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ABSTRACT: We apply a triple isotope approach for nitrate that utilizes A'’O
as a conservative tracer, in combination with 5"%0 and 515N, to assess source/
sink dynamics of groundwater nitrate beneath alluvial washes in a semiarid urban
setting. Other studies have used 60 and §"°N to determine nitrate sources and
cycling, but the atmospheric §*O signature can be overprinted by biogeochemical
processes. In this study, §'°0 and 6"°N values of nitrate were coupled with §'7O
values of nitrate to quantify atmospheric nitrate inputs and denitrification amounts.
Results show generally low groundwater nitrate concentrations (<0.2 mmol/L)
throughout the basin; high nitrate concentrations (up to 1 mmol/L) with evidence
for some denitrification were detected in areas where effluent was the predominant
source of recharge to groundwater. Furthermore, the denitrification was inferred
from elevated 5'°0 and 5N values which were reinforced by increases in observed
50 values. Finally, relatively low, but significant atmospheric nitrate concentrations

were measured in groundwater (up to 6% of total nitrate). This study concludes that the triple isotope approach improves
determination of the proportion of atmospheric nitrate and the significance of denitrification in natural waters, allowing us to
develop a conceptual model of the biogeochemical processes controlling nitrogen in an urban setting,

B INTRODUCTION

Nitrate is a common contaminant in groundwater worldwide."
Concentrations above the maximum contaminant level (MCL;
0.71 mmol/L NOj; 10 mg NO;-N/L)* have been measured
in the unsaturated zone and shallow aquifers in arid regions of
the world.>~® Often such areas depend on groundwater as the
key source of potable water, so understanding the sources and
processes affecting nitrate concentrations in arid and semiarid
aquifers is of critical importance.

Researchers often use 5'°N and 6'%0 values of nitrate to dif-
ferentiate among various sources of nitrate.*>'* This approach
is known as the dual isotope technique, where assessing the
relative importance of atmospheric, terrestrial, wastewater, and
fertilizer nitrate is determined by interpreting the 6N and
5'80 isotope data in isotope weighted mixing plots. How-
ever, the microbial process of denitrification often obscures
the isotopic composition of the original nitrate source(s) by
simultaneously modifying both the oxygen and nitrogen stable
isotope ratios, typically by isotopic enrichment in the residual
nitrate pool.'® The enrichment process combined with signif-
icant overlap in isotopic values among a variety of nitrate sources
can often result in ambiguous interpretation of dual 6"°N and
5'80 isotope data. This ambiguous interpretation creates prob-
lems when attempting to delineate possible nitrate sources and
the importance of the processes that influence the concentra-

that fractionate isotopes, 67O is directly related to §'°0 by a
factor of 0.52. In contrast, photochemical production of nitrate
in the atmosphere has an excess '’O based on what is expected
from the 5'°0 value and this excess in the 57O signature is
designated as A0 (A0 = 670 — 0.52-5'%0). This approach
should allow A'7O to be used as a way of transforming dual
isotope plots by removing the atmospheric nitrate contribu-
tion'>"® and allow a better constraint on the significance of
bacterially mediated denitrification. Coupling nitrate concen-
tration data with fractionation trends in 6"°N and both 670
and §'%0 values, could improve quantification of nitrate sources
and the importance of denitrification in groundwater systems.

It has been shown that anthropogenic sources of N are
significant in arid and semiarid urban areas,"®'* such as Tucson,
Arizona in the southwestern United States (U.S.). Like much of
the southwestern U.S., Tucson is characterized as semiarid with
limited soil moisture content, sparse vegetation density, warm
temperatures (highs of 45 °C), and an urban population near 1
million. Sources of nitrate found in local soils and surface
waters include atmospheric deposition (8-year aver-
age wet nitrate deposition in the Tucson area is 3.8 kg ha™ yr™*
measured by the National Atmospheric Deposition Program),
the discharge of treated wastewater into ephemeral streams, the
use of fertilizers in park lawns, and animal wastes from areas
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with ranching activity. These nitrate sources have the potential
of leaching into the groundwater thereby degrading the water
quality of this important water resource; groundwater provides
all of the potable water for Tucson Water (personal
communication with Ralph Marra, Hydrologist, Tucson
Water). Here we use a comparison between the ephemeral
Rillito (ephemeral) and Santa Cruz (effluent dominated) Rivers
to better understand the underlying controls on the sources and
sinks of nitrate in semiarid groundwater systems.

