leederville
Formation core material at the field site.27 The cation exchange
capacity (CEC) of the Leederville sediments, as determined by
ammonium chloride, varied between 1.5 and 6.9 cmol(+) kg−1

across the injection interval and was higher at fine grained
lithologies. The native groundwater in the Leederville aquifer
prior to the start of the injection was of Na−Cl to Na−Cl−
HCO3 type, anoxic, with total dissolved solids (TDS) ranging
from ∼400 mg L−1 at the top of the injection interval to
∼1100 mg L−1 at the bottom (Table 1).9

In contrast to the native groundwater, the highly treated
recycled water had high concentration of dissolved oxygen of
518 ± 32 μM (8.3 ± 0.5 mg L−1) and low TDS of
33.2± 10.9 mg L−1 because of reverse osmosis treatment
(Table 1). The highly treated recycled water also had lower
concentrations of divalent cations (e.g., Ca2+ and Mg2+)
relative to monovalent cations, with a Na/Ca molar ratio of
>180 ± 40, significantly higher than 15 ± 7 for the native
groundwater and 45.6 for average seawater.48 Over the 4-year
period of the experiment, the highly treated recycled water was
injected at an average daily injection rate of ∼2800 m3 day−1

and a total of 3.9 × 106 m3 was injected (Figure S3). The
spreading of the injectant in the heterogeneous Leederville
aquifer was monitored through an extensive groundwater
sampling program. The monitoring network included 20 wells
that were arranged in 5 multilevel well clusters located at a
radial distance of 20, 60, 120, 180, and 240 meters from the
injection well (Figures S1 and S2). Groundwater samples were
collected from each of the monitoring wells at approximately

monthly intervals, for which pH and temperature were
measured in the field immediately after collection and the
concentrations of a full suite of major and trace ions were
determined during water quality analysis in the laboratory.16,45

Each monitoring well was purged a minimum of three casing
volumes prior to collection of groundwater samples. For each
water quality sample, the groundwater was filtered using a 0.45
μm syringe filter into a polyethylene bottle, stored immediately
on ice, and submitted for analysis on the same day of
collection. Detailed descriptions of the sampling and analytical
procedures are consistent with Water Corporation (2009).45

On the basis of the monitoring data, fluoride and phosphate
release occurred immediately post breakthrough of the
injectant (Figure 1).27 Consistent with the observations from
the field injection experiment, complementary laboratory batch
experiments, performed with CFA-rich nodules recovered from
the Leederville aquifer, also showed fluoride and phosphate
release when an artificial groundwater matrix was progressively
replaced by deionized water.27 Similar batch experiments with
sediment samples with low CFA content, on the other hand,
showed no release of fluoride or phosphate (SI section S1).
Therefore, the dissolution of CFA was hypothesized to be the
most plausible explanation for the observed fluoride and
phosphate release.27 This hypothesis was further underpinned
by additional geochemical modeling results that demonstrated
that other than CFA, the native groundwater was under-
saturated with respect to numerous other fluoride-bearing
minerals such as fluorite.27

Numerical Modeling Approach and Tools. A coupled
flow, solute/heat, and reactive transport model was previously
developed to quantify the major redox and buffering processes

Figure 1. Observed and simulated groundwater pH, fluoride, phosphate, and calcium concentrations at different monitoring wells during the field
injection experiment. See Figure S2 for monitoring well locations and screen depths. The depth of the screen intervals (in mBGL) is also noted
next to the monitoring well name. Solid lines represent simulated results, whereas symbols represent observed concentrations (black diamonds =
pH, red circles = fluoride, blue triangles = phosphate, and green squares = calcium).
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during injection at the study site.16,44,49 The previously
published model was developed based on a comprehensive
set of data that emerged from the hydrogeochemical
characterization of the deep aquifer system through a
combination of various geophysical and geochemical techni-
ques, controlled laboratory-scale experiments, and the MAR
field experiment. The model was previously shown to
reproduce the observed heat and conservative solute data,49

