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Abstract:
Artiﬁcial recharge of groundwater is an increasingly important method for augmenting groundwater supply and can have a
positive or negative inﬂuence on the quality of water resources. We instrumented a managed aquifer recharge (MAR) pond in
central coastal California to assess how patterns of inﬁltration and recharge affect the load of nitrate delivered to the underlying
aquifer. The concentration of nitrate in inﬁltrating water consistently decreased during passage through the ﬁrst metre of
subsurface soils. Enrichment of 18O and 15 N in the residual nitrate in inﬁltrating water proceeded in a ratio of 1:2, indicating that
denitriﬁcation plays a signiﬁcant role in the quantitative reduction of nutrients exported during inﬁltration through shallow soils.
The extent and rate of nitrate removal was spatially and temporally variable across the bottom of the recharge pond, with 30% to
60% of the nitrate load being removed over the ﬁrst 6 weeks of managed aquifer recharge operation. During the period of highest
N loading to the system, when the average inﬁltration rate was > 1 m/day, the recharge pond achieved a load reduction efﬁciency
of 7 kg NO
3 -N/day/ha, which compares favourably to nitrate load reductions achieved by treatment wetlands. Groundwater
mounding and water composition below the recharge pond suggest that recharge and subsequent lateral transport occur
heterogeneously in the underlying aquifer. Nitrate concentrations in the aquifer following inﬁltration were lowered primarily by
dilution, with little evidence for additional denitriﬁcation occurring in the aquifer in comparison to high rates documented during
shallow inﬁltration. Copyright © 2011 John Wiley & Sons, Ltd.
Supporting information may be found in the online version of this article.
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INTRODUCTION
Artiﬁcial groundwater recharge is used to augment water
supplies and limit the adverse effects of groundwater
overdraft in many parts of the world (Bouwer, 2002). As
demands on groundwater increase, artiﬁcial recharge is
becoming more common, in some cases making use of
nonpristine water sources such as stormwater runoff, treated
wastewater and sources inﬂuenced by agricultural activity
(Ma & Spalding, 1997; Drewes, 2009). Many potential
recharge sources are impaired by elevated nutrient concentrations, and thus there is a need to understand conditions
under which the quality of artiﬁcially recharged water can be
improved. We present results of a study of denitriﬁcation
and nitrate load reduction during artiﬁcial recharge, with a
focus on the processes occurring during inﬁltration through
shallow soils and the net effect of recharge on conditions in
the underlying aquifer. We focus on nitrate as a primary
water quality indicator because this is often the dominant
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nitrogen species in surface water used for artiﬁcial recharge
in basins inﬂuenced by agricultural activity.
The most common method of artiﬁcial recharge,
managed aquifer recharge (MAR), uses surface inﬁltration
through spreading basins or ponds to put surface water into
the subsurface environment (Bouwer, 2002; Miller et al.,
2006). The chemical composition of inﬁltrating water can
change as the water passes through the vadose zone into an
underlying aquifer, where it mixes with ambient groundwater. Changes to water quality arise from a combination of
physical and biogeochemical processes; in some circumstances, these changes can lead to an overall improvement in
groundwater quality (e.g. Bouwer, 2002; Fox et al., 2006).
Nitrate (NO
3 ) is commonly removed from aquatic
systems by denitriﬁcation and biological assimilation
(uptake), among other processes. Unlike assimilative
uptake, the transformation of NO
3 to N 2 gas via
denitriﬁcation comprises a permanent sink for nitrate,
removing it from the aquatic environment (Bottcher et al.,
1990; Christensen et al., 1990; Fleischer et al., 1994;
Fukada et al., 2003). Thus, understanding the timing,
control and extent of denitriﬁcation during MAR is
important both for maintaining high groundwater quality
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and for tracking the export and fate of this common nutrient.
Denitriﬁcation is primarily carried out by facultative
heterotrophic bacteria that oxidise organic carbon using
nitrate as a terminal electron acceptor when dissolved
oxygen (DO), which is energetically favourable, is
unavailable (Knowles, 1982). In aquatic sediments where
organic carbon is abundant, denitriﬁcation typically occurs
near the oxic–anoxic interface once DO has been consumed
(Christensen et al., 1990).
MAR has features in common with soil aquifer
treatment (SAT), which is designed to take advantage
of physical and biogeochemical processes during inﬁltration of secondary wastewater efﬂuent. Investigations of
SAT systems have focussed on the fate of typical
wastewater constituents such as organic compounds,
oxygen, disinfection by-products, pathogens, heavy
metals and nitrogen species (e.g. Bouwer, 1991; Asano,
1992; Drewes et al., 2003; Rauch & Drewes, 2004;
Massmann et al., 2006). Much of the nitrogen processed
in SAT systems is present as ammonium, the removal of
which is controlled by the cation exchange capacity and
redox state of the soils. The removal of ammonium during
SAT can be enhanced through the development of cyclic
oxic and anoxic conditions, which allow the nitriﬁcation of
ammonium under oxic conditions and subsequent denitriﬁcation under anoxic conditions (Lance, 1972; Lance,
1977; Greskowiak, et al., 2005). In some SAT systems,
40% to 50% of the ammonium is removed through this
process (Wilson et al., 1995; Miller et al., 2006).
Environmental tracers such as tritium in conjunction
with helium (3H/3He dating), stable isotopes of water (18O
and 2H), major ions, trace elements and dissolved noble
gases have proven useful in measuring recharge rates and
constraining the timing and extent of mixing with ambient
groundwater in SAT and MAR systems (e.g. Clark et al.,
2004; La Salle et al., 2005; Massmann et al., 2008; McNab
et al., 2009; Kattan et al., 2010). This is particularly
important for distinguishing between water quality improvements resulting from dilution and/or effective
contaminant removal during SAT. Although the hydrology
and geochemistry of SAT systems have been explored in
numerous studies, fewer studies have quantiﬁed the
efﬁciency of MAR systems in removing nitrogen from
water sources such as storm runoff and irrigation return
water. The amount and form of nitrogen and carbon in
these sources may differ from those in wastewater efﬂuent,
leading to variations in nitrogen removal pathways,
mechanisms and efﬁciencies. Given common differences
in water quality among potential water sources for MAR,
there is a need to understand the causal relations between
operating conditions and the location, timing and rates of
nitrogen removal during operation of these systems.

