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ABSTRACT

The Karlsruhe Aquifer of north-central North Dakota has experienced considerable
nitrate contamination sparking an investigation by the North Dakota State Water Commission.
Certain portions of the aquifer have experienced nitrate-N concentrations of up to seven times
the drinking water standard. Although contamination is evident it is possible the NQ' is
naturally being eliminated by denitrification, whereby bacteria reduce NOj;™ to nitrogen gas.
Evidence of denitrification may be illustrated by accelerated reduction of NOs relative to the
conservative tracer Cl coupled with an increase in the heavy isotopes of "°N and '*O within
the NQ ion. Such an increase is not evident in other nitrate attenuation processes. This dual
isotope method may even be extended to identify the source of the contamination based upon
isotopic signatures of specific nitrate sources.

Periodic sampling was conducted from the fall of 2003 to the spring of 2004 to
monitor the relationship between NO3™ concentrations and isotopic fractionation. All samples
were tested for NO3™ and Cl while select samples were tested for nitrate-8'°N and nitrate-
8'%0. An inverse relationship between nitrate concentrations and isotopic fractionation and a

direct linear trend between '°N and 'O enrichment shows that denitrification did occur at



some locations. Additionally the fractionation trends of >N and '®0 indicate that NQ" in the

aquifer is predominantly derived from the oxidation of ammonia fertilizer.

DESCRIPTION OF THE WATER PROBLEM ADDRESSED

Contamination of groundwater is of increasing concern due to the world’s expanding
population and the resulting depletion of water resources. Nitrate (NOs’) is the most common
form of contaminant due to growing anthropogenic sources (Freeze and Cherry, 1979). The US
EPA drinking water standard is 10.0 mg/L nitrate-N. At high concentrations NQ™ may interfere
with the O,-carrying capacity of hemoglobin in infants, a disorder known as methemoglobinemia.

Denitrification is a natural process in which bacteria reduce NQ to N through oxidation
of organic or inorganic compounds that act as electron donors. The end product, nitrogen gas
(Ny), is no longer a contaminant and has a triple bond that resists conversion back to nitrate
(Korom, 1992). This process may result in NQ elimination to levels that are below detection.
The four general requirements for denitrification are (Korom, 1992; Firestone, 1982):

1) N oxides (NOs’, NQ’, NO, and N,0) as electron acceptors.

2) The presence of bacteria possessing the metabolic capacity.

3) Suitable electron donors.

4) Anaerobic conditions or restricted O, availability.

Inherent to denitrification is the resulting increase in heavy isotopes of oxygen (‘*0) and
nitrogen ('°N). As denitrification proceeds the undenitrified nitrate becomes enriched in these

stable isotopes. Such an increase is direct evidence of denitrification.



The purpose of this study is to use the relationship between decreasing NOs’
concentrations and isotopic enrichment as evidence of denitrification within the Karlsruhe
Aquifer of north-central North Dakota (Figure 1). Additionally this study used the heavy isotopes
of NOj" as an indicator of the source of nitrate contamination. The methodology consisted of
periodic sampling of groundwater from five multi-port sampling wells. All samples were
analyzed for NQ™-N and CI contents. Chloride served as a conservative tracer for nitrate to

measure dilution. Some samples were analyzed for 30 and "N in NQ .

Minot®

*Karlsruhe

Grand Forks

Bismarck® Fargo

Figure 1. Location of Karlsruhe, North Dakota.



BACKGROUND
Kinetic Isotopic Fractionation Of Nitrate

Kinetic isotope effects on oxygen and nitrogen in NQ have become important
indicators of the processes that affect NQ in groundwater. Stable isotopes may impart
measurable fractionation compared to lighter isotopes during physical and chemical reactions
(Clark and Fritz, 1997). During denitrification bacteria prefer to attack bonds of the lighter
isotopes because they are easier to break. As denitrification proceeds, corresponding
increases in the ratios of "°N to '*N and "0 to '°0 in the remaining nitrate result. Other
processes that decrease nitrate concentrations, such as dilution, do not cause such
fractionation. Even in the case of assimilation of the nitrate ion where the N-O bond is
broken, isotopic enrichment is not demonstrated (Mariotti et al., 1982). Thus, noting an
increase in these ratios provides evidence of denitrification.

Isotopic ratios are measured relative to a known standard. Standards for nitrate
isotopes are atmospheric nitrogen ("°N) and Standard Mean Ocean Water ('*0). Isotopic
ratios are reported in delta (8) notation as parts per thousand (%), also referred to as permil.

Fractionation is calculated as:

815N =1000 x (Rsample - Rstandard) / (Rstandard) (1)

where 8"°N is the isotopic variation between the sample and standard, Rgample 15 the isotopic
ratio (ISN/ 14N) of the sample, and Rgandara 18 the isotopic ratio of the standard. Thus a sample

with 8"°N of 10%o has 1% more "°N than the standard. A similar relationship exists for '*O.



Under idealized conditions, such as in in-situ mesocosms (ISMs), denitrification may
result in a linear relationship between 3'°N and natural log of NO3-N concentration, as shown

in Figure 2.

SN%eo

In (N/Ni=)

Figure 2. 8N versus the natural logarithm of the nitrate
concentrations remaining in the in situ mesocosms during the first
tracer test at the Larimore site (Adapted from Schlag, 1999; Korom et
al. 2005).

