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ABSTRACT: Managed aquifer recharge (MAR) enhances freshwater
security and augments local groundwater supplies. However, geo-
chemical and hydrological shifts during MAR can release toxic,
geogenic contaminants from sediments to groundwater, threatening
the viability of MAR as a water management strategy. Using reactive
transport modeling coupled with aquifer analyses and measured water
chemistry, we investigate the causal mechanisms of arsenic release
during MAR via injection in the Orange County Groundwater Basin.
Here, injection water is oxygenated, highly purified recycled water
produced by advanced water treatment. Injection occurs via a well
screened at several depth intervals ranging from 160—365 m, allowing
recharge into multiple confined horizons (zones) of the aquifer system.
However, these zones are characterized by varying degrees of prior
oxidation due to historic, long-term infiltration from the overlying aquifer. The resulting sediment geochemical heterogeneity
provides a critical control on the release (or retention) of arsenic. In zones with prior oxidation, As mobilization occurs via arsenate
desorption from Fe-(hydr)oxides, primarily associated with shifts in pH; within zones that remain reduced prior to injection, As
release is attributed to the oxidative dissolution of As-bearing pyrite. We find that As release can be attributed to various geochemical
mechanisms within a single injection well owing to geochemical heterogeneity across the aquifer system.
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H INTRODUCTION bearing minerals and/or reduction of arsenate to arsenite.” ™’

Phosphate caused the competitive desorption of arsenic during

Managed aquifer recharge (MAR) has become a widely used 3
injection of treated aerated groundwater in The Netherlands.

water management option as it yields many benefits including

increased resilience to water supply variability and climate Similarly, As release was attributed to phosphate ligand
extremes.””> However, recharging water of differing chemical exchange on Fe-(hydr)oxide surfaces during injection in South
composition than the ambient groundwater will alter the native Australia.”"’ Increasing pH triggered the desorption of As
geochemistry of an aquifer and can cause the mobilization of during infiltration of high quality recharge water in the San
naturally occurring contaminants. Arsenic is a particular Joaquin Valley, California."!

contaminant of concern at MAR sites due to its toxicity to During the injection of oxygenated water into deep,
human and ecosystem health and its ubiquity in sediments previously anoxic aquifers, shifting redox conditions control
around the world. Arsenic release is particularly detrimental to the cycling of arsenic. Arsenic is repartitioned from As-bearing
MAR if recharge water is to be recovered for potable use. Given a sulfidic minerals (primarily via oxidative dissolution of arsenian
drinking water guideline of 10 HE L_1,3 even low concentration Pyrite and arsenopyrite) to adsorption sites on freshly
pulses, on the order of a few yg L™, are enough to jeopardize precipitated Fe-(hydr)oxide surfaces. The potential for As
drinking water supplies and render groundwater storage sites release then depends on the stability of the surface complexes
unusable without further treatment for As. An understanding of and host minerals. During aquifer storage and recovery (ASR),

the fundamental geochemical and hydrological processes
controlling As mobilization and potential attenuation is critical
for determining the scale and longevity of the problem and
developing mitigation strategies for protecting groundwater
quality.

Various geochemical mechanisms have been observed to
cause the release of naturally occurring As from sediments to
groundwater during MAR.* Typical causal mechanisms include
(i) competitive desorption, (ii) pH-promoted desorption, and
(iii) shifts in redox conditions causing the dissolution of As-

groundwater redox conditions can cycle between oxic or suboxic
to sulfate reducing conditions causing cyclic repartitioning of
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arsenic as observed at injection sites in Florida, USA."*™'® At an
injection site in The Netherlands, the oxidation of arsenopyrite
resulted in formation of Fe-(hydr)oxides but kinetically limited
oxidation of dissolved arsenite to arsenate minimized
adsorption: a result of the lower binding affinity of arsenite
than arsenate for Fe-(hydr)oxides."”

Here, we examine As mobilization during MAR via injection
of purified, recycled wastewater in Orange County, CA, USA as
part of Orange County Water District’s (OCWD) Groundwater
Replenishment System (GWRS). The GWRS produces potable,
high-purity, recycled wastewater which is used for MAR via both
infiltration and direct injection into a deep, confined aquifer.
Previous work focused on As dynamics during surface
infiltration of GWRS water and showed that low concentrations
of divalent cations can trigger localized desorption of As(V)
oxyanions from phyllosilicate clays.'"® Here, we study the
geochemical processes occurring during injection into a deep
(>150 m), confined aquifer system via a multiscreened injection
well. At this site, different zones of the aquifer are characterized
by varying degrees of prior oxidation due to historic, long-term
infiltration from the shallow, overlying aquifer.