STUDY AREA AND RECHARGE POND
The central coastal hydrogeologic region of California
relies on groundwater to satisfy a greater fraction of its
fresh water need than any other part of the state (CA DWR,
Copyright © 2011 John Wiley & Sons, Ltd.

2009). The dominant water uses in this region are
agricultural and municipal. Groundwater overdraft is
endemic in many basins, leading to deepening of the water
table, loss of dry season aquatic habitat, ground subsidence
and seawater intrusion (CA DWR, 2009). The latter is a
particular problem for the Pajaro Valley Groundwater
Basin (PVGB) (Figure 1), which comprises parts of Santa
Cruz, Monterey and San Benito Counties. Principal waterbearing units in the PVGB are sedimentary packages of
eolian, marine and ﬂuvial sediments that form three principal,
laterally extensive aquifer units that are discontinuously
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Figure 1. (A) Location of the ﬁeld area in central coastal California, USA.
The MAR project is located adjacent to Harkins Slough (labelled
HS-MAR), part of a large wetland system draining southern Santa Cruz
county. (B) Site map of Harkins Slough MAR pond, adjacent recovery and
monitoring wells screened in the underlying aquifer, shallow piezometer
proﬁles and arrow indicating pre-MAR groundwater ﬂow direction in the
aquifer based on ambient head gradients before the start of managed
recharge
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separated by layers of ﬁne silt or clay. These units are
(from shallowest to deepest): Quaternary Alluvium (upper
and lower), Pleistocene Aromas Formation (mainly eolian
and ﬂuvial sand/gravel deposits) and Pliocene Purisima
Formation (ﬂuvial sand and gravel, marine shale, silt, sand
and clay) (Muir, 1972; Dupre, 1975).
The temporal distribution of precipitation above the
PVGB is highly seasonal, with most annual precipitation
(~50 cm/yr) falling between December and April. Recharge
to the PVGB occurs mainly by deep percolation of
precipitation at the margins of the basin, through the beds
of streams, and as irrigation returns (Hanson, 2003). The
climate and well-drained soils enable year-round agriculture
throughout the Pajaro Valley, most of which is supported by
irrigation using groundwater. The current rate of groundwater removal exceeds the sustainable yield of the basin,
contributing to seawater intrusion along the coast.
The Pajaro Valley Water Management Agency
(PVWMA) established the Harkins Slough MAR project
in 2001 as part of a broad effort to improve groundwater
conditions in the PVGB. Surface water is diverted from a
wetland called Harkins Slough during the winter rainy
season. Diversion typically occurs between January and
April when there is sufﬁcient ﬂow in the slough and the
total dissolved solids and suspended sediment loads are
low. Diverted water is passed through a sand ﬁlter and
pumped into a recharge pond, which is a modiﬁed natural
depression ~3 ha in area. Inﬁltration through the base of
this MAR pond creates a local water table mound,
temporarily increasing storage within a perched aquifer
that overlies a clay layer ~30 m below the base of the
pond (Figure 2). Diversions to the MAR pond continue
until the rate of inﬁltration is greatly reduced (generally
because of clogging of the pond bed), or until high quality
water is no longer available from the slough. Recharged
water is recovered from the shallow aquifer
using dedicated wells that encircle the pond. Recovered
water is blended with regional groundwater and recycled
water (as of 2009) and distributed to growers along
the coast using a distribution pipeline. After the end of the
MAR operating season, typically in June or July,
any water remaining in the pond is pumped out, and the
base of the pond is dried and scraped in preparation for
future use.

METHODS
Field methods

The rate of inﬁltration across the entire MAR pond
during the 2008 operating season was determined using
mass balance calculations (Racz et al., 2011). The pond
was surveyed to generate a detailed digital elevation
model. Stage markers were placed along one side of the
pond, and their elevations were surveyed relative to sea
level. A pressure gauge was placed in a stilling well
adjacent to the pond stage markers, with data collected
every 15 min. Water pressure was calibrated against stage
observations made throughout the operating season. The
Copyright © 2011 John Wiley & Sons, Ltd.

pond water elevation and the digital elevation model
were used to determine the volume of water in storage
at a given time as well as the pond surface area and
wetted area. Diversions from Harkins Slough were the
primary inputs to the pond (recorded hourly). Precipitation and pond evaporation (additional sources and
sinks, respectively) were determined from data collected
at a nearby California Irrigation Management Information System weather station.
Synoptic water samples were collected weekly during
the 2008 MAR season from the diversion site, recharge
pond and shallow subsurface below the pond. Piezometers were installed before the start of MAR operations
with tubing extending to the edge of the pond to allow
sampling after the pond was ﬁlled. Piezometers were
constructed from 1-cm-diameter polycarbonate tubing,
which was perforated at the base and wrapped with a ﬁne
mesh screen. Holes were bored in the base of the pond for
piezometer installation when the pond was dry using a
12-cm-diameter hand auger, and the edges of the holes
were roughened with a wire brush to remove sediment
smeared by the auger bucket. Piezometers were placed at
desired depths, and the screens were surrounded by a
ﬁlter pack of coarse (1–2 mm, 10–20 mesh) well-rounded
quartz sand (≥97% SiO2). A bentonite seal was installed
above each screened interval, and the holes were
backﬁlled with native soil and topped with an additional
bentonite seal at the ground surface. Piezometers were
developed after installation to assure good communication with the formation by repeated ﬂooding of the
screened zone with water using a peristaltic pump, then
pulling the water back out rapidly. Twelve piezometer
nests were installed along four transects with screen
depths of 0.5 and 1 m beneath the base of the pond
(Figure 1).
Purging and sample collection were conducted regularly using a pump at the edge of the pond after the basin
was ﬁlled. Water samples were ﬁltered immediately with
0.45-mm cellulose acetate ﬁlters into acid washed highdensity polyethylene bottles. A subset of samples were
ﬁeld ﬁltered through 0.22-mm cellulose acetate ﬁlters for
nitrate isotopic analysis. All samples were placed in a
cooler on ice immediately and returned to the laboratory.
Samples collected for major ion and nutrient analysis
were stored at 4  C, and samples collected for isotopic
analysis were frozen until analysed.
Groundwater samples from the underlying aquifer were
collected from eight monitoring wells that surround the
pond (Figure 1). These wells were installed by the
PVWMA when the Harkins Slough MAR project was
created. Monitoring wells have a 25.4-cm-diameter
borehole and a 12.7-cm-diameter casing. Each well has
an 18.3-m-long screen installed across the water table
(when the MAR pond is not operating). Monitoring wells
were developed using a gas lift, and gas lift sampling was
conducted at least annually, including a round of sampling
completed immediately before the start of our study. We
collected groundwater samples monthly from the screened
zone of each monitoring well using a depth-point sampler
Hydrol. Process. (2011)
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Figure 2. Schematic cross section showing the relative locations of
monitoring wells and piezometer sample locations. (A) MAR water
inﬁltrates through the base of the pond creating a thin saturated zone above
an inverted water table. MAR water travels through a 20 to 30 m thick
unsaturated zone before reaching the water table in the underlying aquifer.
(B) Inverted water table in the shallow subsurface beneath the pond.
Saturation extended beyond 1 m depth at some instrument locations near
the start of MAR operations. However, the inverted water table became
shallower with continued MAR operation such that some piezometers
could no longer be sampled later in the operating season