In this experiment a known amount of nitrate with a specific initial 5'°N was placed into the
ISM at the beginning of the test and observed in isolation from other nitrate sources.
Contrarily however, nitrate entering an aquifer may vary in its source, concentration, and time
of introduction into the aquifer. Without the confinement of an ISM, groundwater may have
multiple NQ sources with various isotopic signatures, as shown in Figure 3. Thus for field
conditions, plots of 8'°N versus NQ™-N concentrations may not produce good correlations.
Such is shown in Figure 4 from a site beneath a field fertilized with hog manure in the
Assiniboine Delta Aquifer of Manitoba. It is difficult to see a relationship between NOs-N

and 8"°N. Additionally it is difficult to determine from what material the NO;™ originated.
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Figure 3. Isotopic signatures for "N of select nitrogen
bearing materials (Adapted from Clark and Fritz, 1997).
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Figure 4. NO;-N concentrations versus o SN for selected shallow, intermediate,
and deep groundwater samples (Adapted from Phipps and Betcher, 2003).
Analyzing both 8"°N and 8'*0 of NO;” may enhance the ability to identify

denitrification and the NOj3™ source. Laboratory experiments have demonstrated that

microbial nitrification derives two-thirds of its oxygen from local groundwater and one-third
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from the atmosphere (Andersson and Hooper, 1983; Hollocher, 1984). Therefore the initial
5'%0 of NO; ™ derived from the oxidation of NH," from all sources can be estimated with the

following equation.

o s18 18 . 18
Initial 5O = % (local groundwater "O) + 4 (local atmospheric "O) (2)

This constrains the initial '*0 and allows identification of the NQ source based on the initial

>N. Consider Figure 5.

5/

Denitrification
Synthetic
W MO; based
fertilizer

MO from NH* Denitrification
S1B0) %o 10— || and NOs based
fertilizer

1
2

vy
WO from || HOs from WOs fom
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tertilizer | organic 1T sewage

N | | | | I I
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Figure 5. Denitrification trends based upon NOj;™ source
(Adapted from Mengis et. al. 2001).

Nitrification of ammonia fertilizer by Equation 2 (dashed line of Figure 5) will produce NQ
depleted in both "N and '*0. Ifthis NQ is denitrified both isotopes will follow a
fractionation trend similar to that as shown in Figure 5. Specifically the remaining nitrate will

become enriched in both isotopes with '°N enriching twice as much as '*0. NO;™ derived

12



from manure or soil organic nitrogen will have the same range of '*0O and will follow a similar
fractionation trend, although the initial >N would be more enriched.
Now consider the same data shown in Figure 4 with the addition of '*O data, as shown

on Figure 6.

15 1 Shallow
e Intermediate

Deep

"N %o

Figure 6. Plot of nitrate-5'*O versus nitrate-3'°N showing enrichment

attributed to denitrification (Adapted from Phipps and Betcher, 2003).
The resulting trend was attributed to denitrification because of the direct linear relationship
and the 1:2 slope between the increased enrichment of both isotopes. By Equation 2 the '*O
of local groundwater (-14.1 & 1.5%o0) and atmosphere (+23.5%o0) produced an expected range
of nitrate-"*0 of -3.4 to 0.1%o (black shaded box of Figure 6). This combined with '°N data
indicated that NQ’ originated primarily from organic soil nitrogen (Phipps and Betcher,

2003).
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Previous Work On The Karlsruhe Aquifer

The Karlsruhe Aquifer of north-central North Dakota occupies a surficial outwash
plain in south-central McHenry County (Randich, 1981). The aquifer has a surface area of
about 9300 hectares (23,000 acres) (Figure 7) and is underlain by the New Rockford Aquifer.
Two distinct periods of glacial activity resulted in deposition of glacial till and sand and
gravel outwash to form both aquifers. The aquifers are mostly separated although they are
hydraulically connected in some discrete sections (Wanek, 2002).

Relatively high NOs™-N concentrations within the aquifer sparked an investigation by
the North Dakota State Water Commission (NDSWC). The NDSWC began an extensive
program in the fall of 2001 by monitoring nitrate levels within thirty-eight nests of wells.
Total nitrate-N load, nitrate-N load density, and the potential mixed concentration index
(PMCI) are three indices used to evaluate the extent of contamination. Total nitrate load and
nitrate-N load density quantify the total mass of nitrate in the aquifer and the total mass per
unit area. PMCl is the total nitrate-N load mixed throughout the entire saturated thickness of
the aquifers. These variables were used to assess the economic loss of nitrate to the aquifer as
well as the potential nitrate contamination if the groundwater were fully mixed throughout its
saturated thickness (Schuh et al., 2002).

Initial results during the fall of 2001 indicated that about 1.8 million kilograms (4
million lb) of nitrate-N were present within the aquifer while roughly 1300 hectares (3200
acres) had a PMCI above the EPA drinking water standard of 10.0 mg/L Testing was
expanded in the following sampling sessions to include sixty-five well nests and multi-port
samplers. Total nitrate-N load decreased by 0.18 million kilograms (0.4 million Ib) in the

spring of 2002, but then increased to 1.9 million kilograms (4.2 million Ib) over the growing

14
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season into the fall of 2002. Additionally over 2400 hectares (6000 acres) had a PMCI above
10.0 mg/L, an increase of almost 80% from the previous year. By the fall of 2003 total nitrate
load decreased to about 1.5 million kilograms (3.2 million Ib) while area with a PMCI > 10.0
mg/L decreased to about 2000 total hectares (5000 acres). Overall an improved nitrate status
was exhibited in 78.5% of the aquifer. This provides optimism that better management is
being applied in the use of nitrogen-based fertilizers. It is also possible that lower nitrate
concentrations in the Karlsruhe Aquifer are a result of denitrification (Schuh et al., 2004).