Constrained by a comprehensive set of field observations, we
use 3D reactive transport modeling to understand and analyze
the various pathways of As mobilization and immobilization
occurring in this vertically heterogeneous aquifer. We
demonstrate that As mobilization cannot be attributed to a
single causal mechanism but rather to the occurrence of multiple
geochemical pathways that dominate As release at different
depths within the aquifer system tapped by a single injection
well. This study also illustrates how MAR sites can provide
unique opportunities to study field-scale As mobility under well-
controlled geochemical and hydrological conditions.

B MATERIALS AND METHODS

Study Site. Orange County Water District’s (OCWD)
Groundwater Replenishment System currently operates as the
largest advanced treatment facility in the world with a
production capacity of 100 million gallons per day (MGD).
Recycled wastewater for indirect potable reuse is produced using
primary and secondary treatment, followed sequentially by
microfiltration, reverse osmosis, advanced oxidation with
ultraviolet disinfection, partial decarbonation, and lime addition
and is then used for MAR via both infiltration and injection. The
recharge water is high purity and highly oxidizing compared to
the native groundwater in the injection area (Table 1). In May
2015, OCWD began operating a pilot injection well to assess the
teasibility of direct injection into deeper, confined zones of the
basin. The injection well is screened at multiple depths, ranging
over 161—364 m. Two nested monitoring wells are located 27
and 196 m down gradient from the injection site in Fountain
Valley and Santa Ana, CA (Supporting Information, Figures S1
and S2). Monitoring well boreholes were constructed with a
rotary drill rig using a reverse-circulation method. The first
nested wells (27 m down gradient from injection) are screened
at four depth intervals, 179.9—182.9, 210.4—216.5, 243.9—250,
and 335.4—339.9 m. The 196 m down gradient well includes
three nested monitoring wells, corresponding to depth intervals
of 180.5—183.5, 205.8—210.4, and 335.4—338.4 m. The two
nested monitoring wells are screened in the same aquifer depths
corresponding to screened intervals of the injection well
(181.4—184.5, 201.2—216.5, 335.4—341.5 m). Collectively,
these monitoring points track water quality evolution within
four different hydrostratigraphic units (or zones) of the basin.
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Table 1. Average Aqueous Chemistry of Recharge Water and
Native Groundwater in the Injection Area

Native injection area

Recharge
Parameter water Zone 1 Zone 2 Zone 3

pH 8.6 7.6 7.5 7.6
Temperature 24-29.5 20.5 20.5 20.5

49
Dissolved oxygen 0.1875 0.09 0.094 0

(mM)
Total organic 0.0115 0.0196 0.0081 0.0125

carbon (mM)
As (uM) 0 270X 1072 0 2.70 X 1072
HCO;~ (mM) 0.623— 3.23 3.23 323

0.705%
CO;*™ (mM) 0.033 <0.01 <0.01 <0.01
Ca® (mM) 0.225—0.35 1125 1.125 1.125
Cl~ (mM) 0.248—0.36 0.44 0.475 0.45
$0,2” (mM) 5.00% 1073 0.4 0.427 0.468
NO;~ (mM) 0.129 0.016 0.032 0
PO, (mM) <0.0003 0.001 0.0006 0.0003
Depth (m) 161-192 206— 344-350
217

Injection fraction 7.5 38 10

(%)
Pyrite (mg kg™") 0-516.3 0 716.8

arps . .
Time varying concentrations.

Injection occurs continuously at approximately 1.5 MGD with
slight variations in the injection rate (Supporting Information,
Figure S3). Injection has resulted in the mobilization of low
concentrations of As (shifting from <2 ug L™" prior to injection
and <8.6 ug L™" post injection) from sediments to groundwater.
Here, we examine the observed shifts in geochemistry during
injection and the causal mechanisms of As release at different
depths within the multiaquifer system. We focus on three zones
of the multiaquifer system corresponding to depth intervals of
161—-192, 206—217, and 344—350 m, with each characterized
by distinct geochemical conditions including ambient redox
environment and abundance of pyrite and Fe-(hydr)oxides.