The current study (i) uses a triple stable isotope approach
to quantify the contribution of atmospheric nitrate to surface
waters and the proportion reaching the Tucson groundwater
system, and to transform 6N and 6'8O data to assess the
importance of denitrification and other nitrate sources in the
Tucson groundwater system; (ii) utilizes available geochemical
data to estimate the contribution of wastewater effluent to
nitrate in the groundwater; and (iii) synthesizes the results of
the study to develop a conceptual model of nitrogen biogeo-
chemistry in an arid and semiarid system.

B EXPERIMENTAL SECTION

Study Area. The study sites are in the Santa Cruz and Rillito
River floodplains, which are located within the Tucson basin. In
general, groundwater in the alluvial aquifer beneath the Santa
Cruz and Rillito Rivers can be considered oxic because of
the high porosity and low organic material content of aquifer
materials. These conditions are similar to most basin and range
aquifers of the western United States that have been generally
found to be oxic."® There are no perennial streams in the basin
other than short reaches along the Santa Cruz River that have
continuous discharge of effluent from Wastewater Treatment
Plants (WWTPs). Based on hydraulic gradients, the direction
of groundwater flow in the Tucson Basin is from east and southeast
to northwest.'® The depth to the water table increases from
38 to 52 m with downstream distance along the Rillito River and
it varies between 42 and 47 m beneath the Santa Cruz River.

Wells were sampled adjacent to the Rillito River and the
wastewater effluent dominated Santa Cruz River floodplains
(Figure 1), where significant groundwater recharge occurs.'
To examine lateral and longitudinal hydrologic and biogeo-
chemical processes along the Santa Cruz, two well transects
were selected, one near the Roger Road WWTP and the other
one 1.4 km downstream (Figure 1). The groundwater transect
along the Rillito River consisted of a series of monitoring and pum-
ping wells arrayed longitudinally downstream where urbanization
increases from low-density residential to high-density commercial
along the transect. Surface water was also sampled along the Santa
Cruz River and the Rillito River and at the outlet of ephemeral
channels that were discharging into the river during a summer rain
event to obtain preinfiltration nitrate concentrations and isotopic
signatures of possible source waters (Figure 1). Water sources likely
evolve along the Rillito groundwater flow path; beginning in the
east with inputs from Catalina Mountain runoff through wash
infiltration before transitioning to more urban runoft from outlets of
the urban drainage system during storms. Conversely, wastewater
dominates recharge in the Santa Cruz River floodplain and thus
it was assumed that our effluent samples represent the Santa Cruz
River during nonstorm flow conditions. Because previous ground-
water nitrate concentrations have varied by less than 0.02 mmol/L
over 4 years of sampling (City of Tucson, unpublished water quality
data) a one-time sampling campaign was determined sufficient to
capture steady-state groundwater concentrations and isotopic
signatures along our sampling transects.
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Figure 1. Wells sampled along the Rillito River (blue circles), and at two
Santa Cruz River cross sections: upstream near the wastewater treatment
plant (green diamonds) and downstream (red triangles). Runoff samples
were collected in major washes (stars) during a summer rain event. Shading
represents nitrate concentrations modeled with data from 230 wells.
Concentrations generally increase from the southeast to the northwest,
with the darkest shade representing concentrations above the MCL.

Sample Collection and Analysis. All samples were
collected using established field protocols and analyzed for
nutrient concentrations using published methods. To avoid
sampling stagnant water, three well casing water volumes were
pumped and discarded prior to groundwater sample collection.
Samples for the combined analysis of anions and nitrate stable
isotopes were collected in triple-rinsed HDPE bottles. A subset
of these samples was collected and stored in amber glass bottles
for the analysis of total nitrogen (TN) and dissolved organic
carbon (DOC). After collection, the samples were returned
to the lab, filtered (0.45-um nylon), and stored at 4 °C in the
dark. The samples were then analyzed for anions (chloride and
nitrate) using ion chromatography (Dionex 4000i) and for
DOC and TN by 680 °C combustion and catalytic oxidation
(Shimadzu TOC-V). Chloride data were useful to study the fate
of nitrate and to trace source water contributions using chloride
concentrations since chloride is considered a conservative tracer
because it is generally inert to biological and chemical trans-
formation in most hydrologic systems. DOC and TN were mea-
sured to shed light on the role of biological processes during
recharge, as organic matter is required for denitrification.

Aliquots of the samples were processed for nitrate isotopes
using recently established methods. Samples were preconcen-
trated using anion exchange resin and converted to AgNO;."”
The oxygen isotopes 51801\103 and (‘51701\103 were measured by
isotope ratio mass spectrometry (IRMS) at the Purdue Stable
Isotope facility using previously described AgNO; thermal
decomposition method'' with analytical precisions of +0.5%o
and +0.2%o, respectively. Analysis of 6'*Nyo, was carried out
with an Elemental Analyzer IRMS using 2 mg of AgNO, salt'®
with analytical precision of +0.05%o.