triggered with a messenger weight. Groundwater samples
collected in this way were treated in the same way as
shallow piezometer samples. Monitoring wells were also
instrumented with pressure gauges recording every 15 min,
and these values were calibrated to water levels measured
monthly by hand using an electric tape.
In addition, samples were collected continuously for 6
months from the screened zones of several monitoring
wells using OsmoSamplers (Jannasch et al., 2004).
OsmoSamplers are polycarbonate tubes with an internal
dialysis membrane that separates a supersaturated salt
reservoir from the sampling coil preﬁlled with deionised
water. The deionised water is drawn through the membrane
into the salt reservoir, drawing ambient ﬂuid samples up
and into a sample coil of 1.2 mm i.d. Teﬂon tubing. After
recovery of the OsmoSamplers, sample tubing was cut into
subsections, providing daily sample resolution with
measurements made on 1 to 2 ml of ﬂuid. Fluid samples
were removed from tubing sections and placed in
microcentrifuge tubes, which were refrigerated at 4  C
until analysed.
Analytical methods

We measured dissolved oxygen, temperature and pH in
the ﬁeld using a Hydrolab multiprobe system. The
alkalinity of surface and inﬁltrating water was determined
Copyright © 2011 John Wiley & Sons, Ltd.

within 24 h of collection by Gran titration. Anions were
measured by ion chromatography using a Dionex
+
DX-2000. Nutrient concentrations (NO
3 , NH4 and total
nitrogen) were determined within 1 week of collection by
colorimetric ﬂow injection analysis on a Lachat Instrument QuickChem 800. Dissolved organic carbon was
measured by combustion catalytic oxidation using a
Shimadzu TOC-VCSH total organic carbon analyser.
Regular analyses of sample splits, blanks and laboratory
standards indicate accuracy for major ions and nutrients
of <5%. The d15N and the d18O of nitrate (relative to air
and Vienna Standard Mean Ocean Water, respectively)
were measured at the UCSC Stable Isotope Facility using
the procedure of McIlvin and Altabet (2005). This method

is based on the reduction of NO
3 to NO2 by cadmium,

followed by reduction of NO2 to N2O by sodium azide.
The d15N and the d18O of the produced N2O were analysed
by isotope ratio mass spectrometer (ThermoFinnigan Delta
Plus XP) with a Gas Bench II head space sampling interface.
Absolute accuracy for NO3 isotopes was 0.2% and 0.4% for
d15N and d18O, respectively.
Mixing models

Mixing models were used to quantify spatial and
temporal variations in the arrival of MAR water in the
underlying aquifer using chloride (conservative) and nitrate
(nonconservative) as tracers of MAR water. MAR water is
deﬁned herein by the composition of ﬂuid recovered from
the saturated zone using shallow piezometers below the
pond, after inﬁltration through shallow soil. The concentrations of chloride [Cl] and nitrate [NO
3 ] in MAR water
were relatively high during the ﬁrst 6 weeks of MAR
operations, which corresponds to period of highest
dissolved solids loading, so we averaged water quality data
from this time to derive end-member compositions for MAR
water, which was readily identiﬁable when it arrived at the
monitoring wells. We used the solute and isotopic
composition of MAR water to quantify subsequent changes
in nitrate loading following inﬁltration beyond the saturated
zone immediately below the pond.
MAR water composition during the ﬁrst 6 weeks of
MAR operations was calculated as follows:
CMAR ¼

6
X

Ci Vi =VMAR

(1)

di Qi =VMAR

(2)

i¼1

dMAR ¼

6
X
i¼1

where CMAR is the end-member solute concentration
(mass/volume) of inﬁltrating water, Ci are average weekly
solute concentrations measured in piezometers and Vi is
the weekly volume of inﬁltration. Similarly, dMAR is the
end-member isotopic composition of MAR water, where
di is the isotopic composition, Qi is the mass of nitrate
added to the subsurface each week (Qi = Vi  Ci) and
VMAR is the total volume of MAR water inﬁltrated
through the base of the pond during this time.
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Concentrations of chloride and nitrate in monitoring
well samples (CMW) were modeled as a mixture of MAR
water and ambient groundwater:
CMW ¼ fGW CGW þ fMAR CMAR

(3)

fGW ¼ 1  fMAR

(4)

fMAR ¼ CMW  CGW =CMAR  CGW

(5)

CGW is the pre-MAR tracer concentration in groundwater,
calculated as the mean of values measured from samples
collected during November and January at each monitoring
well (before the start of MAR operations). fGW and fMAR
are the fractions of pre-MAR groundwater and MAR water
respectively, calculated for each monitoring well.