Sediment Analysis. Sediment samples were collected from
drill cuttings during the installation of a nested monitoring well
located 196 m down gradient of the injection well. Drill cuttings
were sampled at approximately 1.5 m depth intervals from 161
to 364 m depth and stored at 4 °C. Samples were dried at room
temperature, disaggregated by gentle grinding, and analyzed for
bulk C and N contents (Carbo Erba CN Elemental Analyzer)
and bulk As, Fe, and S contents (Spectro XRF-XEPOS X-ray
fluorescence spectrometer). To better characterize the ambient
geochemical conditions that prevailed prior to the start of the
injection experiment, Fe K-edge extended X-ray absorption fine
structure (EXAFS) spectroscopy was conducted to quantify
pyrite concentrations for all samples. A subset of sediments
containing the highest total As concentrations were further
analyzed using As K-edge EXAFS spectroscopy to determine the
chemical/mineralogical state of As. While it was not feasible to
obtain a continuous anoxic core, this was not expected to impact
the total elemental concentrations within the sediments and is
taken into account when interpreting solid-phase speciation
data. For example, quantified pyrite concentrations in the
sediment samples, which had exposure to atmospheric oxygen,
were interpreted as a minimum pyrite concentration present in
the aquifer.

https://dx.doi.org/10.1021/acs.est.0c00794
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Aqueous Sampling of Monitoring Wells. Water quality
samples were collected and analyzed from monitoring wells
approximately every 2 weeks. Field measurements from
monitoring wells included dissolved oxygen, pH, and temper-
ature. Collected samples were analyzed for dissolved concen-
trations of Ca, Fe, Mn, Mg, and Na using inductively coupled
plasma atomic emission spectroscopy (ICP AES), EPA Method
200.7." Dissolved total As was measured using inductively
coupled plasma mass spectroscopy (ICP MS), EPA Method
200.8."” Nitrate was measured by flow injection analysis,
Standard Methods 4500NO3-F.*° Bicarbonate was measured
by titration, Standard Method 2320B.” Sulfate and chloride
were measured by ion chromatography (IC), EPA Method
300.0."

Conceptual/Numerical Model of Flow and Non-
reactive Transport. Previous site characterization provided
an initial, conceptual hydrogeological model and estimates for
spatially varying hydraulic conductivities based on aquifer tests,
well specific capacity, and lithologic data (Supporting
Information, Table S1 and Figure S4). The aquifer section
targeted for injection consists of 11 distinct hydrostratigraphic
units (also referred to as zones) composed of sand and gravel,
separated by lower conductivity silt and clay layers, which were
explicitly considered as separate layers. Groundwater flow was
dominated by the injection fluxes into the receiving layers with
negligible vertical flow across confining layers. The injection
volume fraction received in each layer was estimated based on a
downhole spinner survey conducted in the injection well
Hydraulic conductivities were calibrated to match observed
heads at the monitoring wells. Chloride and temperature were
used as intrinsic tracers to calibrate dispersion coeflicients and
porosities. Both were varying with time in the injection water
(temperature showed seasonal variations and chloride varied
due to varying influent water quality and treatment processes as
shown in Supporting Information, Figures SS and $6).
Groundwater flow and reactive transport models were
implemented using MODFLOW”' and PHT3D.”* Additional
information on model development and calibrated parameters
are available in Supporting Information, Table S1. The model
simulations focused on three distinct “zones”, or hydrostrati-
graphic units, which exhibit distinct geochemical characteristics.
Zone 1 spans a depth of 161—192 m and receives ~7.5% of the
injection volume, Zone 2 spans 206—217 m depth and receives
~38% of the injection water, and Zone 3 is at a depth interval of
344—350 m and receives ~10% of the injection volume. The
remaining injection water recharges units of the aquifer which
do not have corresponding monitoring wells and therefore are
not further analyzed in this study. Modeling was conducted in
3D under fully transient conditions.

Reaction Network. The reaction network that was
employed in this study evolved from previously developed
reaction networks for As release and transport at recharge sites in
The Netherlands and Florida, USA.'%"7 Briefly, the main redox
process that occurred during injection was the kinetically
controlled oxidative dissolution of pyrite by dissolved oxygen
and nitrate, simulated as*> %’

0.67
C
‘)

A
0.5 0.5 —0.11 —10.19 "pyr
P = | (CSS + CRE) e [10 —)[
pyr

|4

where Cp,, Cyp,- and Cy are the concentrations of dissolved

A, /V is the ratio of

oxygen, nitrate, and protons, respectively. A,
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mineral surface area to solution volume and is taken to be 115
following Wallis et al. (2010); C/C, is the ratio of pyrite
concentration to initial concentration. The release of arsenic
results from the kinetic oxidative codissolution of arsenopyrite
which is modeled as stoichiometrically linked to the dissolution
of pyrite. Initial pyrite concentrations are estimated from the Fe
K-edge EXAFS results and calibrated to fit dissolved oxygen and
arsenic observations. The stoichiometric ratio is calculated using
the molar ratio of pyrite and As. Additional information on input
mineral concentrations and expanded modeling methodology is
available in Supporting Information, Tables S2 and S3.

