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S1 Detailed materials and methods 
 
S1.1 Infiltration testing 
 
 Percolation tests were conducted at a potential MAR site located on aeolian deposits in 

the Pajaro Valley groundwater basin, on agricultural land. A nearby operating MAR system 

(HSP) is located adjacent to this site. During the winter months in times of high precipitation, 

excess wetland flows are delivered to a dedicated infiltration basin. Infiltration rates at the 

adjacent operating MAR basin range have been shown to range from 0.1 to 2 m/day (Racz et al., 

2011). The water diverted to the infiltration basin is subsequently extracted, blended with treated 

wastewater and groundwater from elsewhere in the basin, and delivered to growers with a 

regional pipeline. 

The ASTM standard method for infiltration testing uses a double-ring infiltrometer 

(ASTM:D3385-94, 2009). A double-ring infiltrometer has two concentric metal cylinders 

installed in the ground surface, with an outer ring that is ~60-100 cm in diameter and an inner 

ring that is 20-30 cm in diameter. Two kinds of tests are commonly run using this system. In a 

constant head test, the water level in the inner ring is maintained at a constant level (much like 

with the single-ring test), and the flow of water into the inner ring is used to determine the 

infiltration capacity (IC). In a falling head test, a fixed volume of water is added to the inner ring 

and the time it takes the water to percolate into the ground is measured. These tests and others 

using relatively small infiltrometers require significant corrections to account for lateral flow in 

the soil below and surrounding the instrument (Rice et al., 2013). The experimental plot size 

used in the current study is larger than that commonly applied to field infiltration testing using 

rings or disk infiltrometers, and is consistent with plot sizes used in other field  studies (Heeren 

et al., 2013; Khodaverdiloo et al., 2017; Tan et al., 2010; Youngs, 1991).    
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S1.2 Plot construction and operation 

Plots were hand-excavated and lined with fiberglass walls to prevent water from flowing 

sideways above the plot base. Plot walls were assembled before installation and lowered into 

position using rope handles. Gaps around the outsides of the walls were filled with bentonite 

chips, activated with water to form a seal, and topped with native soil. A hose delivered water to 

the plots from the on-site irrigation system, using a mixture of groundwater and recycled 

wastewater. The inflow hose was installed at the plot corner, and an electronic flow meter 

recorded flow with a pulse logger. A float switch connected to a solenoid valve at the end of the 

hose controlled water delivery, stopping inflow when the water level reached a desired height. 

 The water height in each plot was lowered midway through the test, by lowering the float 

switch, with the intent of slowing infiltration rates. In the native soil, the water level was lowered 

on infiltration day 10; in the wood chips, the water level was lowered on infiltration day 6; and in 

the 1:1 mixture, the water level was lowered on infiltration day 3 (Figure S1). Prior to lowering 

the water height, water levels ranged from approximately 0.60-0.75 m in the native soil, 0.40-

0.60 m in the wood chips, and 0.80-0.85 m in the 1:1 mixture. Following the lowering of the 

water height, water levels ranged from approximately 0.40-0.60 m in the native soil, 0.10-0.30 m 

in the wood chips, and 0.10-0.40 m in the 1:1 mixture. 

Total infiltration was measured by water balance, with a pressure gauge in a stilling well 

used to monitor the volume of water in the plot, correcting for barometric pressure and dividing 

by the density of water (1,000 kg/m3) and g (9.81 m/s2) to determine water height. Each fill cycle 

thus comprised an infiltration test (typically lasting 5 to 30 minutes) resulting in a high-

resolution record of total infiltration over each 14-15 day test. 
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Vertical infiltration rates were measured in each plot using a time-series method with 

heat as a tracer (Hatch et al., 2006). This method is widely used in streams, rivers, lakes, 

wetlands, and other aquatic systems, including recharge basins used for MAR (Beganskas and 

Fisher, 2017; Racz et al., 2012). Pairs of thermal sensors (resolution +/- 0.015 degC) were 

installed in polyvinyl chloride (PVC), sealed, water filled tubes at depths of 5 cm and 20 cm 

below the ground surface and recorded temperature at two or 15-minute intervals over the 

duration of the tests. The time-series temperature records were band-pass filtered to isolate daily 

fluctuations, and the peaks and troughs of paired, filtered records were matched. Vertical 

infiltration rates were determined from the amplitude ratio and/or phase shift of the thermal 

peaks between the shallow and deep temperature records. The smaller the shift, the shorter the 

travel time of the water across the difference in depth, which indicates faster vertical infiltration 

(Hatch et al., 2006).  

S1.3 PRB materials 
 

Untreated redwood chips were purchased from Aptos Landscape Supply in Aptos, CA 

and averaged 3-5 cm in length. Because the wood chips were much larger than the soil grain 

size, they likely did not have an impact on the effective infiltration capacity during testing. A 

nylon mesh screen was placed on top of the PRB materials and secured with washed river rocks 

from a local garden supply to minimize chip floatation and fouling of the float switch. 