as well as the majority of the observed spatiotemporal
geochemical responses to the injection.16 The modeling results
illustrated that the injection of oxic water into the reducing
Leederville aquifer induced the oxidation of pyrite. Proton
exchange with sediment cation exchange sites was identified to
be the main pH buffering process preventing the acidification
in the recharged Leederville aquifer.16,44 As a first step for the
present study, the previous model was extended to encompass
the full 4-year period of the experiment and evaluated against
the newly collected field observations. After minor modifica-
tions of hydraulic parameters affecting breakthrough profiles at
more distal monitoring wells, the extended model provided a
good description of the major ion and redox chemistry for the
entire 4-year simulation period. This extended model was used
in this study as the basis for evaluating various conceptual and
numerical models describing the fate of fluoride and
phosphate.
Flow Model Setup. MODFLOW50 was used in this study

for simulating groundwater flow. Compared to the flow that
was induced by injection, regional groundwater flow at the
field site was negligible (hydraulic gradient ∼0.0006).
Therefore, the groundwater flow conditions that persisted
during the field injection experiment were, for simplicity and
numerical efficiency, approximated by a 2-dimensional radial-
symmetric model configuration (Figure S4). The model
assumed confined groundwater conditions as the injection
interval is overlain by a thick clay layer (Figure S2). The
vertical model extent ranged from a depth of 97 to 225 mBGL,
which comprised the entire injection interval (124−

224 mBGL) and a small fraction of the overlying confining
layer. The model comprised 76 layers in the vertical direction,
which allowed for a detailed representation of aquifer bedding
while assuming uniform hydrogeological conditions in the
lateral direction. This assumption of laterally homogeneous
layers may represent a source of model structural error, which
would be problematic for other aquifer recharge configurations
(e.g., multiple injection wells or recharge basins, multiple
surrounding extraction wells, etc.) but based on Seibert et
al.,16,49 did not significantly impact the correctness of the
model simulations over the monitored depth intervals and
spatial scale in this field MAR experiment. The model
comprised 41 columns in the lateral direction, and the grid
discretization varied laterally between 2 m near the injection
well and 100 m for the grid cell most distant from the injection
well. A constant head boundary was placed at the outer edge of
the model domain. The injection rates that were logged during
the field experiment were discretized into daily time steps in
the model to describe the sometimes highly variable flow
conditions. Consistent with the duration of the field injection
experiment, the total simulation period was 1378 days.

Reactive Transport Model Setup. PHT3D51 was used
for simulating reactive transport processes. The native
groundwater and sediment characterization results were
employed to define the initial conditions for the reactive
transport model. The significant vertical geochemical hetero-
geneity in the Leederville aquifer was considered in the model
by vertically separating the model into 6 distinct geochemical
zones (Figure S4). These 6 zones were introduced to represent
the increasing salinity and accordingly varying solute
concentrations that occurred over the investigated depth
interval prior to the start of the injection experiment. The
selected zonation was directly adopted from our previously
published model.16 Within each of these geochemical zones,
the initial water and sediment compositions were considered
uniform. Regularly collected injectant water quality data were

Table 2. Key Reactions Employed in the Final Calibrated Model and Associated Thermodynamic Constants That Affected
Fluoride and Phosphate Mobilization and Attenuationa

CFA related reactions starting log K calibrated log K ruv

Ca9.75Na0.25(PO4)5.37(CO3)0.55F2.36(OH)0.18 + 5.37H+ + nH2O ↔
≡Ca5.37H5.37(PO4)5.37 · nH2O + 4.38Ca2+ + 0.25Na+ + 0.55CO3