Quantifying Nitrate Sources Using a Mutiple Isotope
Mixing Model. When nitrate from different sources is mixed
together, if each source has a unique isotopic composition,
the relative importance of each source can be determined using
an isotope mixing model assuming conservative mixing. In the
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Tucson system, three sources are likely to play an important role in
the nitrate budget: atmospheric deposition (NO; ), nitrification
of NH," from sewage and nitrification of NH," from plant or other
biological material (NO; ), and nitrification of plant or other
biological material (NO; ;). We are interested in the relative
importance, or fraction (f), of these three sources in the nitrate
mixture found in groundwater. However, since biogeochemical
processes such as denitrification, fractionate oxygen and
nitrogen isotopes in NO;~ based on their relative mass
differences, the isotopic composition of the mixture does not
remain fixed but can change according to the enrichment factor
(&) of the process. This can be written as follows:

18 18
8 "ONO3mix = fyrm X0 ONO3(atm) t few

18 18
X5 ONO3(55W) +fbio X5 ONO3(biO) + e*fremoved (1)
15 15
8 "NNO3mix = fem X0 "NNO3(atm) + feew
15 15
x5 NN03(53W) + fbio 3 NNO3(bi0) + 8>kfremoved (2)
fatm +fsew +fbio =1 (3)

Because there is a linear relationship between the enrichment
factor for oxygen and nitrogen during denitrification the system
has three equations and four unknowns (fym, fiew foir and €)
(fremovea can be calculated using mass loss of nitrate compared
to a conservative tracer such as Cl7) and no exact solution to
the mixing model can be attained.

Determining the amount of atmospheric nitrate in the nitrate mix-
ture can be accomplished applying an isotopic mass balance using
A0, which removes one degree of freedom and allows the above
equations to be solved. Biological or chemical processes that pro-
duce nitrate usually fractionate the oxygen isotopes in a mass-
dependent manner, resulting in a linear relationship between
80 and 6'°0:

§'70 = 0.52 x §'%0 (4)

Atmospheric photochemical reactions, however, can fractionate
oxygen isotopes “independently of mass”, resulting in a higher
617ONO3 than the expected relationship (6'70,,, > 0.52 X
5'0). The difference between measured and expected 670
values is quantified by the following:"

A0 =870 - 0.52 x 880 (5)

Atmospheric nitrate is known to have positive A'’O values and
they are unaffected by terrestrial processes, such as denitrifica-
tion or assimilation because the fractionation by these processes
will vary as 670 = 0.52 X 6'30."" In this case, the nitrate mix-
ture is considered to have only two sources of nitrate: atmo-
spheric nitrate with a mole fraction f,;,, and terrestrial nitrate
with a mole fraction of fi. = fiew + fio a0d fum + frerr = 1. This
leads to the general A'O mass balance equation

17 _ 17
A ONO3mix _fNO3atm X A ONOSatm

17

+fN03terr X A ONo3terr (6)
where A17ON03am and AUONOStetT are the AO values of the
atmospheric and terrestrial nitrate, respectively, and A" Oy i is
the AYO value of the nitrate mixture, which is measured in the
nitrate collected from the well and river samples discussed above.
The A0 values of atmospheric and terrestrial nitrate have
been documented in several other studies. Atmospheric deposi-
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tion studies have measured a A'7O range of 20—30%o in atmo-
spheric nitrate samples.'"'® The higher values occur briefly
during winter and most A'7O values of atmospheric nitrate
cluster around an average value of 23%o with a standard devia-
tion of 3%o."? Terrestrial nitrate is from nitrification whose source
of reduced N could be from sewage, fertilizer, and microbial
or plant N mineralization. Oxygen atoms incorporated into
terrestrial nitrate during nitrification are derived from both
atmospheric O, or soil/groundwater H,0 molecules' both of
which have AYO values of zero.'"'* Because the nitrifica-
tion process is a normal mass-dependent kinetic process, the
A17ONO3terr value is assumed to be zero, which reduces eq 3 to

17 17
A" ONO3mix X A" ONO3atm

= fNO3atm

)

Using the average A17OI\1038tm value of 23%o, the estimated

proportion of atmospheric nitrate and terrestrial nitrate can be
calculated as follows:

17
= A ONO3miX/23%° (8)

©)

Using an annual average value for A17ONO3atm is appropriate in this

fNO3atm

fNO3terr =1 _fNO3atm

circumstance since groundwater is by definition an integration of a
large number of aqueous fluxes over an extended time scale.

