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• Carbon amendments increased dissolved
organic carbon (DOC) and Mn loads and
decreased N loads relative to native soil
• Carbon amendments promoted N removal
by increasing DOC loads and increasing
the thickness of the saturated zone
• Carbon amendments increased the fraction of N removed at equivalent inﬂowing
N loads
• Microbes capable of carrying out denitriﬁcation increased in relative abundance following inﬁltration
• Water quality and quantity can be improved during inﬁltration for managed recharge
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A B S T R A C T

We present results from a series of plot-scale ﬁeld experiments to quantify physical inﬁltration dynamics and the inﬂuence of adding a carbon-rich, permeable reactive barrier (PRB) for the cycling of nitrogen and associated trace metals
during rapid inﬁltration for managed aquifer recharge (MAR). Recent studies suggest that adding a bio-available carbon source to soils can enhance denitriﬁcation rates and associated N load reduction during moderate-to-rapid inﬁltration (≤1 m/day). We examined the potential for N removal during faster inﬁltration (>1 m/day), through coarse and
carbon-poor soils, and how adding a carbon-rich PRB (wood chips) affects subsurface redox conditions and trace metal
mobilization. During rapid inﬁltration, plots amended with a carbon-rich PRB generally demonstrated modest increases in subsurface loads of dissolved organic carbon, nitrite, manganese and iron, decreases in loads of nitrate
and ammonium, and variable changes in arsenic. These trends differed considerably from those seen during inﬁltration
through native soil without a carbon-rich PRB. Use of a carbon-rich soil amendment increased the fraction of dissolved
N species that was removed at equivalent inﬂowing N loads. There is evidence that N removal took place primarily via
denitriﬁcation. Shifts in microbial ecology following inﬁltration in all of the plots included increases in the relative
abundances of microbes in the families Comamonadaceae, Pseudomonadaceae, Methylophilaceae, Rhodocyclaceae and
Sphingomonadaceae, all of which contain genera capable of carrying out denitriﬁcation. These results, in combination
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with studies that have tested other soil types, ﬂow rates, and system scales, show how water quality can be improved
during inﬁltration for managed recharge, even during rapid inﬁltration, with a carbon-rich soil amendment.

ﬂow (Beganskas et al., 2018; Gorski et al., 2019; Grau-Martínez et al.,
2018b; Robertson et al., 2005).
In addition to nitrogen species, inﬁltration can also affect the cycling of
redox-sensitive metals. As oxygen content decreases, ﬁrst manganese is reduced from MnO2 to Mn2+, then iron is reduced from Fe(OH)3 to Fe2+
(Rivett et al., 2008). During rapid inﬁltration, subsurface conditions may
not become sufﬁciently reducing to dissolve Mn and Fe solid phases and
mobilize these metals. As such, the concentrations of redox-sensitive elements such as Mn2+ and Fe2+, along with nitrogen species, can serve as indicators of redox conditions in the subsurface.
While anoxic environments with high dissolved organic carbon (DOC)
concentrations are favorable for nitrogen removal, they can also facilitate
the release of trace contaminants such as arsenic (As). Arsenic poses a particular risk for MAR systems due to its naturally-occurring ubiquity in soils
and sediments and high toxicity at trace concentrations, with a World
Health Organization (WHO) recommended limit of 10 μg/L (Fakhreddine
et al., 2015; Smedley and Kinniburgh, 2002; World Health Organization,
2017). Under anoxic conditions, the reductive dissolution of geogenic Fe
(oxyhydr)oxides can cause the concomitant release of adsorbed As
(Fendorf et al., 2010). Additionally, the presence of DOC can lead to faster
consumption of dissolved oxygen, promoting reducing conditions and hastening As release. Arsenic contamination has been documented in MAR
projects, most notably in aquifer storage and recovery operations using injection wells due to the abrupt introduction of recharge water and the associated strong contrast in redox potential with native groundwater, but can
also be a concern in inﬁltration basins (Fakhreddine et al., 2015, 2021).
Here we investigate how the presence of a carbon-rich PRB affects both
nitrogen and trace metal cycling during rapid inﬁltration for managed recharge. By investigating nitrogen and trace metal cycling concurrently,
we develop a more holistic understanding of how MAR systems can impact
water quality, and how carbon amendments may be used to improve resource conditions.

1. Motivation and context
More than 2 billion people (35 % of Earth's population) currently face
water stress (Wada et al., 2010), while population growth, shifts in land
use, and climatic change are all increasing global demand for fresh water.
Groundwater is increasingly used to meet this demand in some areas, particularly in times of drought when surface water resources are scarce.
This has led to aquifer overdraft in many regions, contributing negative
consequences such as land subsidence and a loss of storage capacity
(Bouwer, 1977; Herrera-García et al., 2021). Aquifer overdraft has also contributed to reduced water quality. Seawater intrusion is common in coastal
regions and depleted aquifers can serve as terminal sinks for salts, nutrients,
and metals that were previously ﬂushed out by groundwater discharge
(Konikow and Kendy, 2005; Werner et al., 2013).
Many aquifers have the capacity to store more water, and managed
aquifer recharge (MAR), in which excess water is inﬁltrated into shallow
aquifers, is a strategy that can help to replenish groundwater supplies
(Bouwer, 2002; Bouwer et al., 1999; Wendt et al., 2021). Source water
quality varies and can potentially contain or mobilize contaminants that
threaten groundwater quality (Fakhreddine et al., 2021; Tedoldi et al.,
2016). However, MAR systems can also potentially improve groundwater
quality through dilution and/or biogeochemical cycling of contaminants
(Alam et al., 2021; Hartog and Stuyfzand, 2017; Hellauer et al., 2017).
The inﬁltration rate and associated ﬂuid residence time during MAR can inﬂuence redox conditions, carbon utilization, and nitrogen cycling in the
shallow subsurface (Greenan et al., 2009; Halaburka et al., 2017; Hoover
et al., 2016).
Nitrogen contamination is particularly of concern, as nitrate is the most
ubiquitous nonpoint-source groundwater contaminant worldwide and is
well-known to pose ecological and human health risks (Burri et al., 2019;
Van Drecht et al., 2003). Nitrogen cycling during inﬁltration is complex
and involves many pathways, including nitriﬁcation, denitriﬁcation, anaerobic ammonium oxidation (anammox), and dissimilatory nitrate reduction
to ammonium (DNRA) (Chen et al., 2014; Li et al., 2017; Lloréns et al.,
2021; Sebilo et al., 2013). Of the numerous pathways that transform nitrogen, anammox and denitriﬁcation are of particular interest because they result in net, quasi-permanent removal of nitrogen from the hydrologic cycle
(Long et al., 2013; Shan et al., 2016).
Anammox is a microbially-mediated process in which nitrite and ammonium are transformed into inert N2 gas and water under anaerobic conditions. Five genera of the phylum Planctomyecetes are known to carry out
anammox (Strous et al., 1999). Anammox has been observed in a variety
of settings, including marine sediments, ﬂoodplain soils, and wastewater
treatment systems, but has not been extensively studied in MAR systems
(Hoagland et al., 2019; Silver et al., 2018; Welti et al., 2012). Microbially
mediated denitriﬁcation also has been observed in diverse environments,
including in MAR systems under sub-oxic conditions (Ginige et al., 2013;
Yuan et al., 2016). During complete denitriﬁcation, NO−
3 is converted to
inert N2 gas. This can occur when microbes oxidize organic carbon using nitrate as a terminal electron acceptor, with NO−
2 , NO, and N2O as intermediate products (Korom, 1992).
Recent MAR studies, with inﬁltration rates ≤1 m/day, have shown
that nitrate removal via denitriﬁcation can occur during managed recharge (Gorski et al., 2019, 2020; Grau-Martínez et al., 2018a;
Schmidt et al., 2011). However, more rapid inﬁltration for MAR (inﬁltration rates >1 m/day) can entrain oxygen in the subsurface and reduce
the hydraulic retention time in saturated soils, contributing to oxic conditions that potentially hinder both denitriﬁcation and anammox
(Hellauer et al., 2017, 2018; Regnery et al., 2016). Carbon-rich permeable reactive barriers (PRBs) can increase denitriﬁcation and nitrate
load removal during inﬁltration for managed recharge and groundwater