S1.4 Fluid sampling and analysis 
 
 Sample collection and analytical methods were similar to those used in previous studies 

(Beganskas et al., 2018; Gorski et al., 2020, 2019). Two nests of fluid sampling piezometers 

were installed to sample the surface and subsurface fluids during the plot experiments. Fluid 

samplers were constructed from polycarbonate tubing with drilled holes, which were wrapped in 
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mesh to prevent clogging. Each fluid sampler had a 10-cm screened interval and was installed 

such that the center of the screened intervals were 30, 55, and 80 cm below the surface of the 

plot. A horizontal layer of activated bentonite was installed as a seal between the samplers to 

prevent cross flow.  

A peristaltic pump was used to collect daily fluid samples from the piezometers. Samples 

were collected for nitrogen species (NO3-N, NO2-N, and NH4-N), dissolved organic carbon 

(DOC), !15N and !18O of NO3-, and metals (manganese, iron, and arsenic). Fluid samples were 

filtered through a 0.45 um cellulose acetate filter into acid-washed bottles and glassware. 

Samples collected for isotope analyses were further filtered at 0.2 um. All samples were placed 

on ice and stored at -0.4 degrees C when returned to the lab. Sample values from the two fluid 

sampling nests were averaged at each depth.   

Nutrient samples were analyzed using a Lachat QuickChem with 3 channels to 

simultaneously measure NO3-, 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 NO3- isotopes. Samples were prepared 

using the bacterial method and isotopes were measured using a Thermo Scientific Delta V Plus 

Isotope Ratio Mass Spectrometer (IRMS) (Casciotti et al., 2002). Stable isotopes are reported in 

per mil notation: 

! = #1 − !!"#$%&
!!'"()"*)

& '	1000 Eq. S1 

where R = the ratio of heavy/light isotope in the system. 

Following NO3- isotope analyses, apparent nitrogen and oxygen enrichment factors were 

calculated using an approximation of the Rayleigh equation. Calculating the apparent enrichment 
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factor for both oxygen and nitrogen isotopes is another method for detecting a denitrification 

signal. The apparent enrichment factor can be determined using a simplification of the Rayleigh 

distillation model for a closed system: 

! = 	!* + 	,-.	(0) Eq. S2 

where ! = isotope ratio of sample in delta notation 

!* = initial isotope ratio 

ε = apparent enrichment factor; and 

f = fraction of the initial reactant remaining. 

 A subset of samples from each plot were sent to Monterey Bay Analytical Services 

(MBAS) in Monterey, CA for the analysis of additional water quality parameters, including all 

major ions,  pH, alkalinity, and trace metals. Data from MBAS was used for calculating 

saturation indices (please see Section S1.5). 

S1.5 Geochemical modeling 

Equilibrium geochemical modeling was conducted with Visual MINTEQ (ver. 3.2) in 

order to determine the saturation indices of soil solid phases during infiltration (Tables S6 and 

S7). Visual MINTEQ calculates equilibrium speciation in aqueous systems using a catalog of 

minerals and other solid phases (Bai et al., 2018; Gustafsson, 2011). For the geochemical 

modeling, we used two days of fluid chemistry data from each plot, including samples from the 

influent and from depths of 30 cm and 55 cm below plot base. Analyses of these samples were 

based on sufficient geochemical data (major ions, pH, alkalinity, metals, nutrients, and DOC) to 

permit assessment of saturation indices. Nutrient, DOC, and trace metal concentrations were 

measured at UCSC, whereas pH, major ions, alkalinity, and metal concentrations were measured 

by MBAS. 
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Due to having only total metals data, some assumptions were made about metals 

speciation. Fe was assumed to be Fe(II), Mn was assumed to be Mn(II), and As was assumed to 

be As(V). The temperature used for simulations was 20 degC, consistent with temperatures 

measured at depth with thermal probes while field tests were run. The Visual MINTEQ model 

output indicated solid phases that could be present based on the available geochemical (fluid) 

data as well as the saturation index of each. Note that all solid phases were moderately to 

strongly unsaturated in pore fluids (Tables S10-S12). 

S1.6 Phylogenetic sequencing 

The V4 and V5 regions of the 16S rRNA gene were amplified using 515F-Y (5’ to 3’: 

TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG GTG YCA GCM GCC GCG 

GTA A) and 926R (5’ to 3: GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA GCC 

GYC AAT TYM TTT RAG TTT) primers that had an attached MiSeq adapter. Each PCR 

reaction had 0.2 mM dNTP (New England Biolabs), 5 µL 10X Titanium Taq buffer, 5 µL 10X 

MasterAmp PCR enhancer (Illumina), 0.2 µM of each forward and reverse primer, 1 µL 

Titanium Taq polymerase, 3 ng of DNA, and DEPC-treated water up to 50 µL. The thermocycler 

profile for the initial amplication was 95°C for 3 minutes then 25 cycles of: 95°C for 45 seconds, 

50°C for 45 seconds, 68°C for 90 seconds with a final extension of 68°C for 5 minutes. After the 

initial amplicons were produced, the Illumina MiSeq Platform Protocol was used as the pipeline 

for 16S rRNA samples. 

S2 Detailed results and discussion 

S2.1 Infiltration rates and dynamics 

Differences in bulk infiltration rates were most likely a consequence of soil 

heterogeneity. The presence of PRBs should have had minimal influence on infiltration rates 
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because the wood chips have a much larger particle size and intergranular porosity than did 

native soil. Higher initial bulk infiltration rates in the native soil could have been influenced by 

somewhat higher mean water levels in the plot for native soil (Figure S1), but this does not 

explain relatively higher infiltration rates during the latter part of the wood chip test (Figure 2). 