An advantage of using the A'7O value to determine the
atmospheric nitrate fraction is that that fraction can then be
used to transform the terrestrial nitrate 6'*0 value. This is
important because atmospheric nitrate is known to have high
5"80 values relative to V-SMOW (40—90%o), and even a small
fraction of atmospheric nitrate can elevate nitrate §'*O values in
the mixture. For example, only 10% atmospheric nitrate could
raise the mixture nitrate 6'O value by up to 9%o. If elevated
nitrate 6'%0 values are inferred to be the result of denitrifica-
tion,'® then removing the atmospheric nitrate 6O contribu-
tion is crucial. Analysis of available atmospheric nitrate isotope
data''™"3 shows that the correlation between A7O and 6'°0
can be fitted to the equation

18 1
5 ONO3atm = (2'287 X A7ONO3atm - 10'1) +10 (10

all in units of permil. Using this equation to estimate the 6'*0
value of atmospheric nitrate and the fyom from eq S, the

transformed terrestrial nitrate 51801\103terr value can be estimated as

18 18 18
5 ONO3terr =93 ONO3mix _fNO3atm X5 Oatm (11)

A similar isotope transformation approach could be used for
mixed nitrate samples by removing the effect of atmospheric
nitrate fractionation processes on the 5N signature.*
Atmospheric nitrate (aerosol and dissolved nitrate) from
Tucson has §"N values that exhibit a distinct seasonal trend
range from a maximum of +12%o in the winter to —2%o in the
summer with respect to air N,.>' The mass weighted average
6"N value of atmospheric nitrate over the course of a year is
+4 + 5%o which can be used along with fyo 4um obtained from

the A'70 analysis to correct the §'°N of terrestrial nitrate using

15 _ dlS 15
5 NNosterr = 5 NNO3mix _fNO3atm X & Natm (12)

This correction is minor because the §**N is close to zero and
the fNo,aum I8 typically small in mixed systems.
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Using conservative tracers in combination with nitrate con-
centrations can permit an estimate of how much nitrate, organic
carbon, or total nitrogen is lost along a flow path. The con-
servative tracer confirms the fraction of a specific water source
that arrives at a point. The nonconservative chemicals (e.g,,
nitrogen and carbon chemical species) can then have the amount
of mass lost between source and sample location calculated as

%X Removal = 100 X ([X]efyent

- [X]groundwater)/ [X]efﬂuent (13)

In this example all groundwater is assumed to originate as
effluent and thus any lower concentration of the constituent in
question [X] is attributed to a loss versus a higher concentra-
tion would be attributed to a gain.

Uncertainty Estimation. Propagation of uncertainty from
the underlying water sampling and isotopic analysis procedures
developed in this study can be done using a method developed
by Phillips and Gregg.** This uncertainty estimation approach
assumes a simple direct mixing approach of two sources as in
eq 3. The resulting variance estimate of the fraction of atmospheric
nitrate is

1
(Apz — A

2 —
0fNO3 =

sampl

2
) (o4
non-atm

2 2 2 2
+fNO3GAO3 + (1 _fNO3) CA ]

non-atm

(14)

where ¢ is variance of each potential nitrate source or that of
the sample. The standard deviation (the variance™/?) for the
A0 value for each individual sample was estimated at 0.3%o
based on past analytical results.'"'® The standard deviation for
the A0 value for nonatmospheric samples was assumed to be
0.3%o based on laboratory experience that nonatmospheric test
materials always return values of 0 for A'7O (thus this value is an
overestimate of uncertainty). Finally, a value of 3%o was used as
the standard deviation of the atmospheric nitrate based on prior
literature results.""** The variance and results standard error of
the estimate were calculated using an excel spreadsheet available
from the EPA (http://www.epa.gov/wed/pages/models.htm).

B RESULTS AND DISCUSSION

Atmospheric Proportion. In contrast to previous studies
that have measured significant atmospheric deposition in urban
settings of the southwestern U.S.,'*'* the direct atmospheric
contribution of nitrate to Tucson’s groundwater measured in
this study is relatively minor (Figure 2). Low A17ONO3mix values
(0.7—1.4%o) in the groundwater samples suggest 3—6% of ground-
water nitrate is unprocessed atmospheric nitrate. In contrast the
proportion of atmospheric nitrate was significantly higher in the
runoff samples, up to 43%. This indicates that a significant frac-
tion of atmospheric nitrate is processed by N cycling when it
recharges through river sediments to the groundwater. Processes
at the soil level (including plant uptake and mineralization) and
mixing with other nitrate sources (fertilizers, soil N, manure/
septic) modify the original AWONO;atm value of the sample, thereby
removing its atmospheric imprint '>** (Figure 2). Although all
groundwater samples had similar fractions of nitrate from
atmospheric contributions, a slightly higher fraction was mea-
sured beneath the Santa Cruz River (6%). This result was likely
due to higher recharge rates to groundwater in this setting
due to the consistent flow of effluent in the channel. Previous
studies suggested that nitrate originating from precipitation is
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Figure 2. Plot of 5670 vs §'80. The greater the vertical deviation from
the terrestrial fractionation line (A'’O) the greater the atmospheric
influence. The furthest away from the terrestrial N range, the greater
the effect of terrestrial fractionation. Runoff samples have the most
atmospheric influence. The downstream Santa Cruz samples underwent less
terrestrial fractionation than the WWTP samples (except for Sample B).
Among groundwater samples, A and B had the most atmospheric
input (6%) and underwent the most terrestrial fractionation.