Phase 2, the inverted water table at proﬁle 1 was
shallower than 0.5 m such that piezometers screened at
0.5 m could not be sampled. In contrast, saturated
conditions persisted at 0.5 m depth in proﬁles 2, 3 and 4.
Nitrate load reduction and denitriﬁcation during
inﬁltration

The primary form of nitrogen in water diverted to the
Harkins Slough MAR pond was nitrate. When diversion
began, nitrate concentrations ([NO
3 ]) in the slough and
pond were as high as 350 mmol/l, but ﬂushing of the
slough system by winter rains reduced the concentration
of nitrate to ≤10 mmol/l during the next several months
(Figure 3C). Ammonium concentrations in the pond
never exceeded 10 mmol/l. The concentration of dissolved

Copyright © 2011 John Wiley & Sons, Ltd.
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The total volume of MAR inﬁltration from January to
May 2008 was 1.0  106 m3 (Figure 3). Peak inﬁltration
exceeded 2.0  104 m3/day, and values ≥1.0  104 m3/
day were sustained for ~35 days. The highest speciﬁc
inﬁltration rates (≥2 m/day, normalised across wetted
area at base of the MAR pond) occurred during the ﬁrst
40 days of operation. For discussion purposes, we divided
MAR operations into two phases. Phase 1 comprises the
ﬁrst 6 weeks after the initial diversion of water from the
slough to the pond, when inﬁltration rates were relatively
high. Phase 2 comprises the remaining 11 weeks of
seasonal operation, when inﬁltration rates decreased to
less than 10  103 m3/day (Figure 3).
Before ﬁling the recharge pond, head gradients
between monitoring wells indicated that the background
ﬂow of groundwater in the underlying aquifer was
generally from northwest to southeast (towards MW2
and MW4, Figure 1B). After inﬁltration of 3  105 m3 of
water (ﬁrst 6 weeks of MAR operations), mounding in the
underlying aquifer became apparent in monitoring wells
located 300 to 600 m from the pond. The greatest
response to recharge water occurred in monitoring wells
to the south of the pond, where head increases of 4.5 to
5 m were observed. The formation of a local mound
eventually caused the water table gradient north of the
pond to be reversed for several months. Ambient
groundwater ﬂow conditions were restored to pre-MAR
conditions 53 days after diversions to the pond ended.
During the ﬁrst 6 weeks of MAR operations when
inﬁltration was most rapid (Phase 1), saturated conditions
developed throughout the shallow subsurface immediately below the base of the pond, leading to the formation of
an inverted water table within the upper ~1 m of soil (e.g.
Figure 2B). The existence and extent of the inverted water
table during this period was indicated by the spatial and
temporal pattern of sample recovery from shallow
piezometers. During Phase 1, the inverted water table
extended between 0.5 and 1.0 m below the pond, except
at proﬁle 1 where saturation extended to >1 m. During
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Figure 3. Hydrologic, operating and water quality data from 2008.
(A) Precipitation data from local meteorological station. (B) Inﬁltration
rate (solid line) and cumulative inﬁltration (dashed line) through base of
MAR pond. Phase 1 and Phase 2 MAR operation periods are described in
the text. (C) Concentration of nitrate in the recharge pond and in samples
collected from the shallow subsurface with piezometers. Piezometer data
shown are averages from samples collected along each of four proﬁles
shown in Figure 1B. (D) Cumulative load of nitrate delivered to the pond
(solid line) and calculated for individual piezometer transects (other lines
and symbols) based on observed concentrations at depth. The difference
between the whole pond and the piezometer proﬁle values indicates a
nitrate load reduction after shallow inﬁltration of 30% to 60%, depending
on how representative these proﬁles are of inﬁltration conditions in general.
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organic carbon in the pond was considerably higher than
nitrate concentrations, ranging from 0.5 to 2 mmol/l/ C,
suggesting no carbon limitation on denitriﬁcation.
Average nitrate concentrations in inﬁltrating water
sampled from 0.5 m depth along proﬁles 1 to 4 were
between 10 and 200 mmol/l lower than the nitrate
concentration in pond water (Figure 3C), indicating a
net removal during inﬁltration through the shallow
subsurface. During Phase 1, when inﬁltration rates were
highest, nitrate concentrations were commonly lowered
by ≥50% in all of the piezometers in proﬁles 3 and 4,
with generally less nitrate removal observed in proﬁles 1
and 2 (Figure 3C). During Phase 2, the concentration of
nitrate in the pond was ≤50 mmol/l. Many piezometers
could not be sampled during this period because the
screened zones were located within the unsaturated zone
(below the inverted water table); however, piezometers
that did provide ﬂuid samples generally indicated ≥80%
removal of nitrate.
The total load of NO
3 -N delivered to the recharge pond
during 2008 MAR operations was 1130 kg; 80% of this
load (830 kg) was delivered during Phase 1. We
calculated the load of nitrogen delivered below the
shallowest 0.5 m of soil below the pond on the basis of
whole-pond inﬁltration rates and differences between
nitrate concentrations in pond and piezometer ﬂuids
(Figure 3D, Table I). There is considerable variability in
the exported load of NO
3 -N indicated by individual
piezometers, but these calculations suggest that 30% to
60% of the NO
3 -N load is removed during inﬁltration of
MAR water through the ﬁrst 0.5 m of the subsurface.
Stable isotopes of nitrate were used to determine the
extent to which observed reductions in [NO
3 ] during
inﬁltration resulted from denitriﬁcation (Figure 4). Nitrate
in the pond water had relatively stable d15N and d18O
values throughout Phase 1. The average isotopic
composition of nitrate in the pond was +10.5% for
d15N and +9.5% for d18O. The d15N of nitrate in the
pond was relatively high compared with typical nitrate
sources in surface water such as fertilisers (d15N = 5%
to +10%) and soil nitrogen (d15N = +3% to +7%)

(Michener & Lajtha, 2007), suggesting that some
denitriﬁcation may have occurred in the slough before
diversion to the recharge pond. The average d15NMAR value
in the saturated zone beneath the pond (Equation (2)) was
+16.8%. Residual nitrate in the saturated zone beneath the
pond became enriched in 18O and 15 N following a ratio of 1:2
(Figure 4), characteristic of denitriﬁcation (Bottcher et al.,
1990; Kendall & McDonnell, 1998).
Inﬂuence of MAR on nitrate loading to shallow aquifer

Before the start of MAR operations, [NO
3 ] in the
underlying aquifer ranged from 0.3 to 1.8 mmol/l, with
variability in time resulting from inﬁltration of natural
precipitation and irrigation returns (Figure 5). In general,
the addition of higher quality water through MAR