Daily changes in bulk infiltration rates due to diurnal temperature (and thus viscosity) variations 

of inflowing water are also apparent, but tend to be smaller than the long-term trends across the 

test period. 

Infiltration dynamics at timescales of ~2-7 days occurred largely independent of water 

levels in the plots, as these were held relatively constant over similar time periods, generally in 

the range of 0.1-0.8 m above plot base (apb) (Figure S1). The water level was lowered in the 

middle of each test (infiltration days 10, 7, and 3 for the native soil, wood chip, and 1:1 mixture 

tests, respectively), in an effort to slow infiltration after an initial period of rapid inflow and 

saturation, but this had only a modest influence during the native soil test and little measurable 

impact on the other tests. In addition, two float-switch failures results in temporary plot drainage 

during two tests, for 6 hours in the native soil and 22 hours in the wood chips (Figures 2 and S1), 

after which saturated conditions were restored and the tests continued. 

S2.2 Influent water chemistry 

Due to changes in the source water on site, the influent water chemistry varied daily, in 

some cases significantly. Inflowing DOC varied between 0-8.54 g-DOC/m2/day in all three plots, 

and was highest, on average, in the 1:1 mixture plot (4.71 g-DOC/m2/day) (Figure S4 A). The 

influent DOC in the 1:1 mixture plot was significantly greater than that of both the native soil 

and wood chip plots (p = 0.006 and 4.1E-4, respectively; Table S6).  
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Inflowing nitrate load was high in the native soil plot for the first 7 infiltration days 

(average of 44.9 g-NO3-/m2/day), then was similar to the wood chip and 1:1 mixture plots for the 

remainder of the test (8.46 – 17.4 g-NO3-/m2/day) (Figure S4 B). The inflowing nitrate load in 

the native soil plot was significantly greater than that of the wood chip plot (p = 0.04, Table S6), 

but not significantly greater than that of the 1:1 mixture. Inflowing nitrite loads were generally 

low in all three plots, but were highest in the 1:1 mixture (average of 0.18 g-NO2-/m2/day) 

(Figure S4 C). Inflowing ammonium loads showed the greatest variation between plots, with the 

1:1 mixture plot having significantly greater inflowing ammonium loads than both the native soil 

and wood chip plots (p = 1.2E-6 and 8.2E-7, respectively), with loads up to 12.0 g-NH4+/m2/day, 

while inflowing ammonium loads in the native soil and wood chip plots were much lower 

(Figure S4 D). The difference in chemistry in the 1:1 mixture plot was due to a change in the 

source water on-site from local groundwater to recycled wastewater. 

Influent metal loads were generally low in each test. For all treatments, influent Mn loads 

varied between 0 and 0.05 g-Mn/m2/day (Figure S5A), influent Fe loads varied between 0 and 

0.82 g-Fe/m2/day (Figure S5B), and influent As loads were 0.5 to 3.5 mg-As/m2/day (Figure 

S5C).  

S2.3 Variations in DOC and nutrient concentrations with depth 

Net concentration changes in each analyte with depth were calculated using the deepest 

fluid sampler measured (80 cm or 55 cm) minus the surface (inflowing) sample. In the native soil 

plot, Δ[DOC] was relatively low and inconsistent, with Δ[DOC] varying between ±0.7 mg/L 

daily, with an average Δ[DOC] of -0.14 mg/L over the duration of the test (Figure S6 A). [DOC] 

addition was relatively modest in both the wood chip and 1:1 mixture plots, with an average 

Δ[DOC] of +0.17 mg/L in the wood chip plot and +0.85 mg/L in the 1:1 mixture plot over the 
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duration of the test. In the wood chip plot, [DOC] addition was highest at the beginning of the 

test (+1.57 mg/L on the second infiltration day), and then remained relatively constant for the 

remainder of the test (Figure S6 B). Additionally, [DOC] was most elevated in the PRB layer of 

the wood chip plot, with an average concentration of 1.85 mg/L (Figure S7). The 1:1 mixture 

plot saw the highest amount of [DOC] addition, with [DOC] addition up to 3 mg/L.  [DOC] 

addition was also most consistent in the 1:1 mixture plot, with DOC addition occurring on all but 

three of the infiltration days (Figure S6 C). [DOC] was highest at a depth of 30 cm-bps in the 1:1 

mixture plot, with an average concentration of 3.28 mg/L (Figure S7). 

 Δ[NO3-] was variable in the native soil plot over the duration of the percolation test; the 

majority of days saw net [NO3-] addition, with addition up to 4 mg/L, while net [NO3-]  removal 

was measured on only five infiltration days (Figure S6 B). The majority of infiltration days in the 

wood chip plot saw either [NO3-] removal or no change in [NO3-], with [NO3-] removal up to 2 

mg/L (Figure S6 B). In the 1:1 mixture plot, the majority of infiltration days had net [NO3-

]  removal, with removal up to 2 mg/L (Figure S6 B).  