The NDSWC found a casual relationship between nitrate-N concentrations and
irrigation. Generally the highest nitrate-N loads are on or near irrigated sections and tend to
decrease with distance from the source. Quarter sections with irrigation permits had the
highest nitrate load density with an average of 400 kg/ha (362 lb/acre). Quarter sections 2.4
km (1.5 mi) away or more from a source had the lowest density with an average of 45 kg/ha
(41 Ib/acre). A positive relationship between nitrate and TDS (R*=0.71) is evident in
groundwater samples with nitrate-N greater than 4.0 mg/L. Increased leaching as a result of
accelerated percolation of water through the vadose zone may be the cause. Additionally,
75% of wells correlated by nitrate and TDS were within irrigated quarter sections. Therefore
it is apparent that fertilizer application coupled with irrigation is contributing to high nitrate
concentrations within the Karlsruhe Aquifer (Schuh 2002).

Warne (2004) tested denitrification rates with in-situ mesocosms (ISMs) at two
locations within the Karlsruhe Aquifer (Figure 7). NOs’, bromide (Br’), and >N fractionation
were monitored over 273 days. In one ISM (ISM-S) nitrate-N decreased by 21.8 mg/L

beyond what could be explained dilution while 8'°N increased from 0.63 to 10.05%o. This
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indicated denitrification occurred within this ISM. The other ISM (ISM-G) showed little

evidence of denitrification (Warne 2004).

METHODS

On October 21, 2003, thirty-one groundwater samples were withdrawn with a
peristaltic pump from five multilevel sampling wells adapted from a design by Pickens et al.
(1978). Individual wells were located between T. 154 N., R. 77 W. Section 34 and T., 154 N.,
R. 78 W. Section 35 (Figure 7). Wells were chosen based upon previous water quality data
provided by the NDSWC. These wells exhibited high nitrate loading in the past and
appeared to have the potential for denitrification. Additionally wells were selected over a
large part of the aquifer. Sampling depths ranged from 1.5 to 10.4 meters (5.1 to 34.1 ft.)
below the ground surface. All wells were initially purged to ensure removal of stagnant
groundwater. Groundwater samples were passed through 0.45-micron filters and stored in
plastic 0.50- and 1.0-L bottles. Additional samples were collected on December 22, 2003
and March 22, 2004. Fewer samples were taken in the later sessions based on initial
analytical results. Samples are named based upon the well from which it was taken and the
specific sampling port. For example sample 31DDD4 was taken from Well 15407731DDD,
port 4.

All samples were transported to the University of North Dakota Environmental
Analytical Research Laboratory (EARL) for analysis. Each was tested for NQ-N and CI’
concentrations with a DIONEX® AS50 Autosampler and DX 120 Ton Chromatograph.
Samples were then sterilized with a saturated HgCl solution (1 drop of solution per 100 mL of

sample) to stop biological activity and refrigerated until isotopic analysis. On

17



April 7, 2004, forty-six samples were sent to the Environmental Isotope Laboratory at the
University of Waterloo for analysis by mass spectrometry. Of the forty-six samples all were
analyzed for nitrate-5'°N, twenty for nitrate-3'0, and four for §°H and §'*0 in water.

Identification of the nitrate source was based upon 8"°N of possible sources as
presented in Figure 3 and the initial 8'*0 as computed by Equation 2. Initial fractionation of
each isotope is considered to be indicative of nitrate derived from the nitrification of ammonia
from a specific source as shown in Figure 5.

Ratios of CI'/NOj;” were assumed to be relatively constant for groundwater in the
Karlsruhe Aquifer. This allowed relative concentration profiles to serve as an initial indicator
of denitrification. All relative concentrations were compared to NOs™ and CI” concentrations
from the October 21* sampling session. Sampling ports 32ADA3 and 34ABBA7 are not
included in the relative profiles because concentrations at these sites fell below detection
limits or were not accessible during sampling. Depth profiles show NO;5-N concentrations
relative to depth beneath the ground surface. The number of points included in each plot
depended on the accessibility of ports. Depth categories were based upon the following:
shallow, 0 to 1.8 meters (0-6.0 ft); intermediate, 1.8 to 4.6 meters (6.0-15.0 ft); deep, greater
than 4.6 meters (15.0 ft).