2− + 2.36F− + 0.18OH−
0.59 0.99

CaHPO4 · H2O ↔ Ca2+ + HPO4
2− + H2O −9.630 −10.1 1.00

key cation exchange reactions starting log K calibrated log K ruv

Na+ + X− ↔ NaX 064

H+ + X− ↔ HX 5.0816

Ca2+ + 2X− ↔ CaX2 0.864

Mg2+ + 2X− ↔ MgX2 0.664

key surface complexation reactions starting log K calibrated log K ruv

≡GbOH + H+ ↔ ≡GbOH2
+ 8.0154 8.01 0.59

≡GbOH ↔ ≡GbO− + H+ −11.5754 −11.66 3.6 × 10−06

≡GbOH + PO4
3− + 3H+ ↔ ≡GbH2PO4 + H2O 3054 31.00 0.23

≡GbOH + PO4
3− + 2H+ ↔ ≡GbH2PO4

− + H2O 19.2354 19.23 0
≡GbOH + PO4

3− + H+ ↔ ≡GbH2PO4
2− + H2O 14.854 14.06 2.0 × 10−03

≡GbOH + F− + H+ ↔ ≡GbF + H2O 8.7854 9.78 5.9 × 10−03

≡GbOH + F− ↔ ≡GbOHF− 2.8854 3.30 0.28
≡GbOH + 2F− + H+ ↔ ≡GbF2 + H2O 11.9454 11.94 1.2 × 10−06

aThe complete set of reactions included in the model is provided in Table S4. The parameter values on cation exchange reactions were consistent
with the values used in the previously published model16 and not varied during model calibration in this study. In the table, X represents cation
exchange sites; Gb represents composite surface complexation sites (initially based on gibbsite54); and ruv = relative uncertainty variance

reduction65 = − σ
σ

1 ui

i

2

2 , where σi
2 and σui

2 represent prior and posterior variances of parameter i (see SI Section S3 for further details).
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considered in the model to describe the time-varying injectant
water composition.
A reaction network consisting of a mixture of equilibrium

and kinetically controlled chemical reactions was defined via
the PHREEQC/PHT3D database. In the following, we mainly
provide and discuss the details for the key reactions affecting
the mobilization and attenuation of fluoride and phosphate
(Table 2). All other reactions, notably pyrite oxidation and
pH-buffering processes including proton exchange, remained
consistent with the previously published model,16,49 and the
relevant reactions, stoichiometries, and equilibrium constants
are provided in Table S4. Since the average measured
temperature of the native groundwater was 25.7 ± 1.6 °C,
equilibrium constants at 25 °C were adopted for all reactions.
With CFA being identified as the most likely source of the

released fluoride and phosphate in the Leederville aquifer,27

CFA dissolution was included in the reaction network. On the
basis of microprobe analyses on the CFA-rich nodules
collected from the Leederville aquifer which were interpreted
us ing the “ f r anco l i t e ” mode l o f McCle l l an , 5 2

Ca9.75Na0.25(PO4)5.37(CO3)0.55F2.36(OH)0.18 was found to be
the representative formula for CFA in the recharged aquifer.27

On the basis of previous experimental studies with CFA36 and
the closely related FAP,30−33 the dissolution of fluoride-bearing
apatite minerals often involves an initial rapid proton exchange
reaction whereby H+ is adsorbed onto the mineral surface,
triggering the preferential removal of calcium, fluoride, and
carbonate. On the basis of Chaır̈at et al.,31 this rapid
incongruent (nonstoichiometric) dissolution process can be
approximated as follows:

+ + ↔

≡ · + + +
+ +

+

+ + −

− −

n

n

Ca Na (PO )5.37(CO ) F (OH) 5.37H H O

Ca H (PO ) H O 4.38Ca 0.25Na 0.55CO
2.36F 0.18OH

9.75 0.25 4 3 0.55 2.36 0.18 2

5.37 5.37 4 5.37 2
2

3
2

(1)

The rapid proton exchange reaction (reaction 1) was
incorporated into the PHREEQC/PHT3D database as an
equilibrium-controlled exchange reaction using the Gaines-
Thomas convention (full details are provided in SI section S2).
The exchange selectivity coefficient for this reaction was
included as an adjustable parameter during model calibration.
The modeled exchange reaction (reaction 1) serves as a
surrogate for the incongruent dissolution process, resulting in
the production of a surface layer with a composition equivalent
to hydrated dibasic calcium phosphate (DCPsurface:
≡Ca5.37H5.37(PO4)5.37·nH2O with ≡ representing a surface
layer instead of a pure mineral).30−33,36 In conjunction with
Reaction 1, dissolved calcium and phosphate concentrations
are also affected by equilibrium with DCPsurface:

≡ ·

↔ + ++ −

n

n

Ca H (PO ) H O

5.37Ca 5.37HPO H O
5.37 5.37 4 5.37 2

2
4
2

2 (2)