2. Materials and methods
2.1. Study site
This study was conducted at Kitayama Ranch (KTYA) in the Pajaro
Valley groundwater basin, central coast California, at a site that is being
considered for a new MAR basin to be operated by the Pajaro Valley
Water Management Agency (PVWMA). The regional aquifer system is
in overdraft, and both supply and demand management efforts are underway to bring the basin into hydrologic balance (Pajaro Valley Water
Management Agency, 2014, 2021). The site is located on a combination
of eolian, ﬂuvial, and alluvial deposits, adjacent to Monterey Bay (Fig. 1),
with shallow soils classiﬁed as loamy sand (Soil Survey Staff, 2014). Several
recharge projects in the Pajaro Valley are currently being operated, including Kelly-Thompson Ranch (KTR), Storrs Winery (STR), and Harkins
Slough (HSP), all located within 15 km of KTYA (Fig. 1) (Beganskas and
Fisher, 2017; Hanson et al., 2010; Kiparsky et al., 2018; Racz et al., 2012).
2.2. Plot construction and instrumentation
Inﬁltration plots were used to emulate a period of continuous inﬁltration lasting two weeks, as would occur in regional MAR inﬁltration basins
during typical operations (e.g., Racz et al., 2012; Schmidt et al., 2011;
Beganskas and Fisher, 2017). Inﬁltration was controlled during these experiments using a system design developed and discussed in earlier studies
(Fig. 1; Beganskas et al., 2018; Gorski et al., 2019) and summarized brieﬂy
in this section. Inﬁltration tests are commonly run using single- or doublering inﬁltrometers (ASTM:D3385-94, 2009; Bouwer, 2002). Inﬁltrometers
2
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Fig. 1. Site map where plot studies were conducted, at Kitayama Ranch (KTYA), and where previous plot and core studies were conducted at Storrs Winery (STR), Kelly
Thompson Ranch (KTR), and Harkins Slough (HSP) (A). Photo (B) and schematic (C) of the instrumentation installed in each plot indicate the location of temperature
probes, water samplers, stilling well, and ﬂoat switch in each plot.

tend to be relatively small (which contributes to extensive lateral ﬂow), but
the larger the inﬁltration area tested, the greater the fraction of vertical
ﬂow expected to occur; this understanding has motivated numerous inﬁltration tests using plots larger than standard ring and disk inﬁltrometers
(Heeren et al., 2013; Khodaverdiloo et al., 2017; Lucke et al., 2014;
Youngs, 1991). However, larger test areas present practical challenges, including greater construction effort and cost and a larger water supply; the
latter is a particular concern for tests that run for days to weeks, especially
in soils with a high inﬁltration capacity.
Inﬁltration plots used in the present study were designed with these
considerations in mind, having a footprint larger than many inﬁltrometers,
and allowing independent measurements of vertical and total ﬂow (Fig. 1).
Plots with an area of 1 × 1 m were hand excavated to a depth of 1 m below
ground surface (bgs). To reduce lateral ﬂow during inﬁltration, ﬁberglass
walls were installed along plot edges and caulked at corner joints, with
the annulus around the walls sealed with water-activated bentonite. Additionally, instrumentation was installed as close as possible to the center of
each plot, where vertical ﬂow should be most consistent. Additional information on inﬁltration testing and plot construction is described in
Supporting information (S1.1 and S1.2, respectively).
Plots were instrumented to measure bulk (total) and vertical inﬁltration
rates. A stilling well was installed in each plot to measure the water level
with an automated pressure logger. Bulk inﬁltration rates (IRB) were calculated by volume balance based on the change in water level over time when
there was no inﬂow. Vertical inﬁltration rates (IRV) were measured in each
plot using a time-series method with heat as a tracer (Hatch et al., 2006;
Racz et al., 2012) (see SI, Section S1.2). The water level in the plots was
controlled using an automated inﬂow system, including a solenoid on/off
valve and ﬂoat switch. This helped to maintain saturated subsurface conditions during inﬁltration and limited the plot water level to a deﬁned range,
based on travel of the ﬂoat, so that tests could be run continuously for ≥15
days without having personnel on site at all times.

Water for the experiments was diverted into the plots from an irrigation spigot that received ﬂows from a mixture of an on-site groundwater
well and delivered water from a system operated by the PVWMA and the
City of Watsonville. Delivered water was a blend of groundwater recovered from an inland well and recycled wastewater from a nearby MAR
system operated by the agency (Pajaro Valley Water Management
Agency, 2014, 2021). As a consequence of using this mixture of water
sources, inﬂuent water chemistry tended to have elevated solute concentrations (as can occur during MAR using non-standard water
sources), allowing assessment of loads and reactions during rapid inﬁltration. In addition, inﬂuent chemistry was highly variable on an hourly
to daily basis during the experiments (SI, Section S2.2) because source
mixtures changed over time, and experiments in the plots were run serially rather than simultaneously.
One plot was left unamended at the base as a control to test native soil
conditions. Two plots were amended with a carbon-rich PRB, one with a
30-cm layer of redwood chips, obtained from a local landscape supply,
and one with a 30-cm layer comprising a 1:1 mixture of redwood chips
and soil by volume. PRB materials are further described in Supporting information (Section S1.3).