The Rayleigh Equation was applied to "°N, '*0, and In (NO3-N) plots through linear
regression to show evidence of denitrification. This is calculated as:

5,=6, +eIn(C/C,) 3)
where 0, is enrichment at time t, o, 1s initial enrichment prior to fractionation, and C/Cy is

normalized NOj3™ concentration at time t. The isotopic enrichment factor (¢) is the slope of a

plot of In (C/Cy) versus s and allows for comparison of denitrifying environments. The initial
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NO;™-N (Cy) cannot be determined for this study; thus the natural log (In) of NO5™-N (C) was
used. This will produce the same enrichment factor (¢) as Equation 3.
Evidence of denitrification was based upon an accelerated reduction of NO3-N
relative to Cl” and a reduction of NO3™-N with depth plus one or more of the following:
(1) An inverse relationship between °N fractionation and natural log (In) of
NOs™-N concentrations.
(2) A direct linear relationship between increased fractionation of "°N and '*0.
(3) Samples enriched in "°N and '*O beyond what could be explained from

possible NO3™-N sources.

RESULTS AND DISCUSSION

Results are reported individually for each well including relative concentration
profiles, nitrate and isotopic variation with depth, "*N versus In (NO5™-N), and "°N versus '*O.
Three of the five wells showed strong evidence of denitrification, one showed moderate
evidence of denitrification, and one showed no evidence of denitrification. Data for all wells
were then combined as a cumulative interpretation of results. This includes '°N versus In
(NO;™-N), 80 versus In (NO5™-N), and N versus '*0. Cumulative plots are indicative of
denitrification. Table 1 of Appendix A in Spencer (2005) provides all raw data including
sample name, sample depth, nitrate-N concentration, chloride concentration, and isotopic
ratios.

Well 31DDD
Relative concentration profiles for all ports show only slight differences between

chloride and nitrate (Figures 8, 9, and 10); any change in CI is mirrored by NO;". Depth
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profiles show reduction of NO;-N with depth (Figure 11), although this is accompanied by
minimal fractionation of °N with a peak enrichment of only 2.3%o (Figure 12). Additionally
there is poor correlation between '°N and In (NO;™-N) (Figure 13) and "N versus 80 (Figure
14). The cumulative data make it unlikely that denitrification took place within this section of
the aquifer.
Well 32ADA
Relative profiles for all ports show considerable reduction of NO3™-N over CI’
(Figures 15, 16, and 17). Reduction of NOs™-N with depth is evident for each sampling date
(Figure 18). Shallow samples show the highest NOs™-N values, near 30 mg/L, at 1.9 m and
fall below 2.0 mg/L at 3.7 m. Additionally '°N consistently increases with depth and shows a
peak enrichment of 38.1%o (Figure 19). Such enrichment is well beyond the range of any
possible NOs™-N source (Figure 3) and is likely the result of denitrification. A reasonable
correlation is evident between '°N and In (NO5™-N) (Figure 20) and an exceptionally strong
linear relationship is evident between enrichment of N and "*0 (Figure 21). Together these
trends provide compelling evidence of denitrification.
Well 34ABBA
Relative concentrations of NO3;-N and Cl  in ports 3 and 5 show little fluctuation
during winter followed by a distinct separation in spring (Figures 22 and 23). In port 7 the
NOj;™-N concentrations decreased below detection (< 0.1 mg/L) by spring and were therefore
too low for comparison with CI" and were too low for isotopic analysis. Denitrification may
have caused these observations. Evidence of denitrification with depth is observed below 3.0
m of depth (Figures 24 and 25). This is most evident during the fall with NOs™-N falling to

6.9 mg/L and 8"°N reaching 34.8%o. A relatively weak positive correlation is evident
g g y
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Well 31DDD4
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Figure 8. Relative concentration profile for Well 15407731DDD, Port 4.

Well 31DDD6
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Figure 9. Relative concentration profile for Well 15407731DDD, Port 6.

Well 31DDD8

Relative Concentration
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Figure 10. Relative concentration profile for Well 15407731DDD, Port 8.
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Well 15407731DDD

BN (%0)

0.5 1.0 1.5 2.0 2.5 3.0 3.5

0.0
In (NO;-N)

Figure 13. "N fractionation versus In (NO5™-N) for Well 15407731DDD.
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Figure 14. "N versus 'O fractionation for Well 15407731 DDD.
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Well 32ADA4
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Figure 15. Relative concentration profile for Well 15407732ADA, Port 4.

(==
N
W

Well 32ADAS

Relative Concentration

75 100 125 150 175
Days (t, = 10/20/04)

(==
N
W
W
(=]

Figure 16. Relative concentration profile for Well 15407732ADA, Port 5.

Well 32ADA6
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Figure 17. Relative concentration profile for Well 15407732ADA, Port 6.
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Well 15407732ADA
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Figure 20. "N fractionation versus In (NO3-N) for Well 15407732ADA.
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Figure 21. "N versus '*O fractionation for Well 15407732ADA.
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between "N and In (NO5™-N) (Figure 26), which is contrary to denitrification. However, the
strong correlation with a slope near 0.5 for the increasing fractionation of '*0 and "°N (Figure
27) is indicative of denitrification. More research is necessary to clear up the apparent
discrepancy among these data. Nevertheless, the preponderance of data support the
conclusion that denitrification occurred at this site.
Well 35BCC

All ports show little change in relative concentrations of NO3;-N and CI” from fall to
winter (Figures 28, 29, and 30). During the spring there is a distinct separation between NOj; -
N and CI for ports 6 and 12, which is consistent with denitrification. Decreasing NO;™-N
concentrations with depth (Figure 31) are also indicative of denitrification. This is
accompanied by a moderate increase in '°N with depth during fall and winter and a significant
increase during spring with peak enrichment of 29.9%. (Figure 32). A strong negative
correlation is apparent between "N and In (NO;™-N) (Figure 33) and an even stronger positive
correlation with a slope near 0.5 is exhibited for the fractionation of ’N and '*O (Figure 34).
Together these results provide compelling evidence of denitrification.