 [NO2-] addition was observed in all three of the plots. In the native soil, [NO2-] addition 

was highest at the beginning of the percolation test, with increases of approximately 0.2 mg/L on 

the first and second infiltration days and no change in [NO2-] with depth by the end of the 

percolation test (Figure S6 C). In the wood chip plot, [NO2-] addition was modest, with a 

maximum increase of 0.04 mg/L (Figure S6 C). [NO2-]  addition was highest in the 1:1 mixture 

plot, with [NO2]  increasing as much as 0.35 mg/L with depth (Figure S6 C).  

 In the native soil and wood chip plots, Δ[NH4+] was negligible on all infiltration days 

(Figure S6 D). Both the native soil and wood chip plots had low [NH4+]surface, with values of 

[NH4+]surface ranging from 0-0.57 mg/L. In the 1:1 mixture plot, [NH4+]surface increased 
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consistently over the duration of the test, from 0.01 mg/L on the first infiltration day to 6.69 

mg/L on the final infiltration day, likely due to a change in the water source on site, which 

blended groundwater and recycled wastewater. [NH4+] removal was observed on the majority of 

infiltration days, with Δ[NH4+] as low as -4.39 mg/L (Figure S6 D).  

Over the duration of the percolation test, the average total N concentration ([NO3-] + 

[NO2-]  + [NH4+]) in the native soil plot increased with depth, with an average [N] of 9.19 mg/L 

at the surface and an average [N] of 11.16 mg/L at 80 cm-bps (Figure S7). In the wood chip plot, 

the average N concentration did not significantly change with depth. In the 1:1 mixture plot, total 

[N] increased from the surface to the PRB layer, from 11.23 mg/L to 11.75 mg/L, before 

decreasing between the PRB and the deeper samples.  

S2.4 Variations in metals concentrations with depth 

There were significant changes in [Mn] with depth in both of the carbon-amended plots 

relative to the native soil plot (Figure S9 A). The native soil saw little to no difference in [Mn] 

with depth over the duration of the percolation test. In contrast, the wood chip and 1:1 mixture 

plots saw a sharp increase in [Mn] with depth at the beginning of the test, with Δ[Mn] as high as 

1,500 ppb in the wood chip plot and 2,200 ppb in the 1:1 mixture plot. In both the wood chips 

and 1:1 mixture, Δ[Mn] decreased over the duration of the test. 

 [Fe] did not increase as sharply or consistently as [Mn] in either the wood chip or 1:1 

mixture plots (Figure S9 B). In the wood chip plot, [Fe] increased by as much as 430 ppb, but 

addition was not consistent. In the 1:1 mixture plot, both [Fe] addition and removal were 

detected over the duration of the test, with Δ[Fe] ranging from -280 ppb to 120 ppb. The native 

soil plot saw the largest increases in [Fe] with depth, with Δ[Fe] up to 2,500 ppb. However, [Fe] 

addition was inconsistent.  
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 There was modest [As] removal with depth in both the native soil and wood chip plots, 

with removal occurring on all infiltration days and Δ[As] as low as -0.55 ppb (Figure S9 C). The 

1:1 mixture plot saw several days of modest [As] addition (Δ[As] up to 0.5 ppb). However, the 

addition of [As] was well below its MCL of 10 ppb. It is not likely that the wood chips 

themselves contained high concentrations of trace metals. Metals concentrations within the fluids 

collected from the carbon amendment layers (PRBs) were generally lower than metals 

concentrations in the fluid collected from the soils (Figure S8). 

S2.5 Nitrate isotopic results 

Microbial denitrification typically results in a residual nitrate pool that is increasingly 

enriched in heavier isotopes of both oxygen and nitrogen due to the energetic advantage of using 

lighter nitrate for cellular processes (Bottcher, 1990). During this study, nitrogen and oxygen 

stable isotopes of nitrate show a progressive enrichment with depth on days where nitrate 

removal was observed in the native soil and 1:1 mixture. Cross plotting δ15N and δ18O on days 

when nitrate removal was detected showed a linear increase in both isotopes for one day in the 

native soil plot and three days in the 1:1 mixture plot (Figure S10 A,C). None of the days in 

which nitrate removal was detected in the wood chip plot resulted in the dual enrichment of both 

δ15N and δ18O (Figure S10 B).  

 The apparent enrichment factor is positive by convention even though the value is 

calculated as a negative. We report εN of -4.89 and εO of 0.34, with a ratio of εN/εO 1.82 for the 

native soil, and an εN of -3.40 and εO of -1.50 with a ratio of εN/εO 0.76 for the 1:1 mixture. 

For the wood chips, we report εN -0.17. and εO of -0.24, with an εN/εO ratio of -2.85. εN/εO 

ratios reported for bacterial denitrification range generally from 0.9 to 2.1 (Bottcher, 1990; Otero 

et al., 2009). Our values for the native soil and 1:1 mixture roughly fall within this range. 
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Additionally, commonly reported values of εN for field studies of denitrification often fall 

between -4‰ and -30‰ (Pauwels et al., 2000; Vogel et al., 1981). Our values for the native soil 

and 1:1 mixture fall on the lower end of this range. However, εN and εO associated with 

denitrification have been shown to vary due to a variety of factors, and the rapid infiltration rates 

measured at our study site make it difficult to make direct comparisons to previous studies. 