In addition to pyrite oxidation, the precipitation of Fe-
(hydr)oxides and the subsequent sorption of mobilized As(III)
and As(V) onto the Fe-(hydr)oxides was included in the model.
The freshly formed Fe-(hydr)oxides were represented as
ferrihydrite, and its precipitation was simulated as an
equilibrium-controlled process. We include the surface complex-
ation reactions for As(III) and As(V) sorption to ferrihydrite as
described in Dzombak and Morel using weak sorption sites with
a site density of 0.2 mol mol ™" ferrihydrite and a surface area of
600 m* g~'.** We exclude the competitive adsorption effects of
phosphate and carbonate in the implemented reaction network
owing to the low or nondetectable concentrations of these
species in both the injection water and the monitored
groundwater (Table 1). Carbonate concentrations were non-
detectable (<0.01 mM) in monitoring well samples for the
modeled time period (Supporting Information, Figure S7).
Phosphate concentrations in the monitoring wells were
generally nondetectable (<0.0003 mM) with small variations
reaching a maximum of 0.002 mM (Supporting Information,
Figure S8). It was therefore assumed that these species were
unlikely to appreciably compete with arsenate for adsorption on
Fe-(hydr)oxide surfaces with the arrival of injection water.

Aqueous concentrations in the native groundwater and solid-
phase characterization results were used to define the initial
conditions prior to the start of injection (Table 1). These
conditions varied with depth while being laterally homogeneous.
In layers that showed evidence of prior oxidation, solid-phase As
was modeled as arsenate adsorbed to ferrihydrite. In initially
reduced layers, solid-phase As was modeled as arsenopyrite with
initial concentrations corresponding to solid-phase analyses.
Arsenite and arsenate were decoupled from the general redox
equilibrium as oxidation of As(IIl) to As(V) was considered
kinetically controlled. The inclusion of previously used rates of
oxidation of As(III) to As(V) by dissolved oxygen had no effect
on simulation results and was therefore not included.

Calcite dissolution was modeled as an equilibrium controlled
reaction which buffered pH during injection. Previous geo-
chemical assessments of the site observed the presence of calcite
using scanning electron microscopy and found the ambient
groundwater to be supersaturated with respect to calcite.”
Initial calcite concentrations in the model were set to ensure an
infinite calcite source during the simulation period as described
in Supporting Information and shown in Table S2.

Finally, the oxidation of dissolved organic matter by various
electron acceptors was also considered, assumed to occur locally
during injection, and modeled following a commonly employed
Monod-type rate expression
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Figure 1. Bulk solid-phase concentrations of As (mg kg™"), Fe (mgkg™"), S (mg kg™"), total C (%) as determined using XRF (As, Fe, S), elemental

analyzer (C), and pyrite concentrations quantified using EXAFS.

MBI

1100

SAR-11

Figure 2. Chloride concentrations (mM) after 238 days of injection. The injection well is labeled as MBI, and SAR-10 and SAR-11 represent 27 m and
196 m down gradient monitoring wells, respectively. Blue zones on MBI well indicate screened injection intervals while red zones on SAR-10 and SAR-

11 indicate screened monitoring depth intervals.

Coz CNo;
ko2 — + kNO3 —
294 X 107" + Co, 1.55 X 107" + Cyo;

poc =

Cso2-
ko o x 107 4 C
: Ny

where ko, kno» ksop- are rate constants for aerobic,

denitrifying, and sulfate-reducing conditions and are equivalent
to 1.57 X 107, 1.67 X 107", and 1 X 107" mol L™ s7},
respectively, as reported in Prommer and Stuyfzand.”* Co,

Cro, and Cgo,>- are groundwater concentrations of DO, nitrate,

and sulfate.