Well 36AAA

Relative concentrations for NQ'-N and CI” are generally consistent with each other,
with only moderate separations in ports 9 and 12 for the spring (Figures 35, 36, and 37).
Reduction of NO5™-N takes place with depth for all ports for all three sampling dates (Figure
38) and the reduction is accompanied by increases in PN (F igure 39). "N and In (NO5™-N)
exhibit a linear negative relationship and are consistent with denitrification (Figure 40). '*O
and "N also show a positive relationship with a slope near 0.5 (Figure 41). The peak value of

13.6%o for °N and 6.1% for '*0 on Figure 41, because it was collected in the fall, likely
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represents enrichment caused by denitrification that occurred before the study began. Overall,

the preponderance of data indicate that denitrification occurred at this locale.

Well 34ABBA3
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Figure 22. Relative concentration profile for Well 15407734ABBA, Port 3.
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Figure 23. Relative concentration profile for Well 15407734ABBA, Port 5.
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Figure 26. "N fractionation versus In (NO5™-N) for Well 15407734ABBA.
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Figure 27. "N versus '*0 fractionation for Well 15407734ABBA.
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Figure 28. Relative concentration profile for Well 15407835BCC, Port 6.
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Figure 29. Relative concentration profile for Well 15407835BCC, Port 10.
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Figure 30. Relative concentration profile for Well 15407835BCC, Port 12.
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Figure 33. "N fractionation versus In (NO5™-N) for Well 15407835BCC.
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Figure 34. "N versus '®O fractionation for Well 15407835BCC.
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Figure 35. Relative concentration profile for Well 15407836AAA, Port 7.
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Figure 36. Relative concentration profile for Well 15407836AAA, Port 9.

Well 36AAA12

Relative Concentration

0 25 50 75 100 125 150 175
Days (t, = 10/20/04)

Figure 37. Relative concentration profile for Well 15407836AAA, Port 12.
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Figure 40. "N fractionation versus In (NO5-N) for Well 15407836AAA.

Well 15407836AAA

SN (%o)

A Shallow White fill = Fall
e Intermediate ~ Grey fill= Winter
m Deep Black fill = Spring

Figure 41. "N versus '*O fractionation for Well 15407836AAA.



Cumulative Evidence Of Denitrification

Relatively weak relationships exist between isotopic enrichment and In (NO3™-N)
(Figures 42 and 43) for all samples. However these figures show that fractionation is
inversely proportional to nitrate concentration and that those samples that are enriched are
likely the result of denitrification.

Figure 44 may be the single most important line of evidence supporting denitrification
in the Karlsruhe Aquifer. As predicted the '®0 and °N show a direct linear trend of
increasing fractionation. Additionally "°N enrichment is nearly twice that of '*O. Other than
for denitrification, it is highly unlikely that any other type of nitrate attenuation or
consumption process could produce these results.

The four isotope samples tested for '*O of H,O gave an average value of -
12.98+0.70%o (Spencer, 2005). Atmospheric '*O was assumed as +23.5%o (Kroopnick and
Craig, 1972.) Thus nitrate derived from the oxidation of ammonia (Equation 2) would have
an expected initial 8'%0 of -0.80+0.70%o (solid rectangle on y-axis of Figure 44). This
indicates that fractionation lies within the range of NOj3™ derived from the oxidation of
ammonia fertilizer (dashed ellipse of Figure 44). If the NQ" was derived from another source
of NH," the cluster of initial fractionation would be more enriched in 5N,

These results are consistent with the work of Phipps and Betcher (2003) where a
moderate relation between '°N and NO3-N was significantly enhanced by the addition of 0)
(Figures 4 and 6). Additionally, their estimate of initial 80 (-3.4 to -0.1%o0) was similar to

that reported herein. Their ratio of '*O to '°N enrichment also produced a slope of about 0.5.
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Enrichment factors (€) based on all samples are -4.53%o for '°N and -3.01% for '*O
(Figures 42 and 43). These are low compared to previous experiments as conducted by
Botcher et al. (1990) (¢ -'°N =-15.9%0 and &£-'*0 =-8.0%o ) and Mengis et al. (1999) (¢-"°N
=-27.6%0 and £-"%0 = -18.3%0). Warne (2004) also received a higher enrichment of '°N
(-9.3%0) in the ISM experiment. Low enrichment factors for this study may simply be the
result of specific site conditions such as temperatures, denitrification rates, or the availability

of electron donors.

CONCLUSIONS

Denitrification occurs in certain portions of the Karlsruhe Aquifer. The relationship
between decreased NO5™-N and increased fractionation of 5N and 80 is direct evidence of
this. Figure 44 is in itself conclusive evidence of denitrification. It is unlikely that this
relationship between increasing fractionation coupled with the peak enrichment values could
have resulted from any other process. High nitrate loading in the Karlsruhe Aquifer is likely
the result of the application of ammonia-based fertilizer. Initial >N and '®O fractionation
supports this conclusion. It is possible that other nitrogen sources are present but ammonia-
based fertilizer is the most significant contributor of the nitrate in this study.