Additionally, other pathways involved in the N cycle, particularly nitrification and anammox, 

were likely taking place in all three plots, further complicating stable isotopic composition and 

the apparent enrichment factor. 

S2.6 Geochemical modeling to assess solubility of solid phases 

 Geochemical modeling using Visual MINTEQ suggests that Mn- and Fe-bearing soil 

solid phases were strongly undersaturated during infiltration in all three plots, which is consistent 

with subsurface increases in Mn and Fe. Saturation indices of Mn-bearing minerals, including 

pyrochroite, rhodochrosite, and MnSO4(s), were all negative in the native soil plot (Table S10). 

The only Mn-bearing minerals that were supersaturated were rhodochrosite and MnPO4(s) in one 

sample from the wood chip plot (180727_055) and two samples from the 1:1 mixture plot 

(180821_055 and 180828_055) (Tables S11-S12). Saturation indices of Fe-bearing minerals, 

including Fe(OH)2, melanterite, siderite, and vivianite were negative in all three plots (Tables 

S6-S8). This suggests that mineral dissolution could have contributed to the observed differences 

in trace metal concentrations. Further work investigating soil chemistry and mineralogy during 

MAR could further elucidate linkages between trace metal mobilization, carbon amendments, 

and infiltration.



 

Treatment 

Test 
duration 

(days) 

Analysis 
period 
(ID) a IRB (m/day)b 

IRV  
(m/day) b 

Native soil 20 5 – 20 14.4 ± 7.3 2.2 ± 0.7 

Wood chips 18 4 – 18 14.3 ± 2.2 1.9 ± 0.4 

1:1 mixture 18 4 – 18 7.0 ± 1.0 2.2 ± 0.8 
 
a ID = infiltration day. Analyses focused on results following a start-up period of 3-4 days, after which dominantly saturated 

hydrologic conditions were established.  
b IRB = bulk infiltration rate, IRV = vertical infiltration rate. Mean ± standard deviation are for daily values. 

 

Table S1. Summary of experimental conditions. 

Treatment 
∆[NO3

-]L 
(g/m2day) 

∆[NO2
-]L 

(g/m2day) 
∆[NH4

+]L 
(g/m2day) 

∆[DOC]L 
(g/m2day) 

∆[Mn]L 
(g/m2day) 

∆[Fe]L 

(g/m2day) 
∆[As]L 

(mg/m2day) 

 
 

∆[N]L 

(gN/m2day) 

Native soil 1.09 ± 3.25 0.16 ± 0.18 0.05 ± 0.44 -0.18 ± 0.75 0.03 ± 0.09 0.76 ±1.67 -0.64±0.63 1.48 ±2.91 

Wood chips -0.63 ± 1.96 0.03 ± 0.03 0.07 ± 0.08 0.30 ± 1.06 1.14 ± 1.01 0.23 ±0.33  -0.43±0.17 -0.53 ±1.94 

1:1 mixture -0.19 ± 3.81 0.33 ± 0.32 -3.01 ± 2.95 1.93 ± 2.67 2.32 ± 2.39 0.08 ±0.25 0.08±0.28 -2.86 ±5.46 
a Solute loads are mean ± standard deviation from samples collected every 1-2 days. 

Table S2. Summary of daily solute load results.



 

      Total Infiltration Rates (m/day) Vertical Infiltration Rates (m/day) 

Comparison Type Tails p.value sig @ 0.05 p.value sig @ 0.05 

NS > WC 3 1 0.4 0 0.08 0 

NS > MIX 3 1 <2.2e-16 1 0.46 0 

WC > MIX 3 1 <2.2e-16 1 0.08 0 
 
 
Table S3. Single-tailed t-test results comparing total and vertical infiltration rates between 
treatments. 
 

      
∆NO3L 

(gNO3/m2/d) 
∆NO2L 

(gNO2/m2/d) 
∆NH4L 

(gNH4/m2/d) 
∆NL 

(gN/m2/d) 

Comparison Type Tails p.value 

sig 
@ 

0.05 p.value 

sig 
@ 

0.05 p.value 

sig 
@ 

0.05 p.value 

sig 
@ 

0.05 
NS > WC 3 1 0.05 1 0.01 1 0.56 0 0.02 1 

NS > MIX 3 1 0.18 0 0.96 0 0.001 1 0.006 1 

WC > MIX 3 1 0.65 0 0.99 0 0.001 1 0.07 0 
 
Table S4. Single-tailed t-test results comparing N species load and total N load addition between 
treatments. 
 