Bl RESULTS

Sediment Analysis and Native Aquifer Geochemistry.
Sediments collected from the aquifer zones that are targeted by
injection show strata with relatively high concentrations of redox
sensitive species, including As, Fe, and S (Figure 1).
Concentrations of As are comparable with global averages in
sediments (3—10 mg kg™' As)® with a maximum of 17.9 mg

https://dx.doi.org/10.1021/acs.est.0c00794
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Figure 3. Observed and modeled changes in groundwater concentration of total As (M), pH, dissolved oxygen, sulfate, bicarbonate, and nitrate
(mM) in Zone 1 (161—192 m) at a monitoring well located 27 m down gradient from the injection well. Blue lines represent reactive model simulation
while green lines show nonreactive behavior for comparison. The vertical gray line represents the beginning of injection.

kg™'. Although sediments were not collected anoxically, pyrite
was observed in several strata, coinciding with the presence of
elevated concentrations of bulk As, Fe and S in the sediments
(Figure 1) and other redox sensitive elements including U, V,
Mn, N (Supporting Information, S9). Additionally, As K-edge
EXAFS confirmed the persistence of As-bearing sulfidic minerals
(data not shown); sediments collected from a depth of
approximately 162 m showed approximately 29% of total
arsenic residing as arsenopyrite, indicating that a considerable
fraction of As resides as arsenopyrite under native aquifer
conditions.

Zone 1 spans a large depth interval, and elevated pyrite
concentrations (reaching up to 498 mg kg™' FeS,) reside in the
top of the zone directly in the uppermost injection screened
interval (161.6—164.6 m), while monitoring well locations are
positioned deeper within the zone (179.9—182.9 m); see
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Figure 2. Surprisingly, groundwater from the monitoring well in
Zone 1 showed a background concentration of dissolved oxygen
(~ 0.1 mM) prior to injection (Figure 3). However, this finding
is consistent with solid-phase data which together suggests that
an oxidized portion of the zone persists below a reduced portion.
Zone 2 has no detectable pyrite with solid-phase As
concentrations below 2 mg kg™ (Figure 4) and an initial
background DO concentration of approximately 0.1 mM. Pyrite
concentrations in Zone 3 reach 716.8 mg kg™" in the injection
interval depth and at monitoring well depths with limited initial
DO (<0.02 mM) in the native groundwater (Figure 5).
Nonreactive Tracers. Prior to examining the geochemical
processes controlling As mobilization, we focus on interpreting
the observed changes in water chemistry between the injection
well and monitoring well SAR-10 located 27 m down gradient,
i.e., the shifts in water chemistry within several days of the start

https://dx.doi.org/10.1021/acs.est.0c00794
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Figure 4. Observed and modeled changes in groundwater concentration of total As (uM), pH, dissolved oxygen, sulfate, bicarbonate and nitrate (mM)
in Zone 2 (206—217 m) at a monitoring well located 27 m down gradient from the injection well. Blue lines represent reactive model simulation while
green lines show nonreactive behavior for comparison. The vertical gray line represents the beginning of injection. For pH, DO, SO,*~, HCO;™, and
NOj;7, nonreactive lines are overlapped by reactive lines indicating these species behave conservatively in this Zone.

of injection (Figure 2). In addition to examining Cl~, we use
field-observed temperatures as an intrinsic tracer to more
reliably constrain the flow and physical transport behavior.

A rapid decrease in Cl™ concentration is observed in all zones,
signaling the arrival of high-purity injection water (Figures
3—S5). Additionally, groundwater temperature increases with the
seasonally varying but continuously warmer, injection water
(Figures 3—S5). We focus on simulated and observed data in the
27 m down gradient monitoring well; the 196 m down gradient
well only begun to receive injection water at the time of the
analysis. The calibrated model replicates the observations from
the 196 m down gradient well (see Figures S10—S12). However,
there is greater discrepancy between simulated and observed
concentrations at the 196 m down gradient well compared to the
27 m down gradient well. This is attributed to the increased
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impact of lateral heterogeneity at farther distances away from the
injection well as shown by geophysical logs (Supporting
Information, Figure S4). The lithologies of the injection well
and 27 m down gradient well are more similar compared to that
of the 196 m down gradient well. The simplifying assumption of
lateral homogeneity is less valid at farther distances from the
injection well.