The solubility product (log KSP
25 °C) of DCPsurface per unit

on FAP was previously determined to be −9.6 ± 0.6 by
Chaır̈at et al.30 Therefore, DCPsurface was assumed to be
more stable than DCP as a pure mineral phase (log KSP

25 °C =
−6.7).53 DCPsurface was defined in the PHREEQC/PHT3D
database as an equilibrium mineral phase. The previously
reported solubility product for DCPsurface on FAP (i.e., −9.6)
was adopted as the initial estimate of the solubility product for
DCPsurface in the Leederville aquifer.30 It was then allowed to
deviate during model calibration. Potential dissolution/

precipitation reactions of calcite, dolomite, ankerite, vivianite,
fluorite, gypsum, and various other calcium phosphate minerals
were also evaluated but found unlikely to be important in this
study.
To account for the potential for cation exchange reactions to

affect groundwater quality evolution during the field injection
experiment, an exchanger site (X) was implemented in the
model. The equilibrium constants for proton exchange and
other cation exchange reactions were consistent with the values
used in the previously published model,16 and were not varied
during model calibration in this study. To account for the
competitive adsorption and desorption reactions that may have
affected fluoride and phosphate mobility during the experi-
ment, a surface complexation model (SCM) was also included
in the reaction network. Sorption was represented by a single
site SCM based on the generalized diffuse layer model for
gibbsite (Al(OH)3) by Karamalidis and Dzombak.54 The
surface sites on gibbsite were selected as the representative
sites because (i) the reducing Leederville aquifer contained
high aluminum content (9.5 ± 5.7 wt % Al as Al2O3);

47 and
(ii) based on the calculated saturation index, the Leederville
aquifer was also found to be in equilibrium with microcrystal-
line gibbsite (SI = −0.05 ± 0.24).55 The initial estimates for
the intrinsic equilibrium constants for the surface complexation
reactions in the Leederville aquifer were assumed to be equal
to those for gibbsite, based on Karamalidis and Dzombak for
an ionic strength (I) of 0.001 M,54 which corresponded
approximately to the ionic strength of the injectant. Where
intrinsic equilibrium constants were not available for I = 0.001
M, equilibrium constants determined for higher ionic strength
were adopted as initial estimates in the SCM.

Model Calibration Procedure. For the reactive transport
model developed in the present study, the adjustable
parameters (Tables 2 and S4) included (i) the initial
concentrations of CFA, DCPsurface, cation exchange sites,
and composite surface complexation sites in the Leederville
sediments, (ii) the selectivity coefficient for the CFA exchange
reaction (reaction 1), (iii) the equilibrium solubility product
for DCPsurface (reaction 2), and (iv) some of the equilibrium
constants for the surface complexation reactions. The
parameters were initially selected based on literature values
and sediment characterization results, where available, then
further adjusted to minimize the sum of the squared residuals
between model results and field observations while still
adhering to the literature values as closely as possible.
Following an initial manual trial-and-error step, the parameters
were further refined during automatic calibration using
PEST++.56 The observation data used to constrain the
automatic calibration consisted of dissolved fluoride, phos-
phate (measured as filterable reactive phosphorus, FRP),
calcium, and pH measurements from all the monitoring
locations over the 4-year experimental period. The procedure
of observation weight assignment was adopted from Sun et
al.57 Additional details of the model calibration procedure are
provided in the SI section S3.

■ RESULTS AND DISCUSSION
Observed Breakthrough Behavior of Fluoride and

Phosphate. During the field injection experiment, pulses of
elevated groundwater fluoride (12−58 μM) and phosphate
(3.9−55 μM) concentrations were observed at all monitoring
locations (Figure 1). Although fluoride and phosphate were
released over the entire depth of the injection interval, a slight
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increase in released concentrations with depth was observed.
The fluoride and phosphate release occurred upon injectant
breakthrough in association with the sharp declines in
groundwater calcium concentrations caused by the low-ionic-
strength and thus low-calcium injectant (Figure 1 and
Table 1). The pulses of elevated fluoride and phosphate
concentrations also coincided with a slight increase in pH.
During injectant breakthrough, groundwater fluoride concen-

trations tended to rise marginally earlier than phosphate
concentrations. The observed pulses broadened with increas-
ing radial distance from the injection well. However, neither
peak fluoride nor phosphate concentrations increased appreci-
ably beyond 60 m from the injection well (Figure 1).