      
∆DOCL 

(gDOC/m2/d) 
∆MnL 

(gMn/m2/d) 
∆FeL 

(gFe/m2/d) 
∆AsL 

(gAs/m2/d) 

Comparison Type Tails p.value 

sig 
@ 

0.05 p.value 

sig 
@ 

0.05 p.value 

sig 
@ 

0.05 p.value 

sig 
@ 

0.05 
NS < WC 3 1 0.05 1 6.2E-4 1 0.89 0 0.12 0 
NS < MIX 3 1 0.006 1 0.001 1 0.95 0 2.6E-4 1 
WC < MIX 3 1 0.03 1 0.05 1 0.97 0 2.1E-6 1 
 
 
Table S5. Single-tailed t-test results comparing DOC load and metals load addition between 
treatments. 
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NO3In 

(gNO3/m2/d) 
NO2In 

(gNO2/m2/d) 
NH4In 

(gNH4/m2/d) 
NIn  

(gN/m2/d) 

Comparison 
Typ

e 
Tail

s p.value 

sig 
@ 

0.05 p.value 

sig 
@ 

0.05 p.value 

sig 
@ 

0.05 p.value 

sig 
@ 

0.05 
NS > WC 3 1 0.04 1 0.01 1 0.03 1 0.04 1 
NS < MIX 3 1 0.81 0 0.03 1 1.2E-6 1 0.32 0 
WC < MIX 3 1 0.05 1 5.1E-4 1 8.2E-7 1 2.4E-4 1 
 
Table S6. Single-tailed t-test results comparing inflowing N species and inflowing total N loads 
between treatments. 
 
 

      
DOCIn 

(gDOC/m2/d) 
MnIn 

(gMn/m2/d) 
FeIn 

(gFe/m2/d) 
AsIn 

(gAs/m2/d) 

Comparison Type Tails p.value 

sig 
@ 

0.05 p.value 

sig 
@ 

0.05 p.value 

sig 
@ 

0.05 p.value 

sig 
@ 

0.05 
NS > WC 3 1 0.11 0 0.86 0 0.15 0 0.05 1 
NS < MIX 3 1 0.006 1 6.5E-4 1 0.79 0   
NS > MIX 3 1       0.03 1 
WC < MIX 3 1 4.1E-4 1 1.3E-4 1 0.44 0 0.74 0 
 
Table S7. Single-tailed t-test results comparing inflowing DOC, Mn, Fe, and As loads between 
treatments. 
 
 
ANCOVA 

Response: N load removal 

  

  

Variable F-value p-value 
Carbon amendment type 5.31 0.009 

Inflowing DOC load 1.94 0.17 
Carbon amendment type: 

Inflowing DOC load 0.84 0.44 
 
Table S8. Two-way ANCOVA test results comparing the effects of carbon amendment type and 
inflowing DOC load, carbon amendment type, and the interaction between the two on N load 
removal when accounting for both variables simultaneously. 
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ANOVA 

Numeric variable: Inflowing DOC load 

  

  

Categorical variable F-value p-value 
Carbon amendment type 9.07 5.6E-4 

 
Table S9. ANOVA results testing the correlation between inflowing DOC load (numeric) and 
carbon amendment type (categorical). 
 
 

 
 
Table S10. pH values and simulated saturation indices for soil solid phases in the native soil 
from two fluid sampling days. Sample names indicate the date the sample was collected and the 
depth at which it was collected in centimeters below plot base, in the format 
“YYMMDD_XXX.” 
 

180709_000 180709_030 180709_055 180720_000 180720_030 180720_055

pH (Measured)
7.40 7.40 7.40 7.50 7.40 7.50

Minerals 
(Saturation Index)
As2O5(s) -35.16 -36.18 -36.10 -35.64 -35.60 -36.00
Fe(OH)2 (am) -5.93 -5.10 -5.55 -4.57 -4.80 -4.48
Fe(OH)2 (c) -5.06 -4.22 -4.67 -3.70 -3.93 -3.61
Melanterite -7.97 -7.13 -7.58 -6.87 -6.90 -6.77
Mn3(AsO4)2:8H2O(s) -17.67 -18.62 -22.80 -45.42 -45.96 -45.78
Mn3(PO4)2(s) -40.10 -40.03 -44.27 -67.68 -67.90 -67.65
MnCl2:4H2O(s) -14.94 -14.93 -16.34 -24.44 -24.42 -24.42
MnCO3 (am) -2.06 -2.03 -3.44 -11.20 -11.29 -11.20
MnHPO4(s) -10.49 -10.47 -11.88 -19.74 -19.75 -19.72
MnSO4(s) -13.02 -13.00 -14.41 -22.37 -22.36 -22.36
Pyrochroite -7.66 -7.63 -9.05 -16.75 -16.94 -16.74
Rhodochrosite -1.56 -1.54 -2.94 -10.70 -10.79 -10.70
Siderite -1.98 -1.15 -1.59 -0.68 -0.80 -0.58
Vivianite -26.16 -23.66 -25.00 -22.40 -22.73 -22.10

Native soil
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Table S11. pH values and saturation indices for soil solid phases in the wood chips from two 
fluid sampling days. Sample names indicate the date the sample was collected and the depth at 
which it was collected in centimeters below plot base, in the format “YYMMDD_XXX.” 
 