Although denitrification is evident it did not take place in all of the wells. Only Wells
32ADA, 34ABBA, and 35BCC show satisfactory evidence of denitrification. Moderate
fractionation within Well 36 AAA supports the hypothesis of denitrification, but to a lesser
extent. Well 31DDD is not influenced by denitrification. Denitrification rates in Wells
32ADA and 34ABBA correlate well with the ISM-S installed by Warne (2004). All three

locations are near each other. Furthermore, denitrification occurs with depth. This is
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supported by a decrease of NO3-N with depth coupled with an increase in '’N. This is most

apparent in Wells 32ADA and 36 AAA and to a lesser extent in Wells 34ABBA and 35BCC.
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	Denitrificationisanatural processinwhich bacteriareduceNOtoNthroughoxidation oforganicorinorganiccompoundsthatactaselectrondonors.Theend product,nitrogengas (N),isnolongeracontaminantandhasatriple bondthatresistsconversion backtonitrate (Korom,1992). This processmayresultinNOeliminationtolevelsthatare belowdetection. Thefourgeneralrequirementsfordenitrificationare(Korom,1992;Firestone,1982): 
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	1)Noxides(NO,NO, NO,and NO)aselectronacceptors. 2)The presenceof bacteria possessingthemetaboliccapacity. 3)Suitableelectrondonors. 4)AnaerobicconditionsorrestrictedOavailability. Inherenttodenitrificationistheresultingincreaseinheavyisotopesofoxygen(O)and 
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	nitrogen(N). Asdenitrification proceedstheundenitrifiednitrate becomesenrichedinthese stableisotopes. Suchanincreaseisdirectevidenceofdenitrification. 
	15

	The purposeofthisstudyistousetherelationship betweendecreasing NOconcentrationsandisotopicenrichmentasevidenceofdenitrificationwithintheKarlsruhe Aquiferofnorth-centralNorthDakota(Figure1). Additionallythisstudyusedtheheavyisotopes of NOasanindicatorofthesourceofnitratecontamination. Themethodologyconsistedof periodicsamplingofgroundwaterfromfivemulti-portsamplingwells. Allsampleswere analyzedforNO-N andCl contents. Chlorideservedasaconservativetracerfornitrateto 
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	measuredilution. Somesampleswereanalyzedfor Oand N inNO. 
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	Karlsruhe Grand Forks Fargo Bismarck Minot 
	Figure1. LocationofKarlsruhe, NorthDakota. 
	BACKGROUND 
	KineticIsotopicFractionationOf Nitrate 
	KineticisotopeeffectsonoxygenandnitrogeninNOhave becomeimportant indicatorsofthe processesthataffectNOingroundwater. Stableisotopesmayimpart measurablefractionationcomparedtolighterisotopesduring physicalandchemicalreactions (ClarkandFritz,1997). Duringdenitrification bacteria prefertoattack bondsofthelighter isotopes becausetheyareeasierto break. Asdenitrification proceeds,corresponding 
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	increasesintheratiosof Nto Nand Oto Ointheremainingnitrateresult. Other processesthatdecreasenitrateconcentrations,suchasdilution,donotcausesuch fractionation. EveninthecaseofassimilationofthenitrateionwheretheN-O bondis broken,isotopicenrichmentisnotdemonstrated(Mariottietal.,1982). Thus,notingan increaseintheseratios providesevidenceofdenitrification. 
	Isotopicratiosaremeasuredrelativetoaknownstandard. Standardsfornitrate isotopesareatmosphericnitrogen(N)andStandardMeanOceanWater(O). Isotopic ratiosarereportedindelta(.)notationas parts perthousand(‰),alsoreferredtoas permil. Fractionationiscalculatedas: 
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	?N=1000x(Rsample -Rstandard)/(Rstandard) (1) 
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	where.N isthe isotopicvariation betweenthesampleandstandard,Rsample istheisotopic ratio(N/N)ofthesample,andRstandard istheisotopicratio ofthestandard. Thusasample 
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	with. Nof10‰has1%more Nthanthestandard. Asimilarrelationshipexistsfor O. 
	Underidealizedconditions,suchasinin-situmesocosms(ISMs),denitrificationmay 
	resultinalinearrelationship between.Nandnaturallogof NO-N concentration,asshown inFigure2. 
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	-----y=-20.43x+0.07 R2 =0.998 
	ln(Nt/Nt=0) 
	ln(Nt/Nt=0) 


