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[1] Ammonium (NH4
+) is a major constituent of many contaminated groundwaters, but its

movement through aquifers is complex and poorly documented. In this study, processes
affecting NH4

+ movement in a treated wastewater plume were studied by a combination of
techniques including large-scale monitoring of NH4

+ distribution; isotopic analyses of
coexisting aqueous NH4

+, NO3
�, N2, and sorbed NH4

+; and in situ natural gradient 15NH4
+

tracer tests with numerical simulations of 15NH4
+, 15NO3

�, and 15N2 breakthrough data.
Combined results indicate that the main mass of NH4

+ was moving downgradient at a rate
about 0.25 times the groundwater velocity. Retardation factors and groundwater ages
indicate that much of the NH4

+ in the plume was recharged early in the history of the
wastewater disposal. NO3

� and excess N2 gas, which were related to each other by
denitrification near the plume source, were moving downgradient more rapidly and were
largely unrelated to coexisting NH4

+. The d15N data indicate areas of the plume affected by
nitrification (substantial isotope fractionation) and sorption (no isotope fractionation).
There was no conclusive evidence for NH4

+-consuming reactions (nitrification or
anammox) in the anoxic core of the plume. Nitrification occurred along the upper
boundary of the plume but was limited by a low rate of transverse dispersive mixing
of wastewater NH4

+ and O2 from overlying uncontaminated groundwater. Without induced
vertical mixing or displacement of plume water with oxic groundwater from upgradient
sources, the main mass of NH4

+ could reach a discharge area without substantial
reaction long after the more mobile wastewater constituents are gone. Multiple approaches
including in situ isotopic tracers and fractionation studies provided critical information
about processes affecting NH4

+ movement and N speciation.
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1. Introduction

[2] Ammonium (NH4
+) is present in groundwater naturally

as a result of anaerobic degradation of organic matter and
artificially as a result of organic waste disposal. Anthropo-
genic NH4

+ is one of the major dissolved components in
some types of groundwater contaminant plumes. NH4

+ con-
centrations of the order of 1–10 mmol/L have been ob-
served in aquifers contaminated by landfill leachate and
concentrated wastewater disposal practices [Baedecker and
Back, 1979; LeBlanc, 1984; Cozzarelli et al., 2000;
Christensen et al., 2001; Heaton et al., 2005]. Septic
systems and agricultural practices also may result in locally
elevated recharge rates of NH4

+. NH4
+ in aquifers can cause

degradation of groundwater quality and usability, it can have
substantial effects on water-rock interactions, and it can be a
substantial source of N in surface waters receiving ground-
water discharge. Despite the environmental importance of

NH4
+, there are few studies documenting NH4

+ transport and
reaction processes in aquifers.
[3] Ammonium movement may be retarded by physical-

chemical processes such as sorption (including cation ex-
change), or biological processes such as microbially
induced transformations (Figure 1), depending on aquifer
geochemistry and the nature of the groundwater flow
system. Retardation of NH4

+ transport has been observed
in contaminated groundwaters [Ceazan et al., 1989;
DeSimone and Howes, 1998; van Breukelen et al., 2004],
and it may lead to much longer aquifer flushing times for
NH4

+ than for other more mobile aqueous species, with
relative retardation factors potentially ranging over 3 orders
of magnitude (100 to 103) [Buss et al., 2003]. Ammonium
oxidation occurs commonly in conjunction with O2 reduc-
tion (nitrification) and possibly may be associated with Mn-
oxide reduction [Luther et al., 1997; Hulth et al., 1999].
Nitrification results in production of NO2

� followed by
NO3

�:

NHþ
4 þ 1:5O2 ¼ NO�

2 þ 2Hþ þ H2O ð1aÞ

NO�
2 þ 0:5O2 ¼ NO�

3 : ð1bÞ
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Oxidation of NH4
+ also can lead to production of N2O or N2

if NO2
� oxidation (equation (1b)) is inhibited and NO2

� is
reduced instead (e.g., by denitrifying bacteria) [e.g., Barnes
et al., 1975]. Alternatively, NH4