Observed and Simulated Spatiotemporal Evolution
of Geochemical Zonation. On the basis of previous work16

and the model-based analysis of the observations in this study,

Figure 2. Simulated length profiles at a depth interval of 161−162.4 mBGL in the central section of the recharged Leederville aquifer at selected
times after the injection started. Blue, red, green, and yellow shading in the background mark geochemical zones Z1−Z4, respectively.
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pyrite oxidation, pH buffering, and net exchange of calcium
onto the sediment cation exchange sites were identified as the
most important reactive processes affecting the hydrochemistry
in the recharged Leederville aquifer. These geochemical
reactions, coupled to the physical solute transport processes,
can explain the observed breakthrough behavior of the major
ions, pH, redox-sensitive trace species, fluoride, and phosphate
at the monitoring wells. The breakthrough behavior of many
major ions and redox species were already matched and
quantified by our previous model simulations, as discussed in
detail in Seibert et al.16 In this study, the reactive transport
model was further refined to provide insights into the temporal
evolution of the geochemical zonation as a prerequisite for the
subsequent identification of the critical controls for the fate of
fluoride and phosphate. The results of the calibrated reactive
transport model show the formation and dynamic progression
of four distinct geochemical zones along the radial direction.
Starting from the injection plume front and moving inward to
the injection well, the four zones Z1−Z4 are highlighted by
respective shadings in Figure 2.
At the injection plume front, the transition between the

native and the injection-impacted groundwater compositions
marks the geochemical zone Z1 (blue shading). Within Z1, the
concentrations of most of the major ions sharply decrease,
because the highly treated, low ionic strength recycled water
actively displaces the native groundwater. For example,
dissolved calcium concentration decreased from the native
groundwater concentration of ∼630 μM to only 3−7 μM
within Z1 (Figure 2m−p). At the injection plume front, the
Ca/Na molar ratio on sediment exchange sites, denoted as
CaX2/NaX, is ∼1.6, which is similar to the ratio occurring in
the native Leederville aquifer, indicating that minimal cation
exchange occurred in Z1 (Figure 2q−t).
Upstream of the active transition zone Z1, a second zone Z2

develops (red shading). This zone is characterized by the
presence of consistently low ionic strength groundwater as a
result of the displacement of the native groundwater. In Z2,
dissolved calcium concentrations remained low at ∼3−7 μM
(Figure 2m−p) while the pH increased slightly (Figure 2i−l).
The proportion of calcium that partitions onto cation exchange
sites is high (∼99.8%) (Figure 2u−x), and the CaX2/NaX ratio
is increased by ∼25% to approximately 2.0 (Figure 2q−t). This
indicates that calcium was gradually exchanged for sodium on
the sediments. The extent of Z2 became wider over time, and
its width increased to over 100 m after 800 days from the start
of injection.
Further toward the injection well, zone Z3 (green shading)

is characterized by somewhat elevated calcium concentrations
(50−70 μM), an order of magnitude higher than that of Z2,
and a cation exchange site occupancy that significantly differs
from the composition that was originally in equilibrium with
the native groundwater. This zone shows distinctly increased
CaX2/NaX ratios on the cation exchange sites (∼10−15,
Figure 2q−t), as sodium was successively displaced from the
exchanger, mostly by protons (denoted as HX, Figure 2y−ab).
The protons were generated near the injection well due to
pyrite oxidation (and the associated iron(III) hydrolysis) and
advected into Z3. The uptake of protons on the sediment
exchange sites in Z3, referred to as proton buffering, effectively
buffered the acidity and maintained the circumneutral pH of
the recharged Leederville aquifer.16 Due to the higher
selectivity for higher valence ions under the induced low
ionic strength conditions, the fraction of calcium and

magnesium on the cation exchange sites did not change in
Z3 (Figure 2y−ab).
The innermost zone Z4 (yellow shading) is the zone where

the oxic injectant triggers pyrite oxidation and, hence, acid
generation.9,16,58 The extent of this zone remains limited to
<15 m around the injection well, with dissolved oxygen
becoming rapidly depleted. Inside Z4, all major cations were
almost entirely displaced from the exchange sites by protons
(Figure 2y-ab). Consequently, the buffering capacity within
this zone was rapidly exhausted.