2.3. Soil sampling and analysis
Sediment samples were collected from beneath the base of each plot before and after inﬁltration experiments. Samples were collected at 10 cm intervals to a depth of 1 m below plot base (2 m bgs) and analyzed for soil
texture, total organic carbon (TOC), total nitrogen (TN), and phylogenetic
sequencing of microbial DNA. Microbial samples were collected using sterile techniques and were immediately placed in a liquid nitrogen ﬁeld dewar
for storage, then transported back to the laboratory for storage. DNA samples were kept at −80 °C until extraction.
3
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unique sequencing indices [barcodes] to each PCR amplicon), normalizing
DNA concentrations of each library, and library pooling. The pooled library
was sequenced on the Illumina MiSeq (600 cycles v3 PE300 ﬂow cell kit) at
the University of California, Davis Genome Center. The raw sequence reads
have been uploaded to the National Center for Biotechnology Information
Sequence Read Archive (accession number: PRJNA787642). Methods for
phylogenetic sequencing are further described in Section S1.5.
Sequence reads were separated into amplicon sequence variants (ASVs)
using the DADA2 algorithm and assigned taxonomy using the QIIME database. Soil samples were grouped by treatment (native soil, wood chips, and
1:1 mixture) and timing (collected before inﬁltration began or after inﬁltration was completed) in order to analyze for differences with location and
treatment and changes with time. The phyloseq package (v. 1.22.3) in R
(v. 3.4.3) was used to calculate and visualize beta (between sample) diversity.

2.4. Fluid sampling and analysis
Two nests of ﬂuid sampling piezometers were installed in each plot,
with screens placed just above the plot base, and at depths of 30 cm, 55
cm, and 80 cm below plot base. An additional ﬂuid sampling piezometer
was placed within the PRB layers in the amended plots (Fig. 1C). After inﬁltration began in each plot, ﬂuid samples were collected every 1–2 days from
the surface and subsurface to analyze for selected nitrogen species (NO−
3 ,
+
−
NO−
2 , NH4 ), dissolved organic carbon (DOC), stable isotopes of NO3
(δ15N and δ18O), and metals (As, Fe, and Mn). Samples were ﬁeld ﬁltered
at 0.45 μm and samples collected for nitrate isotope analyses were ﬁltered
again in the lab to 0.2 μm. All ﬂuid samples were stored at −4 °C prior to
analysis.
Nutrient samples were analyzed using a Lachat QuickChem with three
−
+
channels to simultaneously measure NO−
3 , NO2 , and NH4 using colorimetry. DOC samples were analyzed using a Shimadzu TOC Analyzer. Analysis
of sample duplicates, blanks, and laboratory standards indicated that both
instruments were accurate within 2–5 %. Selected samples were sent to
the UC Davis Stable Isotope Facility for analysis of NO−
3 isotopes. Samples
were prepared using the bacterial method and isotopes were measured
using a Thermo Scientiﬁc Delta V Plus IRMS, further described in
Section S1.4 (Casciotti et al., 2002).
Metals samples were preserved with 2 % HNO3 prior to analysis. Metals
samples were analyzed using a Thermo ElementXR High Resolution Inductively Coupled Mass Spectrometer. Analysis of sample duplicates, blanks,
laboratory standards, and standard reference materials (SRM) indicated accuracy for metals of ≤5 %.
Net differences in solute loads, ΔXL (g-N/m2day−1), were calculated for
each day as:
ΔX L ¼ ½Xdepth IRV  ½Xsurface IRV

3. Experimental results and interpretations
3.1. Inﬁltration rates and dynamics
Bulk inﬁltration rates were highest at the start of each test (up to 30 m/
day in native soil, 24 m/day in wood chips, and 22 m/day in the 1:1 mixture) and tended to decrease over time (Fig. 2). The higher initial bulk inﬁltration rates likely resulted, in part, from saturation of shallow pores after
the start of inﬁltration and rapid lateral ﬂow below the walls of the plots
at later times. Over the duration of the tests, average bulk inﬁltration
rates were highest in the native soil and wood chip plots, 14.3 ± 7.2 and
14.3 ± 2.2 m/day, respectively, whereas signiﬁcantly lower bulk inﬁltration rates were observed in the plot with the 1:1 mixture PRB, 7 ± 1.0
m/day (Tables S1, S3). Bulk inﬁltration rates and plot water levels are described in greater detail in Supporting information (Section S2.1).
Vertical inﬁltration rates (IRV) as measured with thermal probes were
rapid, although considerably lower than bulk inﬁltration rates. The highest
IRV values were ~4 m/day in the native soil and 1:1 mixture plots, and ~3
m/day in the wood chip PRB plot (Fig. 2). Over the duration of the tests, average vertical inﬁltration rates were essentially identical for the three treatments: 2.2 ± 0.7 m/day for native soil, 1.9 ± 0.4 m/day for the wood chip
PRB, and 2.2 ± 0.8 m/day for the 1:1 mixture PRB (Table S1). Vertical inﬁltration rates were ~15–25 % of bulk rates, indicating a large component
of lateral ﬂow in shallow soils below the base of plot walls. This last observation is consistent with earlier plot-scale studies (e.g. Beganskas et al.,
2018; Gorski et al., 2019) and for inﬁltration testing more broadly
(Bouwer, 1986; Rice et al., 2013). In inundated ﬁelds and in operating
MAR inﬁltration basins that are much wider than deep, vertical ﬂow is expected to dominate, except adjacent to basin edges and/or where there is
extensive textural layering of shallow soils (e.g., Bouwer, 2002).

(1)

where [X] is solute concentration and IRv is the vertical inﬁltration rate.
“Surface” and “depth” subscripts refer to the inﬂowing water and the
deepest piezometer sampled, respectively. Differences in solute loads with
depth for samples collected during a single day are interpreted in terms of
changes during transport, based on repeated sampling of ﬂuid parcels at
multiple depths (e.g., Lagrangian approach). ΔXL > 0 indicates a net load increase, whereas ΔXL < 0 indicates net load reduction. When discussing nitrogen species, the aggregate nitrogen load in solution is deﬁned as: [N]L
= [NO3]L + [NO2]L + [NH4]L. Net differences in solute concentration
were also calculated, as described in Section S2.3.
For subsurface samples in each plot, reported values of both solute loads
and concentrations are generally the average of two samples collected at
each depth, one from each ﬂuid sampling piezometer. Figures showing cumulative load reduction show the range of values measured when there
were multiple samples collected from separate piezometers. The variability
shown with this range exceeds analytical errors associated with individual
measurements, helping to illustrate natural variability in subsurface conditions. In order to quantify differences in inﬁltration rates and water chemistry between experimental treatments, single-tailed t-tests were
conducted, with results considered to be signiﬁcant if p < 0.05 (Supporting
information, Tables S3–S7).