distinguishable based on its elevated 51801\103 value. Few of
our nitrate samples had 51801\]031,1iX values greater than 20%o in
both surface and subsurface samples and would indicate no
atmospheric nitrate fraction based on known terrestrial 51801\103
values”'>'***** (Figure 3). This highlights the sensitivity of
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Figure 3. Plot of 5'®0 vs §"°N. Most Rillito groundwater samples
plotted within the soil N range and the Santa Cruz samples within the
manure/septic range with a denitrification trend from stream level to
groundwater. The runoff data plotted near the lower values of the
precipitation range. The elevated §'*0 of samples A and B are likely
due to mixing with atmospheric nitrate or to sample processing errors
and denitrification. US and DS stand for upstream and downstream
transects along the effluent-dominated reach of the Santa Cruz.

A0 analysis for detecting even trace amounts of atmospheric
nitrate in mixed nitrate systems.

Uncertainty analysis for using the oxygen isotopes of nitrate
to determine isotopic fraction originating as atmospheric versus
terrestrial sources indicates that individual sample results should
be looked upon skeptically but averaging across samples can
result in robust estimates of atmospheric contribution to the
nitrate observed in individual samples. For individual samples
(n = 1) the applied method results in a sample error of the esti-
mate of 8% atmospheric nitrate meaning that a sample result of
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Figure 4. Removal of atmospheric imprint. Dual isotope plot after
removal of atmospheric imprint to the 5'°0 signatures (eq 14). Nearly
all 5'%0 signatures are within the soil N and manure/septic range.
Other processes are affecting samples A and B.

3% results in little confidence since the value could easily vary
between 0 and 10% atmospheric. However averaging across all
groundwater samples (n = 18) the average is 2.7% atmospheric
nitrate which has a standard error of the estimate of 0.03%.
This result means that the 95% confidence interval for the
atmospheric contribution across the population of groundwater
samples ranges from 2.1% to 3.2%. For surface runoff samples
the average atmospheric contribution was 24% with a standard
error of the estimate of 3.7% due to the smaller sample size
(n = S) and the larger variability among the five runoff samples.
These uncertainty results indicate that our finding of
atmospheric contribution to the groundwater of the Tucson
basin is a robust and significant result.

The fNO3atm determined from the A7O data was used to trans-
form the 6180N03mix and 615NNO3mix using the methodology
discussed above. Removal of the 6180N03atm fraction allows us to
better elucidate what other sources or biogeochemical pro-
cesses might have influenced these samples. Nearly all cor-
rected §'°0 values fell within the soil N and manure/septic
range. Runoff samples were the most affected by the recalcula-
tion, since they had the greatest atmospheric influence pre-
sent, and moved from being mostly atmospheric influenced to
residing completely within the bounds of terrestrial processes
(Figure 4). The atmospheric correction of samples A and B still
resulted in their 5'®0 being higher than expected. This result
was most likely due to an enrichment process, such as denitrifica-
tion and is also consistent with their high 515NNO3 values.

Wastewater Impact on Groundwater. Previous studies
conducted on the Santa Cruz River”>* found chloride to be
a conservative tracer for wastewater. Due to high chloride
content found in wastewater (3.8 mmol/L) elevated concen-
trations found in the groundwater beneath the Santa Cruz River
([CI"] > 2 mmol/L) implied significant wastewater contam-
ination, whereas low concentrations in groundwater beneath
the Rillito River ([Cl] < 0.5 mmol/L) implied little wastewater
influence (Figure S).