 

180727_000 180727_030 180727_055 180809_000 180809_030 180809_055

pH (Measured)
7.50 7.40 7.50 7.70 7.60 7.60

Minerals 
(Saturation Index)
As2O5(s) -35.69 -36.09 -37.06 -36.60 -36.80 -36.61
Fe(OH)2 (am) -4.56 -4.68 -4.77 -5.50 -5.25 -5.53
Fe(OH)2 (c) -3.69 -3.81 -3.89 -4.62 -4.38 -4.65
Melanterite -6.88 -6.80 -7.08 -8.35 -7.90 -8.18
Mn3(AsO4)2:8H2O(s) -45.47 -14.70 -12.58 -20.62 -18.46 -17.16
Mn3(PO4)2(s) -67.66 -36.14 -33.42 -42.64 -39.91 -38.79
MnCl2:4H2O(s) -24.51 -13.92 -13.09 -16.54 -15.56 -15.19
MnCO3 (am) -11.18 -0.69 0.24 -2.79 -1.91 -1.54
MnHPO4(s) -19.73 -9.16 -8.32 -11.51 -10.54 -10.17
MnSO4(s) -22.39 -11.80 -10.97 -14.34 -13.34 -12.98
Pyrochroite -16.74 -6.35 -5.32 -8.16 -7.37 -7.00
Rhodochrosite -10.69 -0.20 0.73 -2.29 -1.41 -1.04
Siderite -0.65 -0.67 -0.86 -1.78 -1.44 -1.71
Vivianite -22.35 -22.36 -22.98 -25.90 -24.79 -25.62

Wood chips
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Table S12. pH values and saturation indices for soil solid phases in the 1:1 mixture from two 
fluid sampling days. Sample names indicate the date the sample was collected and the depth at 
which it was collected in centimeters below plot base, in the format “YYMMDD_XXX.”

180821_000 180821_030 180821_055 180828_000 180828_030 180828_055

pH (Measured)
7.40 7.40 7.40 7.40 7.40 7.40

Minerals 
(Saturation Index)
As2O5(s) -35.71 -35.57 -35.54 -35.75 -35.94 -35.29
Fe(OH)2 (am) -5.71 -5.39 -5.06 -5.68 -5.76 -5.33
Fe(OH)2 (c) -4.84 -4.52 -4.18 -4.81 -4.88 -4.46
Melanterite -7.76 -7.44 -7.11 -7.71 -7.79 -7.36
Mn3(AsO4)2:8H2O(s) -18.36 -14.19 -12.39 -19.54 -16.13 -13.44
Mn3(PO4)2(s) -40.20 -16.12 -34.40 -41.35 -17.71 -15.67
MnCl2:4H2O(s) -15.20 -13.87 -13.26 -15.53 -14.33 -13.65
MnCO3 (am) -2.00 -0.66 -0.07 -2.34 -1.15 -0.47
MnHPO4(s) -10.52 0.85 -8.59 -10.90 0.32 1.00
MnSO4(s) -13.08 -11.73 -11.15 -13.43 -12.23 -11.55
Pyrochroite -7.70 -6.36 -5.77 -8.08 -6.88 -6.20
Rhodochrosite -1.51 -0.16 0.43 -1.85 -0.66 0.03
Siderite -1.66 -1.35 -1.01 -1.59 -1.68 -1.25
Vivianite -25.47 -4.47 -23.51 -25.38 -5.58 -4.30

1:1 mixture
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Figure S1. Water level records for each plot (A – native soil, B – wood chips, C – 1:1 mixture) 
over the duration of the test. Black arrows indicate times that the float switch in the plot was 
lowered. Stars indicate times when the plot went dry. 
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Figure S2. Soil grain size for each plot. 
 
 

 
 

 

Figure S3. Soil TN and TOC (percent weight) for each plot. Filled circles represent soil samples 
collected before infiltration, while open circles represent soils collected after infiltration. 
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Figure S4. Inflowing 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. 
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Figure S5. Inflowing Mn load (A), Fe load (B), and As load (C) changes over the duration of the 

percolation experiments for each treatment. Note different scale shown for As data. 
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Figure S6. Net concentration change with depth (surface sample concentration – deepest sample 

concentration) of DOC (A) and N-species (B, C, and D) in fluid samples collected from each of 

the treatments (native soil, wood chips, and 1:1 mixture). The solid lines represent the average 

concentration from the two samples collected at each depth. The shaded region shows the range 

between the highest and lowest concentrations from the two samples collected at each depth. 
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Figure S7. The average concentration of DOC in pore fluids over the duration of the percolation tests at each of the depths sampled in 
the native soil, wood chips, and 1:1 mixture plots (A). The average concentration of N in pore fluids over the duration of the 
percolation tests at each of the depths sampled in the native soil, wood chips, and 1:1 mixture plots (B). Error bars indicate a 95% 
confidence interval. 
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Figure S8. The average concentration of Mn in pore fluids over the duration of the percolation tests at each of the depths sampled in 
the native soil, wood chips, and 1:1 mixture plots (A). The average concentration of Fe in pore fluids over the duration of the 
percolation tests at each of the depths sampled in the native soil, wood chips, and 1:1 mixture plots (B). The average concentration of 
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As in pore fluids over the duration of the percolation tests at each of the depths sampled in the native soil, wood chips, and 1:1 mixture 
plots (C).  Error bars indicate a 95% confidence interval. 
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Figure S9. Net concentration change with depth (surface sample concentration – deepest sample 

concentration) of Mn, Fe, and As in fluid samples collected from each of the treatments (native 

soil, wood chips, and 1:1 mixture). The solid lines represent the average concentration from the 

two samples collected at each depth. The shaded region shows the range between the highest and 

lowest concentrations from the two samples collected at each depth. 
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Figure S10. δ15N values of nitrate plotted against δ18O values of nitrate for each treatment on 
days in which NO3-  removal was detected. The arrows connect surface and deepest samples from 
the same infiltration day. Black arrows indicate enrichment indicative of a denitrification signal. 
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Figure S11. The relative abundance of Proteobacteria in soil samples from each treatment by 

depth before and after infiltration was completed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