([NO
3 ] < 0.3 mmol/l) resulted in a lowering of [NO3 ]
in the aquifer by dilution. Fluid samples collected from
MW2, MW4 and MW8 indicate abrupt reductions in
[NO
3 ] within 5 days of ﬁlling the recharge pond. An
additional 15 days were required for [NO
3 ] to decrease at
MW3, located just 100 m southeast of MW2 (Figure 1). A
reduction in [NO
3 ] was not observed at MW6 until
84 days after the start of MAR, although the development
of a groundwater mound below the pond caused the
gradient to reverse (compared with pre-MAR conditions)
55 days earlier. The only monitoring well where a
decrease in [NO
3 ] was not observed was MW7. In this

location, where [NO
3 ] was initially 1.2 mmol/l, [NO3 ]
decreased for two brief periods to <1 mmol/l and then
increased to > 2.0 mmol/l 100 days after the start of MAR
(Figure 5). The increase in [NO
3 ] in this well corresponds
to a time when groundwater head gradients indicate a
reversal of the initial ﬂow direction, which resulted in
groundwater with high [NO
3 ] near MW6 ﬂowing towards
MW7. It seems likely that water quality in MW7 would
have eventually improved if MAR operations had
continued for long enough to transport recharged water
to this well; this did not occur during the operating period
monitored for this study.
To establish the timing of MAR arrival at individual
monitoring wells, we calculated the apparent fraction of

Table I. Weekly load of NO
3 -N applied to the recharge pond and penetrating below the ﬁrst 1 m of soils during inﬁltration based on
whole pond inﬁltration volumes and averages of the NO
3 concentrations measured along four proﬁles, during the ﬁrst 6 weeks of
system operation in 2008
NO
3 -N load (kg)
Week
1
2
3
4
5
6
Total load
Percent load reduction

MAR pond

Proﬁle 1

Proﬁle 2

Proﬁle 3

Proﬁle 4

151
202
262
138
47
27
830

151  1.7
127  29
215  56
59  95
13  3

108  77
62  52
243  55
128  61
44  28
11  22
595  128
28%  15%

151  22
90  59
178  62
78  44
18  1.3
9  1.6
524  99
37%  11%

101  7.4
41  25
158  12
43  16
69
11  5
360  35
57%  4%

565  114
32%  14%

Values listed for each of four proﬁles are weekly totals  1 SD, based on variations in observed concentrations during this time.

Copyright © 2011 John Wiley & Sons, Ltd.
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Figure 4. Isotopic composition of nitrate in water diverted to the recharge
pond and in samples collected from shallow piezometers below the base of
the pond during MAR operations. Arrow shows direction of trend
expected during denitriﬁcation, with d18O:d15N = 1:2

MAR water (fMAR) using Cl as a conservative tracer
(Equation (5), Figure 6). CGW was calculated as the
arithmetic mean [Cl] in each monitoring well for 2
months before the start of MAR operations, and CMAR
was calculated as the average of weekly concentration
measurements in the pond weighted by the weekly
volume of inﬁltration (Equation (1); Table II). We
focussed on the ﬁrst 6 weeks (Phase 1) of MAR
operations because approximately half of the inﬁltration
and 80% of the nutrient load introduced to the pond
occurred during this time. At MW4 and MW8, geochemical mixing calculations suggest that MAR water
completely displaced ambient groundwater (fMAR  1)
by 40 days after the start of inﬁltration (Figure 6). In
contrast at MW2, located at a similar distance from the
pond, it took ~50 days before MAR water was detected
and fMAR never exceeded 0.6. In all three cases, the time
required for the appearance of a signiﬁcant fraction of
MAR water was considerably longer than that required
for local groundwater head to rise.
We calculated the difference between the concentration

of NO
3 measured at each well [NO3 ]MW and the nitrate

concentration expected [NO3 ]exp on the basis of the
conservative mixing of ambient groundwater and MAR
water, which passed through the shallow soils below the


base of the pond (ΔNO
3 = [NO3 ]MW  [NO3 ]exp). Large

absolute values of ΔNO3 indicate nonconservative
behaviour, with positive values indicating a local source
and negative values indicating a local nitrate sink. There
was both spatial and temporal variability in the extent of
nonconservative NO
3 behaviour in the shallow aquifer
(Figure 6). At the times and locations where fMAR was
greatest at MW4 and MW8, ΔNO
3 calculations indicate
the presence of signiﬁcantly more nitrate than expected
due to conservative mixing alone. This difference
decreased with time, and by the end of MAR operations,
nitrate concentrations in the aquifer at these locations
were somewhat lower than predicted by conservative
mixing, suggesting a local sink. In contrast at MW2,
Copyright © 2011 John Wiley & Sons, Ltd.
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Figure 5. The concentrations of nitrate in the aquifer before and after start
of MAR operations (indicated by vertical gray band). Well locations
shown on Figure 1B. (A) Nitrate concentration in wells MW2, MW3,
MW4 and MW5 located down gradient from the recharge pond.
(B) Nitrate concentration in wells MW6, MW7 and MW8 located north
of the recharge pond and up-gradient before the start of MAR

[NO
3 ] in groundwater was typically lower than would
expected due to the conservative mixing of MAR and
ambient groundwater (Figure 6A). This difference was
small when MAR water was initially detected but
increased over time and remained relatively constant
until the end of the MAR operating season.
Nitrate isotopes provide additional insight into the
extent and spatial variability of denitriﬁcation (Figure 7).
In November 2007, before MAR, the isotopic composition
of nitrate in shallow groundwater was fairly homogeneous,
d15N values of +1.8 to +3.9% and d18O values of +2.0 to
+3.2%. These values are consistent with NO
3 derived
from the nitriﬁcation of NH+4 fertiliser (Kendall &
McDonnell, 1998). An isotopic response to MAR was
observed at many of the monitoring wells once inﬁltration
and recharge began. At MW2, MW4, MW5 and MW8, the
d15N of nitrate increased up to 9.3%, and the d18O of
nitrate increased as much as 6.0% during and after MAR.
In contrast, at MW3, MW6 and MW7, the isotopic
composition of nitrate was stable throughout MAR
operations, with changes in d15N less than 2.4% and
changes in d18O less than 1.6% (Figure 7). When the well
data are all plotted together, they follow the canonical
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Table II. End-member concentrations used to calculate fMAR and
[NO
3 ]exp, as described in the text

MW2

18
1.0

MAR

f

0.4
0.0

0.4
-0.4
0.2

A
0

40

80

120

160

ΔNO3- (mmol/L)

ΔNO3-

0.6

0.0

-0.8

Elevation
m-msl

MW4

MAR

f

0.4
0.0

0.4
-0.4
0.2
-0.8

B
80

120

160

ΔNO3- (mmol/L)