Simulated Fluoride Transport Behavior. The simulated
fluoride breakthrough curves reproduced the observed fluoride
breakthrough behavior at most of the monitoring wells
(Figure 1). Both observed and simulated fluoride breakthrough
concentrations are the result of a combination solute transport
and reaction processes. The simulation of the flow and physical
transport processes already accounts for many of the
hydrogeological complexities such as the highly variable flow
rates and the strong vertical heterogeneity. Nevertheless, some
of the deviations between simulated and observed concen-
trations were most likely induced by simplifications (e.g.,
laterally homogeneous hydrogeological conditions) and
structural errors in the geological model and the associated
inaccuracies in the simulated physical transport behavior (e.g.,
for BY04 and BY20).58 In addition to physical transport, the
two reactive processes that were hypothesized in our
conceptual and numerical models to regulate spatiotemporal
groundwater fluoride concentrations were (i) the CFA
dissolution/precipitation reaction (reaction 1) and (ii) fluoride
adsorption on the sediment surfaces. The modeling results
suggested that the latter process had no measurable impact on
the fluoride transport behavior (i.e., the fluoride breakthrough
curves were found to be almost identical with or without
fluoride surface complexion reactions, Figure S5), and fluoride
water-sediment partitioning was primarily controlled by CFA
equilibria. Radial profiles of dissolved fluoride show that the
front end of the fluoride plume is located within geochemical
zone Z1, i.e., within the active transition zone close to the
injectant plume front; and the back end of the fluoride plume
is located near the interface between Z2 and Z3 (Figure 2).
The profiles of the integrated rates of CFA concentration

change (Figure 2ac−af, negative values indicate CFA
dissolution, positive values indicate precipitation) show that
CFA dissolution initially occurs in Z4 (Figure 2ac). However,
after 100 days, the majority of the release occurs within Z2 and
in particular near the Z2/Z3 interface (Figure 2ad−af). With
the Z2/Z3 interface being identified as the main “source zone”
for fluoride release, this implies that the elevated groundwater
fluoride concentrations in Z1 and Z2 (i.e., beyond the Z2/Z3
interface) resulted from the combination of active local release
at larger radial distances and, at some locations more
importantly, the advective-dispersive physical transport of the
already released fluoride. Interestingly, the calculated rates of
CFA concentration change also suggest that specifically within
Z3, the precipitation of CFA occurs, which locally reduces
dissolved fluoride concentrations. The spatial CFA dissolution
patterns are also demonstrated by the simulated fluoride
concentrations on CFA (Figure 2ag−aj, concentrations below
the initial concentration indicate that fluoride release has
occurred). The simulated concentrations along the profile
illustrate that a complete depletion of fluoride on CFA has
occurred within Z4, i.e., in the direct proximity of the injection
well. Fluoride release within Z1 and Z2, i.e., near and just
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behind the injectant plume front is generally negligible, except
for shortly after the start of the injection. This is because the
injectant that is being transported behind the plume front has
quickly reached its new equilibrium with CFA locally within
the aquifer. Overall, these model-based findings suggest that
although CFA dissolution occurred to some extent due to the
injection, such CFA dissolution still would not lead to
detrimental level of fluoride contamination in the Leederville
aquifer.
Key Controls on the Release and Attenuation of