The isotopic data indicate that several sources and/or pro-
cesses may be controlling nitrate accumulation in Tucson’s
groundwater. The 515NNO3 data show elevated values in the Santa
Cruz river groundwater (>15%o) and the effluent itself (~10%o)
(Figures 3 and 4). Previous studies”” have shown that effluent
nitrate has elevated (SISNNO3 values (>15%o) because of preferential
utilization of N by microbes that are at the center of the
wastewater treatment process. This suggests that the
predominant source of nitrate to the groundwater beneath
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Figure S. Nitrate vs chloride concentrations in runoff (crosses), in
groundwater beneath the Rillito River (diamonds), and in Santa Cruz
transects near the WWTPs (squares) and downstream (triangles).
Although runoff and Rillito groundwater had low nitrate, concen-
trations significantly increased with wastewater mixing in the Santa
Cruz (elevated [Cl]). Furthermore, denitrification occurred in many of
the Santa Cruz samples.

the Santa Cruz River is likely from treated wastewater, which
was subsequently reduced via denitrification since the ground-
water 5'*Ny, values are more positive than the actual measure-
ments of effluent. Because of continuous streamflow in the
Santa Cruz, there is greater hydrologic connectivity between
surface water and groundwater, which enhances the transport
of nutrient-rich wastewater to the underlying groundwater
aquifer. Groundwater adjacent to the Rillito wash has low 6" Ny,
values (<10%o) implying little to no wastewater influence and little
or no denitrification (Figure 3).

Nitrate Removal by Denitrification. The Santa Cruz
groundwater samples follow a denitrification trend along the
recharge path between the up-gradient treated effluent source
and groundwater, as 51801\103 values increase with increasing
8""Nyo, values (Figures 3 and 4). Using chloride as a conservative
tracer and eq 13 as explained in the methods, groundwater
samples contain less nitrate (54% removal), TN (76% removal),
and organic carbon (88% removal) than the effluent stream.

A previous study showed Santa Cruz River recharge waters
were affected by denitrification at the seepage level and nitri-
fication of ammonia in the vadose zone before recharging the
aquifer.”® At the Sweetwater Recharge Facility (near the Roger
Road WWTP), surface ponds are filled with treated effluent
water that percolates and replenishes a perched aquifer. Reclaimed
water used to irrigate lawns in parks and golf courses all over
Tucson is pumped from this aquifer. Ponds follow wet/dry
cycles, encouraging nitrification during dry periods and denitri-
fication during wet periods.”® This soil aquifer treatment creates
ideal conditions for denitrifying bacteria to thrive, which may
explain the low nitrate concentrations and elevated 6" Nyo,
values in the groundwater beneath the Santa Cruz River relative
to what is observed in the effluent stream.

More denitrification was observed in samples near the
WWTP with more positive 5'°N and 'O values of NO; than
downstream samples (Figures 3 and 4). This difference in the
amount of fractionation was also reflected in the 57O data.
Groundwater samples near the WWTP were generally further
along the terrestrial fractionation line (;away from the origin in
Figure 2) with changes in 6'’O values of up to 6%, reinforcing
the hypothesis that they have undergone more denitrification
than the downstream samples. Samples A and B were the most
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Figure 6. Conceptual model showing nitrate infiltration patterns
beneath the Santa Cruz and the Rillito Rivers. Red triangles represent
nitrate molecules. Due to continuous discharge of nitrate-rich treated
wastewater on the Santa Cruz, more nitrate reaches the groundwater.
N cycling is measured beneath the Santa Cruz with significant denitri-
fication. The opposite is true in the Rillito River with small sources of
nitrate measured during ephemeral flows. Groundwater had low
atmospheric nitrate (3—6%) with slightly more measured in the Santa
Cruz groundwater.

affected by denitrification with changes in §'7O values of up to
11%o. These results show the utility of §'7O isotopic analysis as
a powerful tool to shed light on the degree of denitrification
undergone by water samples.

Whereas previous studies have associated elevated nitrate
concentrations with fertilizers, human and animal wastes, and
N, fixation by rhizobia bacteria at the root level of plants in arid
regions of the world,>"® these studies were not able to quantify
the atmospheric contribution to nitrate contamination. Using
5'7Oyo, we are able to quantify contributions of atmospheri-
cally derived nitrate with higher certitude. Furthermore, this
technique allows us to remove the atmospheric signal from the
analysis to better constrain the remaining sources of nitrate to
groundwater, and biogeochemical processes, such as denitrifi-
cation, that may be a sink for nitrate.