3.2. Soil characterization
Soil properties were generally consistent beneath all three of the plots.
Soil samples were coarse, ≥80 % sand (Fig. S2), consistent with soil
maps for the ﬁeld site. TN was very low in all samples, ≤0.05 % and
with little difference between samples collected before and after inﬁltration
(Fig. S3). TOC was also low in all samples, with values of 0.05 % to 2.0 %
(Fig. S3). The soil samples collected below both of the carbon-amended
plots after inﬁltration were generally 0.01–0.05 % higher in TOC than
were samples collected before inﬁltration.

2.5. DNA extraction and phylogenetic sequencing
Methods for microbial analysis of soil samples were similar to those described in previous studies (Beganskas et al., 2018; Gorski et al., 2019,
2020). Brieﬂy, soil DNA was extracted with a PowerSoil DNA Isolation
Kit (QIAGEN). The Qubit 4 Fluorometer (Invitrogen) was used to quantify
DNA extracts. PCR amplicons (~550 bp) with soil DNA and 16S rRNA
gene primers targeting the V4 and V5 variable regions. The PCR amplicon
sequencing pipeline used in this study was adapted from Illumina MiSeq
platform protocol for 16S metagenomic libraries (Beganskas et al., 2018).
The overall pipeline included steps for the primary PCR using 16S rRNA
primers (Parada et al., 2016), PCR clean-up, library preparation (adding

3.3. Variations in DOC and N loads with depth
The chemistry of inﬁltrating water varied across plots and with depth
over time, along with inﬁltration dynamics and redox conditions (please
see details in Supporting information, Section S2.2 and Figs. S4 and S5).
There was little change in dissolved organic carbon load (Δ[DOC]L) in the
native soil, whereas there were clear increases in Δ[DOC]L in both
carbon-amended plots (Figs. 3A, S6). In the native soil plot, daily Δ[DOC]
4
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inﬁltration rate, while the dashed black line indicates vertical inﬁltration rates. The dashed vertical lines indicate times when the ﬂoat switch was lowered. Vertical gray
bars indicate times when the plot went dry due to ﬂoat switch failure.
+
In the native soil and wood chip plots, [NH+
4 ] and Δ[NH4 ]L were min+
imal on all inﬁltration days (Fig. 3D), with inﬂowing [NH+
]
4 L < 2.5 g-NH4 /
2
m /day. However, when the test was run in the 1:1 mixture plot, inﬂowing
2
+
[NH+
4 ]L was much higher, with an average of 6.90 g-NH4 /m /day
(Fig. S6). This was likely due to differences in the delivered water blend,
a mixture of groundwater and recycled wastewater. In the 1:1 mixture
plot, [NH+
4 ]L removal was observed on the majority of inﬁltration days,
2
+
with a cumulative [NH+
4 ]L reduction = 45.1 g-NH4 /m (Fig. 3D).
In native soil, N load reduction for the aggregate of species measured was
observed on 4 of 16 inﬁltration days, with a maximum of 13 % N removed
on ID-13 and ΔNL = 1.79 g-N/m2/day removed on ID-7 (Fig. 4). However,
N load addition was observed for the remaining 12 inﬁltration days
(Fig. 4B). The cumulative N load addition for native soil was 23.7 g-N/m2
(Fig. 4C). The wood chip plot saw limited N load removal, with a maximum
of 32 % N removal and ΔNL = 4.61 g-N/m2 removed on ID-4, and 7.38 g-N/
m2 removed in total. The 1:1 mixture plot showed the most days with N load
removal (11) and had the largest cumulative ΔNL, 44 g-N/m2, over 16 days
(Fig. 4). The higher N load removal in the 1:1 mixture plot resulted partly
from the higher inﬂuent NH+
4 , although the fraction of load removal was
greater for many days compared to other plots. Overall, N load removal
was signiﬁcantly greater for both the wood chip and 1:1 mixture plots
than for the native soil plot (p-values = 0.02 and 0.006, respectively).

values were small and varied from day to day between addition and removal, with an average of 2.01 g-DOC/m2 cumulatively removed over 20
days (Fig. 3A). In the wood chip plot, Δ[DOC]L was signiﬁcantly greater
than in native soil (p-value = 0.05), averaging 0.30 g-DOC/m2/day and accumulating 4.20 g-DOC/m2 during the full test (Fig. 3A). The 1:1 mixture
plot had higher inﬂuent [DOC] than the other two plots (average ~ 4.7 gDOC/m2/day compared to 3.1 and 2.6 g-DOC/m2/day in the native soil
and wood chip treatments, respectively). The 1:1 mixture plot also had
the most consistently positive Δ[DOC]L, averaging ~1.9 g-DOC/m2/day
and accumulating 29.0 g-DOC/m2 over the full test (Fig. 3A), more than a
6-fold increase over the wood chip plot.
Daily Δ[NO−
3 ]L was variable in the native soil plot, with most days re2
sulting in positive values and an average of 17.5 g-NO−
3 /m added cumulatively during the test (Fig. 3B). In the wood chip plot, Δ[NO−
3 ]L was
2
negative, with an average of 8.80 g-NO−
3 /m removed cumulatively
(Fig. 3B). The majority of inﬁltration days had net [NO3]L removal in the
−
1:1 mixture plot, with average daily [NO−
3 ]L removal up to 9.21 g-NO3 /
2
m2/day and an average of 2.86 g-NO−
3 /m removed cumulatively (Fig. 3B).
Nitrite load addition was observed in all three plots, consistent with active denitriﬁcation, despite very rapid inﬁltration. In the native soil plot,
[NO−
2 ]L addition was highest at the beginning of the test (inﬁltration
2
days 1 to 6), with 2.50 g-NO−
2 /m of cumulative addition (Fig. 3C). In the
wood chip plot, [NO−
2 ]L addition was consistent but modest, with an aver2
age total of 0.46 g-NO−
2 /m added (Fig. 3C). Nitrite load addition was
highest in the 1:1 mixture plot, with [NO−
2 ]L on all inﬁltration days and
2
an average cumulative addition of 5.02 g-NO−
2 /m over the full test
(Fig. 3C).
L

3.4. Variations in metal loads with depth
There were signiﬁcant changes in [Mn]L with depth in both of the
carbon-amended plots (wood chips and 1:1 mixture) relative to native
5

Science of the Total Environment 838 (2022) 156439

Cumul. ∆NH4L Cumul. ∆NO2L
(g/m2)
(g/m2)

Cumul. ∆NO3L
(g/m2)

Cumul. ∆DOCL
(g/m2)

J. Pensky et al.

40

A.