Fluoride. Among the many interrelated processes that
occurred during the field injection experiment, the processes
affecting the fate of calcium and pH played a key role in the
release and attenuation of fluoride, as they most significantly
disturbed the prevailing geochemical equilibrium between the
native groundwater and CFA (reaction 1). Cation exchange
and its impact on dissolved calcium concentrations were the
major controls for the times and locations of elevated fluoride
concentrations in this field injection experiment. This finding
can be illustrated by a variant of the final calibrated model, in
which the calcium exchange reaction with the sediment
exchange sites was omitted from the reaction network, while
an artificial (“ghost”) calcium species was added in the model
at a concentration that was equivalent to the calcium
concentration in the injectant to ensure that in this model
variant, V1, other than calcium itself being excluded, cation
exchange processes involving all the other cations could still
operate in the same way as in the final calibrated model, V0
(see SI section S4 for further details on the model variants).
While V0 closely reproduces the breakthrough behavior of pH,
calcium, and fluoride, model variant V1 shows significantly
retarded release of fluoride (Figure 3a−c). These modeling

results highlight that the net exchange of calcium onto
sediment exchange sites significantly regulated dissolved
calcium concentrations, and consequently, CFA solubility.
The effect of pH on fluoride release was investigated by two

additional model variants, V2 and V3. In these two model
variants, the pH of the injectant was artificially buffered to the
lowest (pH 7.1, V2) and highest (pH 7.7, V3) pH values that
were observed within the injection impacted aquifer zones,
respectively (Figure 3a−c, g−i), while calcium exchange
reaction was included in these variants in the same way with
the final calibrated model (V0). On the basis of comparisons
between V0, V2, and V3, the magnitude of fluoride release
increases as pH decreases (Figure 3a−c).
To further illustrate the influence of groundwater calcium

concentrations and pH, we considered a simplified batch
system where dissolved fluoride is in equilibrium with CFA,
and computed fluoride concentrations under varying calcium
concentrations, solution pH, as well as the amount of CFA in
the native aquifer (see SI section S5 for the detailed
calculations). In this batch system, while dissolved calcium
concentrations increased from 1 to 10 μM, dissolved fluoride
concentrations decreased more than 10-fold (Figure 4). The
model-simulated groundwater fluoride concentrations in Z2
and Z3 were taken from the final calibrated model (V0) at 800
days and also plotted on Figure 4. Elevated groundwater
fluoride concentrations in Z2 (pH 7.7) correspond to low
calcium concentrations, while substantially lower groundwater
fluoride concentrations in Z3 (pH 7.1) are associated with
elevated calcium concentrations. With a 0.6 unit increase in the
solution pH, dissolved fluoride concentrations decrease over 1
order of magnitude. Alternatively, the concentration of CFA in
the native aquifer plays a smaller role on dissolved fluoride

Figure 3. Breakthrough curves at selected monitoring wells from the central section of the recharged Leederville aquifer for different model
variantsV0: final calibrated model, V1: no calcium exchange reaction, and V2: pH 7.1 and V3: pH 7.7. More details on model variants are given
in SI section S5. Solid and dashed lines are simulation results, and symbols represent the observations.
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concentrations, as shown by the cases where a 20% reduction
in initial CFA concentration lead to ∼3 times lower dissolved
fluoride concentrations. These results show that the elevated
fluoride concentrations occurring in a narrow range of
chemical composition (low calcium concentration and slightly
alkaline pH) are related to the CFA exchange equilibrium
constant (reaction 1) and local hydrochemistry. A small
variation of the chemical compositions from the Z2/Z3
boundary and across the Z2 zone explain the observed broad
peak of fluoride.
Key Controls on the Release and Attenuation of

Phosphate. Similar to the case of fluoride, the release of
phosphate was also initiated by the injection-induced
disturbance of the geochemical equilibrium that originally
persisted between the native groundwater and the DCPsurface
(Reaction 2). Accordingly, the transport of calcium and its
exchange reaction with the sediment exchange sites play an
equally important role on controlling the times and locations
of phosphate release. The longitudinal profiles show that the
initially prevailing DCPsurface dissolves completely in
conjunction with the decrease of calcium concentration during
breakthrough of the injectant in Z1 (Figure 2ak−an). A similar
phosphate release process, under low ionic strength conditions,
that was observed in this MAR study in fact also occurs in

many other environmental systems. For example, when low
ionic strength rainwater infiltrates soil systems, phosphate
release to soil porewater sometimes occurs because divalent
calcium ions preferentially partition onto soil cation exchange
sites and trigger the dissolution of otherwise insoluble apatite
minerals.59