+ can be oxidized anaero-
bically with reduction of NO2

� to form N2 (the anammox
process) [Van de Graaf et al., 1995; Thamdrup and
Dalsgaard, 2002]:

NHþ
4 þ NO�

2 ¼ N2 þ 2H2O; ð2Þ

where the NO2
� may be derived from NO3

� by denitrifica-
tion. These physical and biogeochemical processes need to
be evaluated before the movement and fate of NH4

+ in
contaminated or uncontaminated aquifers can be rationa-
lized or predicted.
[4] Stable N isotope fractionations and N isotope tracers

can provide valuable information about the processes af-
fecting NH4

+ transport. Isotope fractionations have been
reported for NH4

+ sorption/desorption processes and for
nitrification in the presence of excess NH4

+. Laboratory
studies indicate that NH4

+ sorbed from solutions by clays
and artificial cation exchange resins commonly is enriched
in 15N relative to the NH4

+ that remains in solution, with
apparent equilibrium isotope fractionation factors (a =
[15N/14N]solid/[

15N/14N]aqueous) of around 1.001 to 1.011
[Delwiche and Steyn, 1970; Karamanos and Rennie,
1978]. In contrast, nitrification of NH4

+ yields 15N-depleted
products and commonly results in a substantial increase in
the d15N value of the residual NH4

+. Kinetic isotope frac-
tionation factors (a = [15N/14N]product/[

15N/14N]reactant) rang-
ing from about 0.962 to 0.983 have been reported for
laboratory studies of nitrification [Delwiche and Steyn,
1970; Mariotti et al., 1981; Casciotti et al., 2003]. Given
these opposing isotope fractionation effects, it should be
possible to distinguish between sorption and nitrification as

major processes affecting the distribution of NH4
+ by eval-

uating variations in concentration and d15N in field settings.
In addition, artificial 15N-enriched NH4

+ tracers can be used
to investigate the movement of NH4

+ relative to water and the
rate of NH4

+ oxidation can be determined from the rate of
appearance of 15N tracer in NO3

� or N2, depending on the
process. The precision of stable isotope measurements at low
to moderate levels of 15N enrichment (e.g., <10 percent 15N)
permits field experiments to be done with minimal distur-
bance to the chemical composition of the system, and with a
higher degree of sensitivity than most chemical methods.
[5] The objective of the current study was to determine

the distribution and importance of various processes affect-
ing the transport and reaction of NH4

+ in a wastewater-
contaminated aquifer by using a combination of chemical
and isotopic measurements including in situ isotope tracers.
Two related studies at the same site assessed local nitrifi-
cation potentials by using single-well tracer tests [Smith et
al., 2006] and biomolecular approaches [Miller et al., 1999].
This paper addresses controls of NH4

+ movement at larger
spatial and temporal scales and provides a comparison of
multiple approaches. Tested approaches include injection of
15N-enriched NH4

+ with Br� to determine retardation factors
for NH4

+ transport, isotopic analysis of NO3
� and N2 from

the tracer tests to determine rates of NH4
+ oxidation, sedi-

ment extraction experiments to determine sorption behavior
of NH4

+, long-term monitoring of the shape and position of
the NH4

+ contaminant mass, and isotopic analyses of NH4
+,

NO3
�, and N2 gas in the absence of tracers to seek evidence

for isotopic fractionation associated with sorption, nitrifica-
tion, denitrification and anammox. Results of these different
approaches provide an unusually comprehensive picture of
NH4

+ behavior in a contaminated aquifer, with guidelines for
future studies of complex N-rich systems.