20

Native soil
Wood chips
1:1 mixture

0
40

B.
20
0
-20
6

C.

4
2
0
0
-20

D.

-40
0

2

4

6

8

10

12

14

16

18

20

Infiltration day
Fig. 3. Nutrient and DOC load changes. Cumulative DOC load (A), NO3-N load (B), NO2-N load (C), and NH4-N load (D) changes over the duration of the percolation
experiments for each treatment. The solid lines represent the average cumulative solute load from the two samples collected at each depth. The shaded region shows the
range between the highest and lowest cumulative load values from the two samples collected at each depth. Daily variations for these analytes are shown in Supporting
information (Fig. S6).

in soils below all three test plots before testing. Following inﬁltration, the
microbial ecology shifted, with the three most abundant phyla being
Proteobacteria (42.9 %, up from about 10 % before testing), Actinobacteriota
(14.1 %), and Acidobacteriota (7.78 %).
The increased relative abundance in Proteobacteria is of particular interest because representatives of this phylum are thought to be responsible for nitrogen ﬁxation in many soils, and are capable of utilizing the
denitriﬁcation pathway under both anaerobic and aerobic conditions
(e.g., Ji et al., 2015; Zumft, 1997). The relative abundance of
Proteobacteria increased following inﬁltration in all three plots
(Fig. 6), with the largest increases in relative abundance occurring in
the carbon-amended plots. The relative abundance of Proteobacteria increased by a factor of 3.2× in native soil and by a factor of 4.5× in both
the wood chips and 1:1 mixture.
Within the phylum Proteobacteria, the most abundant families before
and after inﬁltration were Comamonadaceae, Pseudomonadaceae, and
Nitrosomonadaceae (Fig. 6B). Comamonadaceae is a family of bacteria containing facultative organotrophs that can help to break down woodderived carbon (Hahn et al., 2010; Nakatsu et al., 2006). After inﬁltration,
the relative abundance of Comamonadaceae increased by a factor of 9.7 in
the native soil plot, 49 in the wood chip plot, and 19 in the 1:1 mixture
plot. Pseudomonadaceae includes genera known to perform denitriﬁcation
and Mn reduction under anaerobic conditions (Arat et al., 2015; Nealson
and Myers, 1992). The increases in relative abundance of
Pseudomonadaceae following inﬁltration were even greater, with factors
of 65×, 146×, and 232× in native soil, wood chip, and 1:1 mixture
plots, respectively. The wood chip and 1:1 mixture plots also saw large increases in Sphingomonadaceae, Methylophilaceae, and Rhodocyclaceae following inﬁltration, which all have been shown to be associated with

soil (p-values = 6.2E-04 and 0.001, respectively) (Fig. 5). Native soil saw
little to no difference in [Mn]L with depth, whereas the wood chip and
1:1 mixture plots saw large increases in Δ[Mn]L (cumulative Δ[Mn]L was
15.9 g-Mn/m2 in the wood chip plot and 34.7 g-Mn/m2 in the 1:1 mixture
plot) (Fig. 5A). In both carbon-amended plots, increases in [Mn] were
highest during the ﬁrst 10 days of the tests, then decreased, but remained
elevated relative to inﬂowing water for the remainder of the tests (Figs. 5
and S8).
The native soil plot yielded the largest increases in [Fe]L with depth
(Fig. 5B). [Fe]L increased 12.2 g-Fe/m2/day cumulatively over the duration
of the test, with much of the increase occurring on two days: ID-3 (5.31 gFe/m2/day) and ID-10 (4.39 g-Fe/m2/day) (Figs. 5 and S8). [Fe]L did not
increase as much or as consistently as [Mn]L in either the plots with wood
chip and 1:1 mixture PRBs (Fig. 5B), with cumulative values of Δ[Fe]L =
3.2 g-Fe/m2 and 0.1 g-Fe/m2, respectively.
There was modest [As]L removal with depth throughout tests with both
native soil (Δ[As]L = −10 mg-As/m2) and a wood chip PRB (Δ[As]L =
−6.1 mg-As/m2) (Fig. 5C). The 1:1 mixture plot initially showed [As]L removal, but there was modest [As]L addition towards the end of the test,
with cumulative Δ[As]L = 1.1 mg-As/m2 (Fig. 5C). Throughout the tests
in all plots, [As] remained well below the WHO recommended limit of 10
μg/L. A summary of all solute load results is presented in Table S2.
3.5. Microbiological dynamics
Within the samples collected before the experiments, the ten most abundant microbial phyla comprised ~90 % of total sequences (Fig. 6A). The
three most abundant phyla were Actinobacteriota (20.7 %), Acidobacteriota
(15.7 %), and Chloroﬂexi (12.1 %), which appear in similar percentages
6
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Fig. 4. N changes. The daily fraction of N difference, where positive values indicate N addition and negative values indicate N removal (A). Daily N load reduction for each
treatment (B). Cumulative N load reduction of the duration of the tests for each treatment (C).

and tends to be depleted rapidly unless there is active production. Further
evidence for denitriﬁcation includes changes in microbial community
structure in the carbon-amended plots (Fig. 6). Both the wood chip and
1:1 mixture plots saw increases in the relative abundances of the families
Comamonadaceae, Pseudomonadaceae, Methylophilaceae, Rhodocyclaceae
and Sphingomonadaceae, all of which contain genera capable of carrying
out denitriﬁcation.
Nitrate isotopic results were mixed, with some paired measurements (at
the surface and at depth) being consistent with fractionation leading to
heavier isotopes in residual nitrate (particularly for 1 out of 3 days tested
in native soil and 3 out of 5 days tested in the 1:1 mixture plot), but many
samples from all plots showed little to no variation with depth (Fig. S9).
The inconsistency of these results may be a consequence of extremely
rapid inﬁltration rates, allowing less opportunity for microbial selection
of lighter isotopes, temperature dependence on denitriﬁcation rates, and/
or overprinting of multiple cycles of nitriﬁcation and denitriﬁcation
(Granger and Wankel, 2016; Osaka et al., 2018; Sebilo et al., 2019).
It is notable that the inﬂuent DOC was signiﬁcantly higher in the 1:1
mixture plot than in the native soil or wood chip plots, and the 1:1 mixture
had the highest overall magnitude of N removal. Higher inﬂowing DOC
could have potentially increased N load removal in the 1:1 mixture plot
in addition to the presence of the carbon amendment. Two-way ANCOVA
testing suggests that there were signiﬁcant effects of treatment type (native
soil, wood chips, or 1:1 mixture) on N removal (p = 0.01), but not the
inﬂowing load of DOC on N load removal (p = 0.17), when accounting
for both variables simultaneously (Table S8). However, the results of the
two-way ANCOVA test are somewhat difﬁcult to interpret because, according to an ANOVA test, the two covariates (treatment type and inﬂowing
DOC load) are not independent of each other (p = 5.6E-4, Table S9). In either case, it is clear that elevated DOC, whether from the inﬂowing water or
as a result of inﬁltration through the carbon amendment, was associated
with elevated rates of N removal.