Although the fate of phosphate in aquifers is often regulated
by surface adsorption,19,60 similar to the case of fluoride, the
mobility of phosphate in this field injection experiment does
not appear to be affected by adsorption on the sediments. The
impact of the sorption reactions is illustrated by the
comparison of the simulation results of the final calibrated
model, V0, and model variant, V4, in which the SCM was
omitted from the model framework (Figure S5). The results of
model variant V4, without the surface complexation reactions,
show almost identical phosphate breakthrough behavior with
V0. The fact that the model could reproduce the observations
on phosphate without a SCM suggests that phosphate has a
low affinity for sediment surfaces in the Leederville aquifer.
This is possibly because the pH sorption edge for phosphate
on the sediments is below 7.1, which is consistent with gibbsite
and some clay minerals abundant in the Leederville
aquifer.54,61

■ IMPLICATIONS
In this study, the model-based interpretation of a field MAR
experiment that injected low ionic strength recycled water into
a CFA-bearing aquifer has isolated which of the multitude of
coupled physical and geochemical processes exert a key control
on the elevated fluoride concentrations in the groundwater.
Our process-based reactive transport model has highlighted the
important role of cation exchange reactions on dissolved
calcium concentrations and the associated fluoride and
phosphate release. The insights obtained from the model
suggest that the majority of the fluoride and phosphate release
occurred in the early stages of the injection, and that the
release would most likely not lead to uncontrollably high
groundwater fluoride concentrations in the recharged aquifer.
Therefore, there is a low risk that large-scale application of
MAR could create a concerning level of fluoride contamination
at the study site.
Furthermore, on the basis of the conceptual and numerical

model framework that was established in this study, predictive
modeling can now be employed to assess possible mitigation
strategies that would allow to ensure water quality in this MAR
system. For example, the model can be used to predict whether
undesirable water-sediment interactions could be suppressed

Figure 4. Dissolved fluoride concentrations (in log scale) as a
function of dissolved calcium concentration where the aqueous
solution is in equilibrium with CFA in a batch system. Solid lines
represent the case where the pH is 7.7, while dotted lines represent
the case where the pH is 7.1. Blue lines present the case that the initial
CFA concentration is set equal to average initial concentration in the
reactive transport model, and red lines indicate the case where 20%
reduction of the initial CFA concentration are used. Circles represents
the concentrations computed by the reactive transport model for the
geochemical zones Z2 and Z3 for a simulation time of 800 days.
Further details on the calculations are provided in SI section S5.

Figure 5. Simulated concentrations of fluoride, phosphate, and calcium for a model scenario (thin dashed lines) in which the injectant was
amended with 500 μM CaCl2 in comparison with the corresponding results obtained with the final calibrated model (thick transparent lines).
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through the controlled manipulation of the injectant
composition. For the present study, we investigated a calcium
amendment scenario aimed at reducing fluoride and phosphate
release. In this predictive model scenario, 500 μM of calcium
chloride (CaCl2) was added to the highly treated recycled
water (Table 1). The salt CaCl2 was selected as a possible
amendment because it is highly soluble and commonly
produced industrially for a variety of uses including as a food
additive. The modeling results demonstrate that the addition
of 500 μM CaCl2 could lead to a significant reduction in the
magnitude (∼70−80%) of the fluoride and phosphate pulses
(Figure 5). The possible benefits of amending calcium to low
ionic strength injectants were also previously shown by
Borgnino et al.,62 who found that calcium amendment could
limit fluoride release from FAPs. Nevertheless, the predictive
model scenario in this study, which used CaCl2, should be
regarded as an illustrative example for demonstrating the
usefulness of a process-based modeling approach. The best
choice of chemical amendment for mitigating fluoride release,
while avoiding potential unintended impacts on the ground-
water quality, will require a site-specific assessment that
incorporates engineering and cost constraints.63 Fluoride-
bearing apatite minerals, including CFA and FAP, are present
in many aquifers worldwide. To prevent geogenic groundwater
fluoride contamination by MAR and other water management
schemes in these types of aquifers, it is important to avoid the
potential of water-sediment disequilibria due to processes
affecting dissolved calcium concentrations.
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