Injection-Induced Redox Shift and Arsenic Mobiliza-
tion. The heterogeneity in native geochemistry results in
varying reaction mechanisms upon injection of the recharge
water. Zone 1 represents a hydrostratigraphic unit that is
partially oxidized. Although initial DO concentrations are lower
(~0.1 mM) than those in the injection water (~0.2 mM), the
DO concentrations at the monitoring wells decline in response
to injection (Figure 3). Although the monitoring well resides in
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Figure S. Observed and modeled changes in groundwater concentration of total As (uM), pH, dissolved oxygen, sulfate, bicarbonate and nitrate (mM)
in Zone 3 (344—350 m) at a monitoring well located 27 m down gradient from the injection well. Blue lines represent reactive model simulation while
green lines show nonreactive behavior for comparison. The vertical gray line represents the beginning of injection.

an oxidized region within the zone, the injection well is screened
above a reduced aquifer section containing As-bearing pyrite
and dissolved organic carbon (schematic representation in
Supporting Information, Figure S13). Injection results in
vertical displacement of anoxic water above and toward the
monitoring well below. In the injection area of Zone 1, DO
declines while As increases; we capture these changes by
considering the DO consumption by As-bearing pyrite and
dissolved organic carbon. The oxidation of pyritic minerals also
results in the release and observed increase in total arsenic.
Sulfate is significantly flushed out due to the low (<0.5 mg L™")
sulfate concentrations in the injection water. However, observed
sulfate concentrations are higher than those obtained by the
nonreactive simulations (Figure 3) owing to the oxidation of
pyritic minerals and the associated release of sulfate (Figure 3).
While the pH of the injectant is high (~8.6) relative to the native
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groundwater, the oxidation of pyrite and organic matter causes a
decrease in pH. Our simulations are only able to reproduce the
observed pH increase that occurred despite the presence of
pyrite oxidation by including a pH buffering process. For this
site, calcite dissolution was assumed to act as the key buffering
mechanism, similar to a number of other MAR sites.>’ > Other
pH buffering processes of minor importance at this site may
include proton buffering or the dissolution of alumninosili-
cates.”® Aluminosilicate dissolution was excluded from the
reaction network owing to the slower rates of aluminosilicate
dissolution in comparison to calcite dissolution at circumneutral
pH.* Similarly, laboratory-scale experiments using sediments
from an MAR site found that pH buffering by calcite dissolution
was dominant relative to aluminosilicate dissolution.”* While
calcium concentrations were measured and modeled, it was
difficult to use these concentrations as strong constraints for
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calcite dissolution rates owing to the less frequent sampling of
dissolved calcium (Supporting Information, Figure S14). Zone 1
showed approximately 0.1 mmol per liter bulk volume (mol
Ly™") dissolution of calcite (Supporting Information, Figure
S15). The assumption of equilibrium with calcite and the
kinetically controlled oxidation of organic carbon together
provides strong agreement with the measured HCO;~
concentrations. Increasing the rate of nitrate reduction that is
attributed to pyrite and/or organic carbon only decreases the
magnitude of the post breakthrough nitrate concentrations, but
it does not reproduce the field-observed lag in nitrate
breakthrough.

In the case of Zone 2, solid-phase analysis and the preinjection
aqueous chemical composition suggest that extensive oxidation
has occurred prior to injection (Figure 4). After the onset of
injection, DO concentrations increase and stabilize at the
injectant concentration. Given that conservative transport
simulations for sulfate, HCO;~, pH, and DO match the field-
observed breakthrough behavior, this indicates that the
groundwater chemistry is dictated by the injectant composition
rather than the sediment geochemistry. Simulated solid-phase
arsenate concentrations were limited to the As sorbed to Fe-
(hydr)oxides that prevail in that zone. The observed, temporary
increase in dissolved arsenate concentrations coincides with an
increase in pH and a transient peak, which is well matched by the
model simulations. Arsenic concentrations subsequently decline
after the pH-promoted desorption of a labile fraction of As
previously adsorbed on Fe-(hydr)oxides. Nitrate concentrations
are underestimated in our simulations, and observed values are
higher than the injectant concentration indicating nitrate
production within the aquifer. Although the injection water
contains a limited concentration of ammonia/ammonium
(~0.02 mM), the simulation of ammonia/ammonium oxidation
could not reproduce the observed nitrate concentrations
without consumption of dissolved oxygen, which was not
observed.