denitriﬁcation gene presence or function (Lapidus et al., 2011; Liu et al.,
2005; Palacin-Lizarbe et al., 2019; Takeuchi et al., 2001).
The relative abundance of Nitrosomonadaceae increased following inﬁltration in the native soil plot, but decreased in both the wood chip and 1:1
mixture plots. Bacteria in the family Nitrosomonadaceae are known to oxidize ammonia into nitrate and assist in the nitrogen ﬁxation process
(Koops et al., 1991). The decrease in Nitrosomonadaceae following inﬁltration in the carbon-amended plots is consistent with subsurface conditions
that became anaerobic, serving to limit or eliminate nitrogen ﬁxation,
and thus favoring microbes that can beneﬁt from the observed shift in
redox conditions. Changes in the relative abundance of all Proteobacteria
families following inﬁltration were consistent at all depths within the subsurface (Fig. S10).
Bacteria of phylum Planctomyecetes, which are known to carry out
anammox, were present in the soil of all three plots both before and after
inﬁltration in this study, albeit at relatively low abundances (~0.01 %).
4. Discussion and implications
4.1. Mechanisms of N cycling during rapid inﬁltration
Experimental results from this study show an increase of N removal during inﬁltration through coarse soils below carbon-amended plots, with considerable variability as a consequence of initial water chemistry and
inﬁltration rate. N cycling during inﬁltration likely took place via at least
three pathways: denitriﬁcation, nitriﬁcation, and anammox. Denitriﬁcation
was likely an important pathway for nitrate removal below both the wood
chip and 1:1 mixture plots, as the elevated DOC in water ﬂowing through
shallow soils served as a readily available electron donor, accelerating oxygen consumption and leading to more favorable conditions for denitriﬁcation. Evidence for denitriﬁcation includes the consistent presence of
nitrite (Figs. 3C and S6), which is generated as an intermediate product
7
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Fig. 5. Cumulative metals load changes. Cumulative Mn load (A), Fe load (B), and As load (C) changes over the duration of the percolation experiments for each treatment.
The solid lines represent the average cumulative solute load from the two samples collected at each depth. The shaded region shows the range between the highest and lowest
cumulative load values from the two samples collected at each depth. Daily variations for these analytes are shown in Supporting information (Fig. S8). Note different scale
shown for As data.

The presence of a carbon amendment may promote reducing conditions
and increase total N removal in inﬁltrating water through two primary
mechanisms. First, the presence of elevated DOC can provide an electron
donor, increasing dissolved oxygen consumption and leading to sub-oxic
subsurface conditions that promote both denitriﬁcation and anammox. Second, the addition of a carbon-rich PRB can increase the thickness of the saturated zone, and consequently the ﬂuid residence time within the saturated
zone where dissolved oxygen consumption and nitrogen processing, including both denitriﬁcation and anammox, can occur most efﬁciently (Greenan
et al., 2009; Lepine et al., 2016; Gorski et al., 2019). Because inﬁltration
rates were so rapid in these experiments, DOC addition was modest even
in the carbon-amended plots; nevertheless, the evidence for enhanced N cycling is clear.

In addition to DOC, the 1:1 mixture plot also had signiﬁcantly higher inﬂuent ammonium loads. Consequently, the higher magnitude of overall N
removal in the 1:1 mixture was associated with higher rates of ammonium
availability and removal during inﬁltration. Nitrifying bacteria and/or anaerobic oxidizing bacteria potentially contributed to observed decreases
in ammonium. Like denitriﬁcation, anammox also occurs under anaerobic,
reducing conditions (Mulder et al., 1995), and thus could have been enhanced by elevated DOC in inﬁltrating water. Bacteria of phylum
Planctomyecetes, which are known to include microbes capable of
anammox, were present in the soil both before and after inﬁltration in
this study in all plots, albeit at relatively low abundances (~0.01 %).
Both denitriﬁcation and anammox pathways are considered favorable
with respect to transformation of highly reactive NO−
3 into less reactive
N2 gas.
Given the low relative abundances of Planctomyecetes, the majority
of NH+
4 load reduction with depth below the 1:1 mixture plot was likely
accomplished via nitriﬁcation. During nitriﬁcation, NH+
4 is oxidized to
−
NO−
3 , also generating NO2 as an intermediate product. However, the
majority of days in the 1:1 mixture plot had NO−
3 removal rather than
addition. The nitrate produced during nitriﬁcation in oxic areas of the
subsurface could have been subsequently removed by denitriﬁcation
in sub-oxic areas of the subsurface, aided by the presence of high DOC
in the ﬂuid. Nitriﬁcation likely also played a role in the N cycling observed in the native soil plot. There was detectable NH+
4 in the inﬂuent
−
water as well as net NO−
3 and NO2 addition in the native soil plot over
the duration of the test, which could be an indication that nitriﬁcation
occurred. Additionally, the native soil plot saw an increase in the relative abundance of Nitrosomonadaceae following inﬁltration, a family of
bacteria known to carry out nitriﬁcation, whereas both the wood chip
and 1:1 mixture plots showed decreases in the relative abundance of
Nitrosomonadaceae (Fig. 6B).