ΔNO3-

0.6

40

200

Elevation
m-msl

Days of MAR
22

MW8

18
1.0

MAR

ΔNO3-

0.4

0.6
0.0
0.4
-0.4
0.2
0.0

C
0

40

80

120

160

ΔNO3- (mmol/L)

f

0.8

fMAR

0.8

-0.8

200

Days of MAR
Figure 6. Comparison of hydrographs and timing of arrival of MAR water
at three observation wells (locations shown on Figure 1B). For each well,
upper panel shows the hydrograph referenced to mean sea level. Lower
panel shows fraction of well water that appears to have originated as MAR
(fMAR), based on Cl as a conservative tracer, and the difference between
observed and expected values of [NO
3 ]. As discussed in the text, positive
ΔNO3 values are indicative of a nitrate source between the shallow
saturated zone below the pond and the water table, whereas negative
ΔNO3 values are indicative of a nitrate sink. (A) Monitoring well MW2.
(B) Monitoring well MW4. (C) Monitoring well MW8

denitriﬁcation d18O:d15N trend line of 1:2. However, the
same trend is not observed in samples from individual
monitoring wells, as would be expected if denitriﬁcation
were the most important nitrogen cycling process operating in the aquifer. This suggests that much of the observed
isotopic denitriﬁcation signature was achieved before the
MAR water reached the aquifer.
The relationship between d15N of nitrate and [NO
3]
before and during MAR (Figure 8) suggests that simple
Copyright © 2011 John Wiley & Sons, Ltd.

0.08  0.08
0.96  0.03
1.63  0.17
0.37  0.06
0.51  0.05
1.89  0.01
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b

b
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Values shown for CMAR were calculated using Equation (1). Values
shown for CGW are means and standard deviations for each well for the
2-month period proceeding start of MAR operations.
b
OsmoSamplers were not deployed at these locations until after the start
of MAR. The average composition of pre-MAR groundwater was
determined from monthly sampling at these locations.
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binary mixing helps to explain conditions around some
wells, but that there must be additional processes and/or
mixing end members associated with other wells. Two
mixing lines were developed on the basis of the ﬂuid
composition from monitoring wells (Table III): those with
[NO
3 ]GW <1 mmol/l before managed recharge (MW2,
MW4 and MW5) and those with [NO
3 ]GW >1 mmol/l
(MW3, MW6, MW7 and MW8). Of the wells that show a
systematic change in nitrate isotopic composition over
time (MW2, MW4, MW5 and MW8), two different
trends are apparent. At MW4 and MW8, monthly samples
generally fall along the mixing lines between MAR and
pre-MAR groundwater. In contrast, samples from MW2
and MW5 fall well below their mixing line.

DISCUSSION
Nitrate load reduction during inﬁltration

The nitrate load that was added to the Harkins Slough
MAR pond in 2008 was signiﬁcantly reduced during
shallow inﬁltration beneath the pond. A lowering of
18
O and
[NO
3 ] was accompanied by enrichment of both
15
N of the residual nitrate at a ratio of ~1:2 (Figure 4),
indicating that a signiﬁcant fraction of the nitrate load
reduction was attributable to denitriﬁcation. The greatest
load reduction occurred during the ﬁrst 3 weeks of MAR
operation (Figure 3C). This time interval corresponded to

the period of the greatest NO
3 loading (~37 kg NO3 -N/
day), both because this was when MAR inﬁltration was
most rapid (up to 2.5 m/d Figure 3B) and because [NO
3]
in the diverted slough water was higher during this
period. During this time of highest N loading, the mean
load reduction was 9 kg NO
3 -N/day (20% of load),
equivalent to 7 kg NO
-N/day/ha
when normalised by
3
pond area.
This load reduction efﬁciency compares favourably
with the nitrate load reduction achieved by treatment
wetlands in other agricultural settings (Xue et al., 1999;
Kovacic et al., 2000; Braskerud, 2002). In fact, the annual
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Figure 7. Isotopic composition of nitrate in the MAR pond and
groundwater recovered from monitoring wells surrounding the pond.
Samples shown were collected monthly between November 2007 and
May 2008

load reduction efﬁciency observed at the Harkins Slough
recharge pond (43 g N/m2/yr) is higher than the annual
load reduction efﬁciency commonly observed for treatment wetlands (~16–24 g N/m2/yr, Kadlec & Wallace,
2009; Moreno-Mateos et al., 2010). Although [NO
3 ] in
water applied to the Harkins Slough system (generally
<0.1 mmol/l NO
3 N) was lower than that applied in
many treatment wetlands (often 1 to 10 mmol/l NO
3 N),
the total load reduction per area is similar due to the large
volume of water that passes through the base of the pond.
One reason the nitrate load reduction observed in this
system is so great is that the source of recharge water is a
wetland rich in dissolved organic carbon. In contrast,

20
MAR
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5
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soil water
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Nitrate loading in the shallow aquifer
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Figure 8. The isotopic composition of nitrate in groundwater (November
2007–May 2008) compared with nitrate concentrations from the same
samples. Two conservative mixing lines are shown indicating expected
behaviour if nitrate concentrations and isotopic values resulted from
conservative mixing. The two mixing lines were developed on the basis of
the ﬂuid composition from monitoring wells with [NO
3 ]GW <1 mmol/l
before managed recharge (solid line) and those with [NO
3 ]GW >1 mmol/l
(dashed line). Most samples from MW3, MW4, MW6, MW7 and MW8
roughly follow a conservative mixing trend, whereas samples from MW2
and MW5 indicate a net lowering of d15N values. One possible
explanation for the latter observation is mixing with a third end member
representing soil water (from irrigation returns and natural recharge) that is
pushed ahead of MAR inﬁltration
Copyright © 2011 John Wiley & Sons, Ltd.