	Figure 2. .N versus the natural logarithm of the nitrate concentrations remaining in the in situ mesocosms during the first tracertest at the Larimore site (Adapted from Schlag, 1999; Korom et al.2005). 
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	Inthisexperimentaknownamountofnitratewithaspecificinitial.Nwas placedintothe ISMatthe beginningofthetestandobservedinisolationfromothernitratesources. Contrarilyhowever,nitrateenteringanaquifermayvaryinitssource,concentration,andtime ofintroductionintotheaquifer.WithouttheconfinementofanISM,groundwatermayhave sourceswithvariousisotopicsignatures,asshown inFigure3. Thusforfield conditions, plotsof.NversusNO-N concentrationsmaynot producegoodcorrelations. SuchisshowninFigure4fromasite beneathafieldfertilizedw
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	Figure
	Figure3. IsotopicsignaturesforNofselectnitrogen bearingmaterials(AdaptedfromClarkandFritz,1997). 
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	Figure4. NO3 --Nconcentrationsversus.15N forselectedshallow,intermediate, NO3 --N (mg/L) NO3 --?15N(‰) IShallow JIntermediate KDeep 
	anddeepgroundwatersamples(AdaptedfromPhippsandBetcher,2003). 
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	mayenhancetheabilitytoidentify denitrificationandthe NOsource. Laboratoryexperimentshavedemonstratedthat microbialnitrificationderivestwo-thirdsofitsoxygenfromlocalgroundwaterandone-third 
	mayenhancetheabilitytoidentify denitrificationandthe NOsource. Laboratoryexperimentshavedemonstratedthat microbialnitrificationderivestwo-thirdsofitsoxygenfromlocalgroundwaterandone-third 
	Analyzing both. Nand. Oof NO
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	fromtheatmosphere(AnderssonandHooper,1983;Hollocher,1984). Thereforetheinitial ?Oof NOderivedfromtheoxidationof NHfromallsourcescan beestimatedwiththe followingequation. 
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	Initial? O= (localgroundwater O)+ (localatmospheric O) (2) 
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	ThisconstrainstheinitialOandallowsidentificationoftheNOsource basedontheinitial N. ConsiderFigure5. 
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	Figure
	(AdaptedfromMengiset.al.2001). 
	Figure5. Denitrificationtrends basedupon NO
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	Nitrificationofammoniafertilizer byEquation2(dashedlineofFigure5)will produceNO
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	isdenitrified bothisotopeswillfollowa fractionationtrendsimilartothatasshowninFigure5. Specificallytheremainingnitratewill 
	depletedin both Nand O. IfthisNO
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	becomeenrichedin bothisotopeswith Nenrichingtwiceasmuchas O. NOderived 
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	frommanureorsoilorganicnitrogenwillhavethesamerangeofOandwillfollowasimilar fractionationtrend,althoughtheinitialNwouldbemoreenriched. NowconsiderthesamedatashowninFigure4withtheadditionofOdata,asshown onFigure6. 
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	Fertilizer Soil Manure ?15N ‰ ?18O‰ IShallow JIntermediate KDeep 2 1 
	Figure6. Plotofnitrate-?Oversusnitrate-?Nshowingenrichment attributedtodenitrification (AdaptedfromPhippsandBetcher,2003). 
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	Theresultingtrendwasattributedtodenitrification becauseofthedirectlinearrelationship andthe1:2slope betweentheincreasedenrichmentof bothisotopes. ByEquation2theO oflocalgroundwater (-14.1±1.5‰)andatmosphere(+23.5‰) producedanexpectedrange ofnitrate-Oof-3.4to0.1‰ (blackshaded boxofFigure6). ThiscombinedwithN data indicatedthatNOoriginated primarilyfromorganicsoilnitrogen(PhippsandBetcher, 2003). 
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	PreviousWorkOnTheKarlsruheAquifer 
	TheKarlsruheAquiferofnorth-central NorthDakotaoccupiesasurficialoutwash plaininsouth-centralMcHenryCounty(Randich,1981). Theaquiferhasasurfaceareaof about9300hectares(23,000acres)(Figure7)andisunderlain bythe NewRockfordAquifer. Twodistinct periodsofglacialactivityresultedindepositionofglacialtillandsandand graveloutwashtoform bothaquifers. Theaquifers aremostlyseparatedalthoughtheyare hydraulicallyconnectedinsomediscretesections(Wanek,2002). 
	-N concentrationswithintheaquifersparkedaninvestigation by the NorthDakotaStateWaterCommission(NDSWC). The NDSWC begananextensive programinthefallof2001 bymonitoringnitratelevelswithinthirty-eightnestsofwells. Totalnitrate-N load,nitrate-N loaddensity,andthe potentialmixedconcentrationindex (PMCI)arethreeindicesusedtoevaluatetheextentofcontamination. Totalnitrateloadand nitrate-N loaddensityquantifythetotalmassofnitrateintheaquiferandthetotalmass per unitarea. PMCIisthetotalnitrate-N loadmixedthroughoutthee
	Relativelyhigh NO
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	Initialresultsduringthefallof2001indicatedthatabout1.8millionkilograms (4 millionlb)ofnitrate-N were presentwithintheaquiferwhileroughly1300hectares(3200 acres)hadaPMCIabovetheEPAdrinkingwaterstandardof10.0mg/L Testingwas expandedinthefollowingsamplingsessionstoincludesixty-fivewellnestsandmulti-port samplers. Totalnitrate-N loaddecreased by0.18millionkilograms(0.4millionlb)inthe springof2002, butthenincreasedto1.9millionkilograms(4.2millionlb)overthegrowing 
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	Figure7. ArialextentoftheKarlsruheAquifershowinglocations of multilevelsamplingwells andISMs (Modifiedfrom Wanek,2002). 
	15 
	seasonintothefallof2002. Additionallyover2400hectares(6000acres)hadaPMCIabove 10.0mg/L,anincreaseofalmost80%fromthe previousyear. Bythefallof2003totalnitrate loaddecreasedtoabout1.5millionkilograms(3.2millionlb)whileareawithaPMCI>10.0 mg/Ldecreasedtoabout2000totalhectares(5000acres). Overallanimprovednitratestatus wasexhibitedin78.5%oftheaquifer. This providesoptimismthat bettermanagementis beingappliedintheuseofnitrogen-basedfertilizers. Itisalso possiblethatlowernitrate concentrationsintheKarlsruheAquifer
	The NDSWCfoundacasualrelationship betweennitrate-N concentrationsand irrigation. Generallythehighestnitrate-N loadsareonornearirrigatedsectionsandtendto decreasewithdistancefromthesource. Quartersectionswithirrigation permitshadthe highestnitrateloaddensitywithanaverageof400kg/ha(362lb/acre). Quartersections2.4 km(1.5mi)awayormorefromasourcehadthelowestdensitywithanaverageof45kg/ha (41lb/acre). A positiverelationship betweennitrateandTDS(R=0.71)isevidentin groundwatersampleswithnitrate-N greaterthan4.0mg/L.
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	Warne(2004)testeddenitrificationrateswithin-situmesocosms(ISMs)attwo locationswithintheKarlsruheAquifer(Figure7). NO, bromide(Br ),andN fractionation weremonitoredover273days. InoneISM(ISM-S)nitrate-N decreased by21.8mg/L beyondwhatcould beexplaineddilutionwhile?‰. This 
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	N increasedfrom0.63to10.05