16 
 

ASTM:D3385-94, 2009. Standard Test Method for Infiltration Rate of Soils in Field Using 

Double-Ring Infiltrometer. ASTM Stand. Int. D3385-09, 1–7. 

https://doi.org/10.1520/D3385-09.responsibility 

Bai, J., Su, X., Yuan, W., 2018. Release of arsenic and iron in aquifer to groundwater under the 

variation of REDOX environment during bank infiltration: a case study in Huangjia 

groundwater source area, Northeastern China. Hum. Ecol. Risk Assess. An Int. J. 25, 1594–

1614. 

Beganskas, S., Fisher, A.T., 2017. Coupling distributed stormwater collection and managed 

aquifer recharge: Field application and implications. J. Environ. Manage. 200, 366–379. 

https://doi.org/10.1016/j.jenvman.2017.05.058 

Beganskas, S., Gorski, G., Weathers, T., Fisher, A.T., Schmidt, C., Saltikov, C., Redford, K., 

Stoneburner, B., Harmon, R., Weir, W., 2018. A horizontal permeable reactive barrier 

stimulates nitrate removal and shifts microbial ecology during rapid infiltration for managed 

recharge. Water Res. 144, 274–284. https://doi.org/10.1016/j.watres.2018.07.039 

Bottcher, J., 1990. Using isotope fractionation of nitrate-nitrogen and nitrate-oxygen for 

evaluation of microbial denitrification in a sandy aquifer. J. Hydrol. 114, 413–424. 

Gorski, G., Dailey, H., Fisher, A.T., Schrad, N., Saltikov, C., 2020. Denitrification during 

infiltration for managed aquifer recharge: Infiltration rate controls and microbial response. 

Sci. Total Environ. 727. https://doi.org/10.1016/j.scitotenv.2020.138642 

Gorski, G., Fisher, A.T., Beganskas, S., Weir, W.B., Redford, K., Schmidt, C., Saltikov, C., 

2019. Field and Laboratory Studies Linking Hydrologic, Geochemical, and Microbiological 

Processes and Enhanced Denitrification during Infiltration for Managed Recharge. Environ. 

Sci. Technol. 53, 9491–9501. https://doi.org/10.1021/acs.est.9b01191 

Gustafsson, J.P., 2011. Visual MINTEQ 3.1 user guide. Dep. L. Water Recources, Stock. 

Sweden 1–73. 

Hatch, C.E., Fisher, A.T., Revenaugh, J.S., Constantz, J., Ruehl, C., 2006. Quantifying surface 

water-groundwater interactions using time series analysis of streambed thermal records: 

Method development. Water Resour. Res. 42, 1–14. 

https://doi.org/10.1029/2005WR004787 

Heeren, D.M., Fox, G.A., Storm, D.E., 2013. Berm Method for Quantification of Infiltration at 

the Plot Scale in High Conductivity Soils. J. Hydrol. Eng. 19, 457–461. 



17 
 

https://doi.org/10.1061/(asce)he.1943-5584.0000802 

Khodaverdiloo, H., Khani Cheraghabdal, H., Bagarello, V., Iovino, M., Asgarzadeh, H., 

Ghorbani Dashtaki, S., 2017. Ring diameter effects on determination of field-saturated 

hydraulic conductivity of different loam soils. Geoderma 303, 60–69. 

https://doi.org/10.1016/j.geoderma.2017.04.031 

Otero, N., Torrento, C., Soler, A., Mencio, A., Mas-Pla, J., 2009. Monitoring groundwater nitrate 

attenuation in a regional system coupling hydrogeology with multi-isotopic methods: The 

case of Plana de Vic. Agric. Ecosyst. Environ. 133, 103–113. 

Pauwels, H., Foucher, J.C., Kloppmann, W., 2000. Denitrification and mixing in a schist aquifer: 

Influence on water chemistry and isotopes. Chem. Geol. 168, 307–324. 

Racz, A.J., Fisher, A.T., Schmidt, C.M., Lockwood, B.S., Huertos, M.L., 2012. Spatial and 

Temporal Infiltration Dynamics During Managed Aquifer Recharge. Ground Water 50, 

562–570. https://doi.org/10.1111/j.1745-6584.2011.00875.x 

Tan, C.S., Drury, C.F., Brunke, R.R., Reynolds, W.D., Bowman, B.T., 2010. Comparison of 

Tension Infiltrometer, Pressure Infiltrometer, and Soil Core Estimates of Saturated 

Hydraulic Conductivity. Soil Sci. Soc. Am. J. 64, 478. 

https://doi.org/10.2136/sssaj2000.642478x 

Vogel, J.C., Talma, A.S., Heaton, T.H.E., 1981. Gaseous nitrogen as evidence for denitrification 

in groundwater. J. Hydrol. 50, 191–200. 

Youngs, E.G., 1991. Infiltration Measurements - A Review. Hydrol. Process. 5, 309–320. 