Conceptual Model. As a whole our results have led us to
develop a conceptual model of the difference in processes
controlling the sources and sinks of nitrate beneath the Santa
Cruz and Rillito Rivers (Figure 6). These two rivers represent
divergent recharge and biogeochemical conditions. The Rillito
represents a relatively pristine river system dominated by ephem-
eral flow conditions, whereas the Santa Cruz represents an
effluent-dominated system. A key result here is that the more
consistent flow conditions enabling direct hydrologic con-
nections between the surface and groundwater aquifers'® com-
bined with consistent surface flow of nutrient rich waters, as
seen in the effluent dominated Santa Cruz River, facilitates the
transport of nitrate to the aquifer after biogeochemical pro-
cessing along the recharge flow path. Additionally locations of
more ephemeral connections (e.g., the Rillito) and thus inter-
mittent recharge seem to limit the transport of nitrate to the
groundwater resulting in lower nitrate concentrations and more
limited impact of atmospherically derived nitrate along the
ephemeral Rillito River. The evidence for this model is that
the effluent-dominated reach has greater percentages of atmo-
spheric nitrate in the subsurface despite effluent itself having no
atmospheric signal (the atmospherically sourced nitrate thus
coming from episodic runoff events).

750

B AUTHOR INFORMATION

Corresponding Author
*Phone: 520.626.1532; fax: 520.621.1422; e-mail: tmeixner@
hwr.arizona.edu.

B ACKNOWLEDGMENTS

This work was funded in part by the Arizona Water Resources
Center through a USGS 104b grant to authors N.R.D. and
T.M. Dr. Kathleen Lohse is thanked for her financial support
and insights on the nitrate system. Drs. James Hogan and Chris
Eastoe are thanked for their insight into the hydrology and
isotopic systematics of Tucson basin groundwater. Dr. Paul
Brooks is thanked for his comments on a previous version of
this manuscript. Carlos Soto, Sam Treese, Scott Simpson, Erika
Gallo, Hoori Ajami, Caitlan Zlatos, Mary Yaeger, and others are
thanked for their field, lab, and computational assistance.

B REFERENCES

(1) WHO. Guidelines for Drinking-Water Quality— First Addendum To
the Third Edition; World Health Organization, 2006.

(2) EPA. Edition of the Drinking Water Standards and Health
Advisories; EPA 822-R-06-013; Office of Water, U.S. Environmental
Protection Agency: Washington, DC, 2006.

(3) Deans, J. D,; Edmunds, W. M,; Lindley, D. K; Gaye, C. B;
Dreyfus, B.; Nizinski, J. J; Neyra, M,; Ingleby, K; Munro, R. C.
Nitrogen in interstitial waters in the Sahel; natural baseline, pollutant
or resource? Plant Soil 2006, 271, 47—62.

(4) Girard, P; Hillaire-Marcel, C. Determining the source of nitrate
pollution in the Niger discontinuous aquifers using the natural
SN/MN ratios. J. Hydrol. 1996, 199, 239—251.

(S) Edmunds, W. M.; Darling, W. G.; Kinniburgh, D. G.; Kotoub, S.;
Mahgoub, S. Sources of recharge at Abu Delaig, Sudan. J. Hydrol.
1992, 131, 1-24.

(6) Heaton, T. H. E. Sources of the nitrate in phreatic groundwater in
the western Kalahari. J. Hydrol. 1984, 67, 249—259.

(7) Hunter, R. B; Romney, E. M.; Wallace, A. Nitrate distribution in
Mohave Desert soils. Soil Sci. 1982, 134, 22—29.

(8) Walvoord, M. A,; Phillips, F. M.; Stonestrom, D. A.; Evans, R. D.;
Hartsough, P. C.; Newman, B. D.; Striegl, R. G. A reservoir of nitrate
beneath desert soils. Science 2003, 302 (5647), 1021—1024.

(9) Aravena, R.; Evans, M. L.; Cherry, J. A. Stable Isotopes of Oxygen
and Nitrogen in Source Identification of Nitrate from Septic Systems.
Ground Water 1993, 31 (2), 180—186.

(10) Kendall, C,, et al. Tracing Anthropogenic Inputs of Nitrogen to
Ecosystems. In Stable Isotopes in Ecology and Environmental Science;
Michener, R. H,, Lajtha, K, Eds.; Blackwell Publishing: New York,
2007; p 375.

(11) Michalski, G.; Scott, Z.; Kabiling, M.; Thiemens, M. H. First
measurements and modeling of A'7O in atmospheric nitrate. Geophys.
Res. Lett. 2003, 30 (16), No. 10.1029/2003GL017015.

(12) Ewing, S. A.; Michalski, G.; Thiemens, M.; Quinn, R.; Macalady,
J.; Kohl, S.; Wankel, S. D.; Kendall, C.; McKay, C. P.; Amundson, R.
Rainfall limit of the N cycle on Earth. Global Biogeochem. Cycles 2007,
21, GB3009 DOI: 10.1029/2006GB002838.