2. Study Site and Methods

2.1. Treated Wastewater Plume and
Ammonium ‘‘Cloud’’

[6] At the Massachusetts Military Reservation (MMR) on
Cape Cod, a linear plume of contaminated groundwater was
created as a result of local artificial recharge of treated
wastewater from 1936 to 1995 [LeBlanc, 1984; Savoie and
LeBlanc, 1998] (Figure 2). The aquifer containing the plume
is largely glacial outwash sand consisting of quartz and
feldspar, with a few percent or less of phyllosilicates, oxides,
and other accessory minerals and <0.1% organic C [Barber
et al., 1992]. The overall size and shape of the MMR
wastewater plume is indicated by high concentrations of B
(Figure 3). Boron is a common constituent of domestic
wastewater and it is a mobile and stable component when
present in high concentrations in sandy aquifers such as the
MMR site [LeBlanc, 1984]. The upper plume boundary also
is delineated by steep vertical gradients of specific conduc-
tance, dissolved organic and inorganic C, SO4

2�, Cl�, O2,
d18O, and d2H, among other constituents [LeBlanc, 1984;
Smith et al., 1991; Savoie and LeBlanc, 1998; Böhlke et al.,
1999].
[7] Groundwater velocities in the plume are known from

a combination of injected tracer studies and groundwater
dating by 3H and 3H-3He methods [LeBlanc et al., 1991;
Shapiro et al., 1999] (Figure 3). The distributions of B and

Figure 1. Biogeochemical and physical-chemical (phys.)
processes affecting the speciation of nitrogen in aquatic
systems. Highlighted are some of the major reactions
considered in the current study, including nitrification,
denitrification, anammox, and NH4

+ exchange with solids.
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groundwater age indicate that the movement of the waste-
water through the aquifer was governed by a combination
of processes: (1) rapid recharge and downward transport
beneath the infiltration beds with a local vertical velocity of
around 10–20 m/yr, (2) lateral downgradient transport with
regional groundwater flow with an average horizontal
velocity of about 120 m/yr in the plume, and (3) gradual
sinking below the water table at an average rate of about
0.8 m/yr in the downgradient direction caused by a combi-
nation of regional recharge and density differences between
the plume and surrounding groundwater. The combined
result of these processes after 60 years of wastewater disposal
was a flattened plume about 15–20 m thick and more than
6 km long, overlain by a wedge of oxic local recharge water,
with minimal lateral (vertical) dispersion (Figures 2 and 3).
[8] The wastewater plume was largely anoxic and

contained locally elevated NO3
� concentrations. Nitrate

concentrations were highest near the wastewater infiltration
beds, decreased rapidly as a result of denitrification coupled
with C oxidation [Smith et al., 1991, 2004], and persisted at
low to moderate levels throughout the plume. In contrast,
there was a fairly distinct region of high NH4

+ concentrations
within the plume with a center of mass about 2 km down-
gradient from the plume source, referred to subsequently as
the NH4

+ ‘‘cloud’’ (Figure 3). The shape and position of the
NH4

+ cloud within the larger wastewater plume presumably

reflects some combination of processes whose relative
importance is the subject of this study: (1) past changes in
the wastewater treatment process resulting in changes in the
N speciation of the artificial recharge, (2) retardation of
NH4

+ transport in comparison to the water with which it was
recharged, or (3) reactions such as nitrification, anammox,
or NO3

� reduction to NH4
+.

2.2. Field Sampling and Chemical Analyses

[9] The distribution and long-term movement of NH4
+ in

the MMR wastewater plume were investigated by repeated
synoptic sampling of multilevel sampling devices in a
longitudinal transect beneath Ashumet Valley (sites F262
to F350; see Figure 2) from 1990 to 1998. Additional
samples for natural abundance isotope gradient measure-
ments were collected in June 1997 (prior to the isotope
tracer tests) at sites F168, F593, F471, and F472 (Figure 2)
approximately 2600 m downgradient from the wastewater
infiltration beds. The multilevel sampling device (multiport)
is a 3.2-cm diameter PVC pipe containing a bundle of 6-mm
diameter polyethylene tubes that exit the pipe at 15 discreet
elevations in the saturated zone [LeBlanc et al., 1991]. The
tubes exit the pipe at intervals ranging from 0.2 to 1.5 m and
have Nylon screens over the ends. Samples were pumped
from the polyethylene tubes through Norprene tubing by a
peristaltic pump at the land surface.

Figure 2. Map showing the location of the Massachusetts Military Reservation (MMR), wastewater
infiltration beds, wastewater plume, NH4

+ isotope tracer test site, and other wells sampled in this study.
At the F593 tracer test site, pretracer profile sampling and tracer injections were done at multiport
M02-07.
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