denitriﬁcation in aquifers is often limited by carbon
availability (e.g. Korom, 1992; Bohlke & Denver 1995;
Fryar et al., 2000; Singleton et al., 2007).
Although averages of nitrate concentration measured
during inﬁltration are useful for estimating total load
reduction, we see considerable spatial heterogeneity in

shallow [NO
3 ] values. [NO3 ] values observed in proﬁles
1 to 3 were fairly similar, whereas [NO
3 ] in subsurface
samples from proﬁle 4 were consistently lower (Figure 3).
During the ﬁrst 3 weeks of Phase 1, when nitrate loading
was highest, all three locations in proﬁle 4 showed
reductions in [NO
3 ] greater than 25%. In contrast, at the
same time in several locations along proﬁles 1 and 2, little
reduction in [NO
3 ] was observed, showing that some
parts of the MAR pond contribute a larger fraction of the
overall load reduction.
This extent of spatial and temporal variability in
denitriﬁcation has not previously been documented within
a MAR pond, but heterogeneity in the magnitude of
denitriﬁcation in sediments has been observed in
numerous aquatic systems including estuaries, wetlands,
riparian zones and irrigated agricultural ﬁelds (e.g. Gentry
et al., 1998; Spieles and Mitsch, 2000; Seitzinger et al.,
2006; Wankel et al., 2006). For example, Christensen
et al. (1990) reported order of magnitude variations in
denitriﬁcation rates in ﬂooded agricultural soils. In many
sediments, denitriﬁcation occurs primarily in zones where
inﬁltrating water interacts with ‘hot spots’ of oxidisable
organic carbon, whereas much less denitriﬁcation is
observed in adjacent sediments (e.g. McClain et al., 2003
and Harms & Grimm, 2008). In the present study, high
concentrations of dissolved organic carbon are delivered
with nitrate in the recharge water, but differences in the
development of local redox conditions may affect
denitriﬁcation rates in shallow soils. Variability in soil
texture and ﬂuid ﬂow conditions beneath the pond may
allow more reducing conditions to develop in some
locations (e.g. proﬁle 4), whereas in other locations
conditions may remain too oxic for substantial denitriﬁcation to occur. Additional studies are underway to
determine the extent to which these and other local factors
could contribute to variability in denitriﬁcation rates
during MAR.

Groundwater in the shallow aquifer below the recharge
pond comprises a mixture of natural recharge from
precipitation, irrigation returns from surrounding ﬁelds
and water added as part of MAR operations. In many of
the monitoring wells surrounding the recharge pond, head
levels began to rise several weeks before MAR water was
detected using Cl as a conservative tracer (Figure 6).
The delay between head and compositional responses was
most pronounced at MW2, MW4 and MW8, where head
levels rose and [NO
3 ] decreased within 10 days of ﬁlling
the pond, but fMAR > 0 was not detected until MAR days
68, 40 and 42, respectively. In addition, the d15N of
nitrate in samples collected from these wells several
Hydrol. Process. (2011)
DOI: 10.1002/hyp

C. M. SCHMIDT ET AL.

Table III. End-member compositions used to calculate the isotopic composition of nitrate following mixing of pre-MAR groundwater
with inﬁltrating water from the MAR pond (Figure 8)
Location
Piezometers a
MW2
MW4
MW5
Average MW2, MW4 and MW5 b
MW3 c
MW6 c
MW7
MW8
Average MW3, MW6, MW7 and MW8

b

d15N-NO
3 (%)

d18O-NO
3 (%)

NO
3 (mmol/l)

16.8
2.1
3.1
2.1
2.4
3.3
4.1
3.9
3.6
3.6

11.1
2.0
2.2
2.0
2.1
3.1
3.2
3.0
2.4
2.9

0.08
0.96
0.37
0.51
0.76
1.63
1.89
1.22
1.70
1.74

a

Values shown for piezometers were calculated using Equation (2), whereas values shown for monitoring wells are averages of pre-MAR conditions.
Mixing between MAR and pre-MAR groundwater is assessed using two different averages for [NO
3 ]GW: one based on MW2, MW4 and MW5, which

have [NO
3 ]GW < 1 mmol/l, and a second based on wells with [NO3 ]GW > 1 mmol/l.
c
OsmoSamplers were not deployed at these locations until after the start of MAR. Average composition of pre-MAR groundwater was determined from
monthly sampling at these locations.
b

months before the start of MAR operations was higher
than that of samples collected just after the ﬁrst rain but
before the start of MAR operations. One explanation for
this is that precipitation events before the start of MAR
caused natural recharge of water having both low [NO
3]
.
Once
MAR
operations
began,
the
and low d15N-NO
3
ratio of natural recharge to MAR became very small, such
that the nitrogen load in the aquifer was dominated by a
mixture of managed recharge and ambient groundwater.
The arrival of natural recharge proceeding the arrival of
MAR water in the shallow aquifer can be seen in the

simultaneous changes in [NO
3 ] and [Cl ] detected in the
monitoring wells (Figure 9). The early arrival of recharge
with [Cl] lower than both ambient groundwater and
MAR water is particularly apparent at MW2 and MW8.
This early recharge signal also has higher [NO
3 ] than
typically seen in either precipitation or MAR water and
may represent the ﬂushing of residual NO
3 in soil water
(remaining from deep percolation of irrigation) into the
aquifer before the start of MAR operations.
There was considerable variability in the timing and
degree of mixing in the aquifer between MAR water and
ambient groundwater based on samples recovered from
the monitoring wells. The arrival of MAR water was most
rapidly detectable in monitoring wells located down
gradient from the pond (relative to pre-MAR conditions).
Only at MW2, MW4 and MW8 did the fraction of MAR
(fMAR) exceed 0.5 during the 2008 water year. Calculated
fMAR should be viewed cautiously for two main reasons.
First, fMAR was calculated assuming linear mixing
between two ﬁxed end members: pre-MAR groundwater
and MAR water. The early season ﬂushing of soil water
(an additional end member) would reduce calculated
values of fMAR. In addition, [Cl] decreased rapidly
during the ﬁrst 2 weeks of MAR operation, but a single
value was assumed for CMAR in fMAR calculations
(Equation (3)). Values of fMAR > 1 early in the season
(e.g. MW4 and MW8) likely result from the early arrival
of MAR water having [Cl] higher than that assumed for
Copyright © 2011 John Wiley & Sons, Ltd.