(13) Michalski, G.; Meixner, T.; Fenn, M. E.; Hernandez, L.; Sirulnik,
A.; Allen, E. B.; Thiemens, M. H. Tracing atmospheric nitrate deposi-
tion in a complex semiarid ecosystem using A'7O. Environ. Sci. Technol.
2004, 38 (7), 2175—2181.

(14) Lohse, K. A;; Hope, D.; Sponseller, R; Allen, J. O.; Grimm,
N. B. Atmospheric deposition of carbon and nutrients across an arid
metropolitan area. Sci. Total Environ. 2008, 402, 95—10S.

(15) McMahon, P. B;; Chapelle, F. H. Redox processes and water
quality of selected principal aquifer systems. Ground Water 2008, 46
(2), 259-271.

(16) Eastoe, C. J; et al. The origins, ages and flow paths of
groundwater in Tucson Basin: results of a study of multiple isotope
systems. In Groundwater Recharge in a Desert Environment: The

dx.doi.org/10.1021/es203450z | Environ. Sci. Technol. 2012, 46, 745—751


mailto:tmeixner@hwr.arizona.edu
mailto:tmeixner@hwr.arizona.edu

Environmental Science & Technology

Southwestern United States; Hogan, J. F., Phillips, F. M., Scanlon, B. R,,
Eds.; American Geophysical Union: Washington, DC, 2004; p 217.

(17) Silva, S. R;; Kendall, C.; Wilkison, D. H.; Ziegler, A. C.; Chang,
C. C.Y,; Avanzino, R. J. A new method for collection of nitrate from
fresh water and the analysis of nitrogen and oxygen isotope ratios.
J. Hydrol. 2000, 228, 22—36.

(18) Chang, C.Y.; Langston, J.; Riggs, M.; Campbell, D. H,; Silva, S.
R; Kendall, C. A method for nitrate collection for d'*N and d'®0
analysis from waters with low nitrate concentrations. Can. J. Fish.
Aquat. Sci. 1999, 59, 1874—188S.

(19) Michalski, G.; Bockheim, J. G.; Kendall, C.; Thiemens, M.
Isotopic composition of Antarctic Dry Valley nitrate: Implications for
NO, sources and cycling in Antarctica. Geophys. Res. Lett. 2008, 32,
No. 10.1029/2004GL022121.

(20) Elliott, E. M.; Kendall, C.; Wankel, S. D.; Burns, D. A; Boyer,
E. W,; Harlin, K; Bain, D. J; Butler, T. J. Nitrogen isotopes as
indicators of NO, source contributions to atmospheric nitrate
deposition across the Midwestern and northeastern United States.
Environ. Sci. Technol. 2007, 41, 7661—7667.

(21) Riha, K. M.; Michalski, G. M.; Lohse, K;; Gallo, E. L.; Brooks, P.
D.; Meixner, T. Geochemical and isotopic composition of aerosols in
Tucson, BS1H-0457 2010 at Fall Meeting, AGU, San Francisco, CA,
Dec 13—17, 2010.

(22) Phillips, D. L.; Gregg, J. W. Uncertainty in source partitioning
using stable isotopes. Oecologia 2001, 127, 171—179.

(23) Mayer, B.; Boyer, E. W.; Goodale, C.; Jaworski, N. A; van
Breemen, N.; Lajtha, K.; Nadelhoffer, K; van Dam, D.; Hetling, L. J;
Nosal, M,; Paustian, K. Sources of nitrate in rivers draining sixteen
watersheds in the northeastern U.S.: Isotopic constraints.
Biogeochemistry 2002, 57/58, 171—197.

(24) McMahon, P. B.; Bohlke, J. K. Regional Patterns in the Isotopic
Composition of Natural and Anthropogenic Nitrate in Groundwater,
High Plains, USA. Environ. Sci. Technol. 2006, 40, 2965—2970.

(25) Schmidt, K. Groundwater quality in the Cortaro area northwest
of Tucson, Arizona. Water Resour. Bull. 1973, 9 (3), 598—606.

(26) Esposito, D. M. Hydrogeochemistry of stream channel recharge
of sewage effluent, northwest of Tucson, Arizona. Ph. D. Dissertation,
University of Arizona, Tucson, AZ, 1993.

(27) Aravena, R.; Robertson, W. D. Use of multiple isotope tracers to
evaluate denitrification in groundwater: Study of nitrate from a large-
flux septic system plume. Ground Water 1998, 36 (6), 975—982.

(28) Chipello, P. L. Nitrogen Removal and Transformations During
Simulated Soil Aquifer Treatment (SAT). Master’s Thesis, University
of Arizona, Tucson, AZ, 1999.

751

dx.doi.org/10.1021/es203450z | Environ. Sci. Technol. 2012, 46, 745—751