4.2. Impact of a carbon amendment on trace metals
The higher DOC loads associated with the carbon-amended plots also
impacted the cycling of As, Mn, and Fe. Persistent increases in Mn with
depth were observed in both of the carbon-amended plots, but not in the native soil plot (Figs. 5A, S8A). This is likely due to the development of suboxic conditions in the carbon-amended plots, which would both promote
removal of nitrate and ammonium via denitriﬁcation and anammox, respectively, and enhance Mn release. Solubility calculations suggest that
Mn-bearing soil minerals (such as MnSO4(s), pyrochroite, and rhodochrosite) and other solid phases were largely undersaturated in the carbonamended plots, which could have facilitated Mn mobilization (Supporting
information, S2.6 and Tables S10 to S12). Low pH can increase the mobility
of trace metals such as Mn (Appelo and Postma, 1995), but the pH of subsurface ﬂuids was relatively consistent and neutral during all experiments,
ranging from 7.4 to 7.6 (Tables S10–S12).
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Fe mobilization (Tables S10, S11, and S12). However, in the carbonamended plots, mobilized Fe could have adsorbed to DOC, reducing the
concentrations of dissolved Fe relative to the native soil (Riedel et al.,
2013). These contrasting ΔMn and ΔFe results suggest that different physical and chemical controls may explain conditions below the carbonamended and native soil plots.
Arsenic generally decreased with depth during inﬁltration, particularly
in the native soil and wood chip plots. Arsenic removal was highest in the
native soil plot, which could have resulted from somewhat more oxic
(less reducing) conditions facilitating As adsorption in the shallow subsurface. The presence of a carbon amendment led to a reduction of As removal
for the entirety of the test below the wood chip plot and for the majority of
days below the 1:1 mixture plot. However, there were a few days during the
last half of the experiment during which As increased below the 1:1 mixture
plot, perhaps in response to more strongly reducing conditions (Figs. 5C,
S8) and/or shifts in inﬂowing water chemistry. A recent study of riverbank

Fe was variable in all plots throughout the experiments, although the
largest increases were observed on three sample days in the native soil
plot (Figs. 5B, S8D–F). It is curious that Δ[Fe]L increased in the native soil
plot during inﬁltration whereas Δ[Mn]L barely changed; this pattern is
the opposite of that seen below the carbon-amended plots, where Δ[Mn]L
> Δ[Fe]L. This could suggest that redox conditions in the native soil were
more variable than were those in other plots. Both Fe and Mn oxides and
hydroxides in the soil can be reduced under anoxic conditions, but the
Mn reduction zone has been found to be particularly narrow in some soilwater systems, and conditions in shallow soils could be in thermodynamic
disequilibrium (perhaps limited by kinetics) or subject to linked Fe-NO3 cycling that favors Fe mobilization (Christensen et al., 2000; Desireddy and
Pothanamkandathil Chacko, 2021; Hamer et al., 2020). Additionally, solubility calculations suggest that Fe-bearing soil minerals (such as siderite,
vivianite, melanterite, and Fe(OH)2) were undersaturated in the native
soil as well as the carbon-amended plots, which could have contributed to
9
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ﬁltration found that the release of Fe and As from shallow aquifer media occurred through a combination of desorption of exchangeable Fe and As, dissolution of Fe\\Mn oxides, and oxidation of Fe-bound organic matter (Bai
et al., 2018; Wang et al., 2020). The inconsistency of day-to-day Fe and
As during our experiments could result from rapid and highly localized
shifts in redox zonation, with adjacent areas favoring contrasting conditions, microbial communities, and/or metal mobilization pathways
(Hassan et al., 2015; Su et al., 2018).
We also note that although some elevated values of Mn, Fe, and As were
observed in inﬂowing water and within the subsurface, all measured values
were below WHO guidelines and did not pose a water quality concern in
this setting. In addition, below an operating MAR basin, passage of inﬁltrating water through the underlying vadose zone (typically ≥20-m thick in
this region) where oxic conditions are expected to dominate, should provide opportunities for readsorption of metals that may be mobilized during
rapid inﬁltration through a thin zone of saturated soil. Results from the
present study help to motivate investigation of the speciation of trace
metals during inﬁltration for MAR, to elucidate speciﬁc mechanisms of
Mn, Fe, and As mobilization, transport, and readsorption during managed
recharge operations.

response curves are shifted to the right (higher incoming loads) with measurable beneﬁts in N removal extending up to ~10 g-N/m2day−1, about
twice the limit for N removal in native soils. The 1:1 mixture treatment in
the current study was accompanied by somewhat elevated DOC in
inﬂowing water, but other studies had low inﬂuent DOC and still saw systematic shifts in the fraction of N removed. Thus, the application of a
carbon-rich soil amendment, as either a woodchip PRB or a 1:1 mixture
of woodchips and native soil, appears to increase the fraction of N that
can be removed at equivalent incoming N loads, suggesting the potential
to enhance the quality of water inﬁltrated for MAR (Fig. 8). Data from the
present study are consistent with the overall trends deﬁned by the data
compilation, although results are more variable, which is not surprising
given the high inﬁltration rates involved (≥1 m/day).
This composite analysis with samples and data from multiple sites suggests that the incoming N load can be considered a fundamental control on
the extent of N removal during inﬁltration under a range of physical and
geochemical conditions, provided there is sufﬁcient DOC present to allow
development of appropriate redox conditions. The load tests the capacity
of soil microbial communities to keep up with delivery of carbon and nutrients. Slower inﬁltration rates (associated with lower incoming N loads) increase the ﬂuid residence time and allow for more extensive development
of sub-oxic to anoxic conditions in the shallow subsurface, which enhances
N removal processes such as denitriﬁcation and anammox. With faster inﬁltration, soil microbes have a harder time removing greater amounts of
entrained oxygen, and redox conditions remain more oxic and/or more variable, with isolated zones of modestly elevated N processing.

4.3. Impact of initial N load on water chemistry
In this section, we compare the relationship between inﬂowing N load
(NL) and the fraction of N removed in this study to those found in previous
ﬁeld and laboratory (column) experiments, using a variety of soils, in the
same groundwater basin (Fig. 1): Kitayama Ranch (KTYA, eolian sediments), Kelly-Thompson Ranch (KTR, ﬂood plain and levee deposits),
Harkins Slough (HSP, eolian and ﬂuvial sediments), and Storrs Winery
(STR, alluvial fan deposits) (Beganskas et al., 2018; Gorski et al., 2019,
2020). Using the initial N load (NL) as the independent variable accounts
for aggregate differences in inﬂowing N and ﬂow rates in the various experiments. All of these studies explored processes occurring with and without
elevated DOC in inﬁltrating ﬂuid.
The combined datasets, drawn from all sites tested, show an exponential
decrease in N as a function of incoming load (Fig. 7). Individual studies
focused on speciﬁc sets of soil and experimental conditions, but the inﬂuence of elevated DOC appears to be relatively consistent across the sites.
For tests with native soils, the fraction of N removed decreases exponentially as Nfrac = 1.81e−1.09NL, with minimal N removal for incoming
loads >5 g-N/m2day−1 (Fig. 7A). With the addition of a carbon amendment
and associated increases in DOC, the exponential decay of Nfrac versus load
is more gradual, with Nfrac = 1.34e−0.44NL for a wood chip PRB (Fig. 7B)
and Nfrac = 1.58–0.51NL for a PRB comprising a 1:1 mixture of wood chips
and native soil (Fig. 7C). In both sets of tests with carbon-amended soils,