CMAR (Table II). We considered using time-varying end
member [Cl] for CMAR, rather than a single ﬁxed value
representing the mean of [Cl] during Phase 1 operations,
but this would require knowing the time delays between
changes in [Cl] in the MAR pond and the arrival of this
water at each monitoring well. These delays would differ
by monitoring well location and vary with time, as water
levels and lateral gradients vary during MAR operations,
which would introduce additional uncertain parameters
into the calculations.
Despite the simpliﬁcations taken in calculating fMAR,
the relative temporal variability in fMAR values is useful
for evaluating the extent to which individual wells are
connected to primary ﬂow paths in the aquifer and the
complexity of transport and mixing processes. The range
of observed responses to MAR at the monitoring wells
indicates that heterogeneities in the aquifer and/or the
development of preferential ﬂow paths through the
vadose zone play an important role in distributing MAR
at depth. On the basis of the time between the beginning
of inﬁltration and the arrival of MAR at each monitoring
well (fMAR >0), the rate of groundwater ﬂow between the
recharge pond and the monitoring wells was 2 to 6 m/day.
Groundwater ﬂow rates were typically higher than the
inﬁltration rates of 0.5 to 2.5 m/day observed at the
recharge pond and likely result from localised mounding
and the high conductivity of coarse-grained aquifer
material.
In parts of the aquifer that are well connected to the
overlying pond, the difference between measured and

expected [NO
3 ] ranged from ΔNO3 = 0.8 to 0.5 mmol/l
(Figure 6). At MW2, MW4 and MW8, ΔNO
3 calculawhen
fMAR was
tions suggest additional sources of NO
3
greatest, with reductions in absolute ΔNO
values
towards
3
the end of the MAR operating season. Uncertainties in the
estimate of [NO
3 ] MAR (concentration after MAR water
passes through the shallow saturated zone below the pond)
cannot account for the apparent sources of NO
3 in the
shallow subsurface or aquifer. The nitriﬁcation of
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Figure 9. Mixing trends in water samples collected from the MAR pond
(solid lines) and samples collected from individual monitoring wells
(dotted lines). (A) MW2. (B) MW4. (C) MW8. In each plot, the large
diamonds indicate end-member values assumed for calculation of fMAR
and ΔNO
3 , as discussed in the text. Arrows show the direction in these
values with time before and during MAR operations

ammonium is also an unlikely explanation because
measured [NH+4 ] values were low throughout the study
period, even in samples taken directly from Harkins Slough
at the diversion point. Even if all of the NH+4 in pond water
were converted to nitrate, this could not account for the
apparent NO
3 source. Similarly, there is no isotopic
evidence for substantial nitriﬁcation during inﬁltration or
ﬂow within the aquifer (e.g. deviation from 1:2 line). A
Copyright © 2011 John Wiley & Sons, Ltd.

more likely explanation is that residual nitrate in soil water
in the unsaturated zone, between the pond and the aquifer,
is ﬂushed downward during natural and artiﬁcial recharge.
This explanation is consistent with the temporal pattern of
ΔNO
3 values, which become much smaller in magnitude
later in the operating season, when the inﬂuence of soil
water would be diminished.
Nitrate became enriched in 15 N in the aquifer where
and when MAR water was detected. Enrichment in 15 N
could result from either denitriﬁcation or mixing with a
water source having a low concentration of NO
3 that is
enriched in 15 N (e.g. inﬁltrating MAR water). The lack of
a linear relationship between d15N and ln[NO
3 ] in
samples collected along ﬂow paths into and through the
aquifer (not shown) suggests that relatively little denitriﬁcation occurs in the aquifer. In addition, monthly
samples from MW4 and MW8 show good agreement
with the predicted mixing lines for MAR and pre-MAR
groundwater. Finally, the proportion of MAR predicted
isotopically matches fMAR predicted using Cl in these
wells, consistent with little denitriﬁcation occurring after
the ﬁrst metre of inﬁltration. For samples collected from
MW2 and MW5, the relationship between d15N and
[NO
3 ] falls well below predicted mixing lines based on a
two end-member system (Figure 8). As discussed earlier,
15
low NO
3 concentrations with low d N-NO3 values at
MW2 likely result from mixing with natural recharge
and/or soil water. Notably, MW2 also shows the lowest
ΔNO-3 values (0.4 mmol/l). This may indicate that the
nitrate found in this part of the aquifer is primarily derived
from a combination of natural and artiﬁcial recharge, with
little or no contribution from pre-MAR groundwater,
resulting from a particularly strong hydrologic connection
to the surface.
Collectively, these results suggest that the observed
changes in [NO
3 ] in monitoring wells result primarily
from mixing between different nitrate sources, as opposed
to nitrate cycling within the aquifer. This raises the
question why is denitriﬁcation so rapid and efﬁcient in
shallow soils below the MAR pond but virtually absent at
greater depths as this same water continues to move into
and through the underlying aquifer? A likely explanation
is related to the ability of microbial activity to draw down
oxygen levels. During shallow inﬁltration, microbial
activity in the soils beneath the pond creates a thin zone
of reducing conditions, facilitating denitriﬁcation above
the inverted water table. In contrast, the presence of a
thick unsaturated zone above the perched aquifer helps
to maintain oxic conditions that are unfavourable to
additional denitriﬁcation at depth.

CONCLUSIONS
MAR can be useful for supplementing groundwater
supplies, and it has the potential to improve groundwater
quality. A study of MAR in central coastal California
allowed us to assess patterns of inﬁltration and recharge
and to quantify the effects of these processes on nitrate
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delivery to an underlying aquifer. Nitrate concentrations
in inﬁltrating water generally decreased rapidly during
passage through the ﬁrst metre of subsurface soils. Stable
isotopes of nitrate in samples collected below the base of
the pond suggest that denitriﬁcation is primarily responsible for the quantitative reduction in nitrogen export
during inﬁltration. Thirty to sixty percent of the nitrate
load applied in diverted water was removed during the
ﬁrst 6 weeks of MAR operation, with the extent of nitrate
removal showing spatial and temporal variability. Denitriﬁcation appears to be an efﬁcient mechanism for
nitrate removal within this MAR system even at relatively
high rates of inﬁltration and elevated initial nitrate
concentrations, at least in part because of the high
dissolved organic carbon content of inﬁltrated water.
Groundwater mounding and composition below the MAR
pond suggest that recharge and subsequent lateral
transport occur heterogeneously in the aquifer. Nitrate
concentrations in the aquifer were lowered during MAR,
with most of denitriﬁcation occurring during shallow
inﬁltration just below the base of the pond, followed by
dilution at depth. Studies are underway to quantify links
between local rates of inﬁltration, water and soil
chemistry, and denitriﬁcation in this setting. It remains
to be determined how representative the nitrate load
reduction observed in this study may be regionally and to
inﬁltration and recharge processes that occur elsewhere
under similar conditions.
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