Finally, Zone 3 represents a horizon of the aquifer that is
initially anoxic (DO levels are below detection), with pyrite and
arsenopyrite residing at the same depths as the injection and
monitoring well screens. Dissolved oxygen remained low
following injection, indicating the consumption of oxygen
during the migration of the injectant (Figure 5). As with Zone 1,
to capture the observed consumption of oxygen, we allow pyrite
and arsenopyrite oxidation to proceed, which produces sulfate
concentrations consistent with observation and higher than the
corresponding nonreactive simulations, which are unable to
reproduce the measured concentrations. The increase and
subsequent decline of dissolved arsenic concentrations is
simulated by the oxidation of a finite, rapidly depleting initial
concentration of arsenic-bearing pyritic minerals, consistent
with the measured low solid-phase concentration of arsenic in
the sediments (<4 mg kg ™). Additionally, the acidity-producing
oxidation of pyrite requires the presence of calcite dissolution in
order to simulate the observed groundwater pH. Zone 3 showed
approximately 0.5 mmol Ly~ dissolution of calcite (Supporting
Information, Figure S15). The greater dissolution of calcite in
Zone 3 is likely attributed to this Zone receiving a larger fraction
of injection water over a smaller zone thickness relative to Zone
1. Similar to Zone 2, breakthrough of NO;™ is underestimated,
again suggesting that a source (inclusive of a generation process)
of NO;™ is present, which is not accounted for in the current
reaction network.
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B DISCUSSION

Mechanisms of As Mobilization. Our combined measure-
ments and reactive transport simulations indicate how strongly
geochemical heterogeneity can impact water quality evolution
during artificial recharge.’® In the case of the Orange County
Groundwater Basin, both partially oxidized and reduced zones
of the aquifer are being simultaneously targeted for injection.
The heterogeneity in redox state exists due to historic, long-term
exposure to oxidized water infiltrating from the overlying
shallow aquifer. As a result, multiple geochemical mechanisms of
arsenic release and mobilization are operative within a single
injection well, resulting in spatially heterogeneous As concen-
trations and also differences in the longevity of the As release.

In previously reduced portions of the aquifer (Figures 3 and
5), the introduction of oxygenated water causes the repartition-
ing of As from reduced As-bearing pyritic minerals to freshly
precipitated Fe-(hydr)oxides. Rather than the induction of an
increase in dissolved arsenic concentrations, a repartitioning
process between solid phases occurs. Thereafter, dissolved
concentrations of As are controlled by the binding of arsenate on
Fe(III)-(hydr)oxides. The adsorbed and steadily accumulating
arsenate is therefore vulnerable to shifts in pH above ~8.5 and
also to the onset of anaerobic/reducing conditions or the
introduction of competing ligands (e.g., phosphate). Decreasing
or eliminating the supply of oxygenated injection water could
reverse redox condition to a reducing environment and
potentially cause the reductive dissolution of As(V)-bearing
Fe(III)-(hydr)oxides; the combined outcome could cause an
increase in As concentrations, as previously observed at ASR
sites in Florida.' Additionally, in these reduced zones, the
adsorption of As to Fe-(hydr)oxides is limited due to the
increasing groundwater pH caused by calcite dissolution.

In contrast, in the oxidized aquifer zones (Figure 4), arsenic
initially resides as arsenate bound to Fe(III)-(hydr)oxides.
Although the injection of oxygenated water does not affect the
redox conditions within the previously oxidized zone, the
mobilization similarly depends on the stability of As(V) on
Fe(III)-(hydr)oxides complexes; the onset of reducing con-
ditions or pH increases above 8.5 could liberate large amounts of
As.

In the case of Orange County, the increase in groundwater pH
during injection to values above 8 results in arsenate desorption
and concomitant increases in dissolved concentrations. Once
the fraction of labile arsenate bound to Fe-(hydr)oxides is
depleted, As release will cease and concentrations will decrease
to below background levels. However, in the oxidized zone, pH
increases are not attributed to calcite dissolution but rather are
controlled by the higher pH of the injectant water.

Behavior of Other Trace Elements. Arsenic poses the
largest threat to groundwater quality compared to the observed
total dissolved concentrations of Zn, Ni, Co, Cu, Mn, V, and Cr
(Supporting Information, Figures S16—S21) and owing to its
low regulatory limit. Cobalt and copper were nondetectable in
all samples. Zinc concentrations fluctuated at low levels (<0.1
umol L") before and after injection and did not show clear
trends with the arrival of recharge water. Similarly, initial
background concentrations of chromium were either non-
detectable or low (<0.06 ymol L™') and generally fell below
detection after injection. The trends in V concentration are
similar to that of As with a larger magnitude (reaching
approximately 5.9 pmol L™"). Similar to the initial release of
As, vanadium is likely liberated to solution by oxidative
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dissolution processes occurring with the arrival of injection
water. While V is not currently regulated in the USA, future
regulation could have compliance implications for MAR sites.

Implications for Groundwater Management. A com-
mon management strategy during MAR is to use a recharge
water chemistry that closely resembles native groundwater.
However, we demonstrate that geochemical heterogeneity can
pose a complex challenge for water managers seeking to
minimize or inhibit metals release and mobilization during
MAR. In the case of geochemical heterogeneity within the target
aquifer, the native water cannot be uniformly replicated, and it
can be challenging to determine a single recharge water
composition that inhibits As mobilization across all aquifer
zones.