1

Experimental results from this study demonstrate the beneﬁts of increasing DOC in inﬁltrating ﬂuids during MAR, and points to complexity in relationships between use of a PRB, inﬁltration rate, substrate composition,
water chemistry, and soil microbial ecology. As with non-traditional water
sources generally, there was considerable variability in the geochemistry
of the inﬂowing water. Nonetheless, the impacts observed are large enough
to be clearly expressed, whether higher DOC occurs within incoming ﬂuid
or is provided by a carbon-rich PRB. Soil sample analyses indicated that microbes capable of carrying out N removal were present in the soil prior to
inﬁltration and increased in relative abundance as a consequence of inﬁltration. The increase in putative denitrifying taxa in all three plots indicates
that these soils likely have the potential for more extensive NO−
3 removal
at lower inﬁltration rates, which commonly develop over time in operating
recharge basins due to compaction, sediment accumulation, and other processes (Bouwer, 2002; Beganskas and Fisher, 2017; Zaidi et al., 2020).
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There are challenges associated with optimization of MAR systems for
improvement to water quality. Slower inﬁltration rates can enhance N removal, but can also mobilize geogenic contaminants such as trace metals
(Fakhreddine et al., 2021). Complex interactions between soil type and
properties, bio-available carbon, inﬁltration rates, and additional factors require care in designing and operating MAR systems to achieve multiple
goals and avoid degradation of essential resources. This study helps to motivate additional work in operating MAR systems that will help to deﬁne the
range of conditions under which beneﬁts during MAR can be generated and
degradation to water quality can be avoided.
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5. Summary and conclusions
-0.2

This study has shown how elevated DOC, including that released by a
carbon-rich PRB, encourages nitrogen and trace metal cycling, in association with shifts in soil microbial ecology, during inﬁltration at rapid inﬁltration rates (>1 m/day) through coarse and carbon-poor soil. Experimental
plots that used carbon-rich PRBs resulted in higher pore-ﬂuid dissolved organic carbon concentrations and loads, and lower N loads, compared to results in native soil under similar hydrologic conditions. Experimental
results were highly dynamic from day to day, with changes in inﬂowing
ﬂuid chemistry and as redox conditions likely shifted from oxic to suboxic or anoxic over short length and time scales. Nevertheless, cumulative
calculations show that the introduction of bio-available carbon during
rapid inﬁltration can help to improve water quality. The application of a
carbon amendment increased the fraction of N that can be removed at
equivalent inﬂowing N loads at rates consistent with ﬁndings from previous
studies. Notably, a 1:1 mixture of native soil and wood chips appeared to be
similarly efﬁcient for N removal compared to wood chips alone, despite the
mixed layer containing a smaller volume of wood chips. This suggests that
in both of the carbon-amended plots, there was no DOC limitation for N cycling in inﬁltrating water below the PRB (whether this DOC came from
inﬂowing water or the PRB). These results also suggest that there may be
beneﬁts to keeping the PRB carbon source in close proximity to soil microbial communities, as was achieved with a PRB comprising a mixture of native soil and a carbon amendment.
These experiments also showed that, in additional to enhancing N cycling, shifting redox conditions can contribute to mobilization of Mn and
(to a lesser extent) Fe and As in the soils tested. Concentrations of these
metals in soil pore ﬂuid remained well below actionable levels in this
study, but under slower inﬁltration and/or more reducing conditions, additional metal mobilization could occur. This illustrates challenges inherent
in operating MAR systems for improvement to multiple water quality parameters: improvement in one could contribute to degradation in another.
Experimental results from this and related studies indicate that both
water quality and quantity can be improved during managed recharge,
even during rapid inﬁltration. Mixing in an inexpensive carbon amendment, such as wood chips, can be particularly helpful in removing nitrogen
species, which are common contaminants in surface water and groundwater in basins developed for agriculture. Given increased threats to groundwater supply and quality facing water-stressed regions worldwide,
incorporating bio-available carbon as part of designing and operating managed inﬁltration projects should be assessed as a more common practice.
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Fig. 8. Effect of inﬂowing N-load, all studies and settings (ﬁeld, laboratory). The
fraction of N removed as a function of inﬂowing N-load (inﬂowing mass of N x
vertical inﬁltration rate) for this and previous studies, where all studies are
grouped by treatment (native soil, wood chips, and 1:1 mixture). Positive fraction
of N values indicates N removal, while negative fraction of N values indicates N
addition. Solid lines for each treatment show the exponential ﬁt. Shaded blue area
indicates the enhance fraction N removed beneﬁt when applying a carbon
amendment (wood chips or 1:1 mixture).

Microbes of the phylum Planctomycetes, which are capable of carrying out
anammox, were also present in the soil both before and after inﬁltration
in all plots and may have facilitated rapid NH+
4 removal in the plot with
the 1:1 mixture amendment, which had elevated NH+
4 in inﬂowing water.
Although enhanced N cycling was accompanied in some cases by mobilization of metals from shallow soils, elevations of metals concentrations were
modest, and there should be opportunity for oxidation and readsorption
in the vadose zone above the regional water table. Overall, the higher
loads of DOC in inﬁltrating water, either as inﬂow or with the addition of
a bio-available carbon from a PRB, allowed for a greater range of inﬁltration
rates under which water quality improvement was possible. This is important for managed recharge systems in which there are rapid inﬁltration
rates and non-traditional surface water sources (e.g., stormwater, recycled
water) that would beneﬁt from water quality improvement.
Understanding the relationship between inﬁltration, geochemistry, and
microbial ecology is critical for optimizing the performance and operation
of managed recharge systems. The present study was completed at a single
site and at a plot scale, but other studies have found similar results from plot
studies and at larger and smaller scales (Gorski et al., 2019; Grau-Martínez
et al., 2018a; Schmidt et al., 2011, 2012). At the scale of an operating MAR
inﬁltration basin, one should expect considerable soil heterogeneity
(Beganskas and Fisher, 2017; Racz et al., 2012), which is likely to cause
to differences in both rates of inﬁltration and contaminant cycling. When
there are goals for improving both water supply and water quality, these
systems might beneﬁt from greater control of inﬁltration rates, to increase
the ﬂuid residence time and encourage development of a thicker and
more reactive shallow soil layer. As a practical matter, creating a carbonrich PRB in an operating MAR basin is relatively inexpensive and simple,
mainly requiring spreading and disking-in of a suitable material that is locally available. Maintenance for a MAR system that uses a PRB with a mixture of soil and supplemental carbon, such as wood chips, is also relatively
easy, as this approach permits scraping using standard agricultural equipment followed by disking to open up soil pores. Additional carbon can be
added over time as may be needed.
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