Possibly the largest threat of arsenic mobilization comes from
the risk of shifting redox conditions, particularly from oxidizing
(aerated) to reducing conditions. In oxygenated environments,
arsenic, if present, is typically hosted by Fe(III)-(hydr)oxides
that can become subject to reductive dissolution, and liberation
of As, upon the onset of reducing conditions. At our study site,
both oxidized and reduced sediments receive the same injectant
water composition. In previously oxidized systems, the
introduction of oxygenated water will have no effect on redox
chemistry if the water is also void of reductants such as labile
dissolved organic carbon or ammonium. To prevent the onset of
reducing conditions and subsequent As mobilization, the most
cautious action is to maintain these aquifer zones at
continuously oxic conditions.

However, although oxygenated water will preserve conditions
that limit arsenate desorption in oxic zones, it will cause the
oxidative dissolution of As-bearing pyritic minerals in the
reduced zones of the aquifer. In previously reduced aquifers,
adjusting injectant chemistry to remove residual oxidants from
the recharged water may limit As release via oxidative
dissolution of As-bearing pyritic materials. At a recharge site in
Florida, the removal of oxidants (including DO and residual
disinfectants such as chloramines and hydrogen peroxide) from
the treated recharge water via membrane contactors and sodium
bisulfide addition was used to decrease As mobilization in
receiving aquifers.”> Similarly, the deoxygenation of injectant
was found to significantly lower arsenic concentrations at a
(re)injection site in southeast Queensland, Australia.>® Within
the Orange County Groundwater Basin, injection of oxidants
(primarily DO) leads to a short-pulse of arsenic before
reattenuation on sediment minerals, likely freshly formed
Fe(III)-(hydr)oxides. Thus, a shift in solid-phase partitioning
occurs but with no lasting impacts on dissolved arsenic
concentrations, which remain low. However, after repartitioning
from As-bearing sulfides to Fe(III)-(hydr)oxides, dissolved
arsenic concentrations are largely regulated by pH.

In both previously oxidized and reduced aquifer zones of the
injection area, it is therefore critical to maintain pH values below
8.5 to limit pH-promoted desorption from Fe-(hydr)oxides,
which are either previously abundant in oxidized zones or freshly
formed during oxidation of reduced zones. When pH-promoted
desorption occurs, potential mitigation can involve adjusting the
final pH of the treated recharge water to values matching the
native groundwater.36 However, when sediment interactions
control groundwater pH (e.g., via calcite dissolution, acidity
produced by pyrite and/or organic matter oxidation), pH
adjustments to the injectant will have limited effect or must be
adjusted aggressively to counteract geochemical reactions
influencing pH. The feasibility of using pH adjustment as a
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method to minimize As mobilization will depend on the pH
buffering capacity of the sediments, which is additionally a
function of recharge volume and rates: both of which can
potentially be adjusted; a high buffering capacity can be offset by
a greater injection rate and/or more acidic injectant.
Alternatively, when groundwater pH is controlled by calcite
dissolution, a more effective approach can involve increasing
calcium concentrations to increase the saturation of recharge
water with respect to calcite and limit dissolution of carbonate
and subsequent increase in groundwater pH. While pH-
promoted desorption is the dominant control on arsenic
mobilization at our field site, the significance of these processes
and efficacy of the management approaches described above will
depend on various site-specific geochemical conditions
including the ionic composition of the surrounding groundwater
which influences the surface complexation of arsenic on Fe-
(hydr)oxide surfaces. Additionally, operational, site-specific
constraints may affect the feasibility of these management
strategies. For example, the lower pH increases the corrosion
potential of injectate waters with some commonly used
transmission pipeline and injection well materials. Where site-
specific reactive transport models exist, the feasibility of
treatment options and mitigation strategies can be assessed,
compared, and optimized through predictive modeling.

This work highlights the importance and complexity of site-
specific heterogeneity in geochemical conditions causing shifts
in groundwater quality during MAR. Historical groundwater
usage can cause variations in geochemical conditions that affect
MAR operations. Accordingly, it is important to comprehen-
sively characterize target aquifers, consider the history of
aquifers, as well as the resulting geochemical conditions in
addition to natural geochemical heterogeneity, and design site-
specific management strategies aimed at limiting mobilization of
As from multiple release processes during artificial recharge.
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