	indicateddenitrificationoccurredwithinthisISM. TheotherISM(ISM-G)showedlittle 
	evidenceofdenitrification(Warne2004). 
	METHODS 
	OnOctober21,2003,thirty-onegroundwatersampleswerewithdrawnwitha peristaltic pumpfromfivemultilevelsamplingwellsadaptedfromadesign byPickensetal. (1978). Individualwellswerelocated betweenT.154 N.,R.77W.Section34andT.,154 N., R.78W.Section35(Figure7). Wellswerechosen basedupon previouswaterqualitydata provided bythe NDSWC. Thesewellsexhibitedhighnitrateloadinginthe pastand appearedtohavethe potentialfordenitrification. Additionallywellswereselectedovera large partoftheaquifer. Samplingdepthsrangedfrom1.5to10
	AllsamplesweretransportedtotheUniversityofNorthDakotaEnvironmental -N andCl concentrationswithaDIONEXAS50AutosamplerandDX120IonChromatograph. SampleswerethensterilizedwithasaturatedHgClsolution(1dropofsolution per100mLof sample)tostop biologicalactivityandrefrigerateduntilisotopicanalysis. On 
	AllsamplesweretransportedtotheUniversityofNorthDakotaEnvironmental -N andCl concentrationswithaDIONEXAS50AutosamplerandDX120IonChromatograph. SampleswerethensterilizedwithasaturatedHgClsolution(1dropofsolution per100mLof sample)tostop biologicalactivityandrefrigerateduntilisotopicanalysis. On 
	AnalyticalResearchLaboratory(EARL)foranalysis. EachwastestedforNO
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	April7,2004,forty-sixsamplesweresenttotheEnvironmentalIsotopeLaboratoryatthe UniversityofWaterlooforanalysis bymassspectrometry. Oftheforty-sixsamplesallwere 
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	analyzedfornitrate-? N,twentyfornitrate-? O,andfourfor?Hand? Oinwater. 
	Identificationofthenitratesourcewas basedupon?Nof possiblesourcesas presentedinFigure3andtheinitial?Oascomputed byEquation2. Initialfractionationof eachisotopeisconsideredto beindicativeofnitratederivedfromthenitrificationofammonia fromaspecificsourceasshowninFigure5. 
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	RatiosofCl /NOwereassumedto berelativelyconstantforgroundwaterinthe KarlsruheAquifer. Thisallowedrelativeconcentration profilestoserveasaninitialindicator ofdenitrification. Allrelativeconcentrationswerecomparedto NOandCl concentrations fromtheOctober21samplingsession. Sampling ports32ADA3and34ABBA7arenot includedintherelative profiles becauseconcentrationsatthesesitesfell belowdetection limitsorwerenotaccessibleduringsampling. Depth profilesshow NO-N concentrations relativetodepth beneaththegroundsurface. 
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	TheRayleighEquationwasappliedto N, O,andln(NO-N) plotsthroughlinear regressiontoshowevidenceofdenitrification. Thisiscalculatedas: . =. +. ln(C/C ) (3) 
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	ss 0
	o 
	where?sisenrichmentattimet, . isinitialenrichmentpriortofractionation,andC/Cis 
	s 
	0

	o 
	normalizedNOconcentrationattimet. Theisotopicenrichmentfactor(R)istheslopeofa )versus?sandallowsforcomparisonofdenitrifyingenvironments. Theinitial 
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	NO-N(C)cannotbedeterminedforthisstudy;thusthenaturallog(ln)ofNO-N(C)was 
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	used. Thiswillproducethesameenrichmentfactor(R)asEquation3. EvidenceofdenitrificationwasbaseduponanacceleratedreductionofNO-N relativetoCl andareductionofNO-Nwithdepthplusoneormoreofthefollowing: (1) AninverserelationshipbetweenNfractionationandnaturallog(ln)of 
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	NO-Nconcentrations. (2) AdirectlinearrelationshipbetweenincreasedfractionationofNandO. (3) SamplesenrichedinNandObeyondwhatcouldbeexplainedfrom 
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	-Nsources. 
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	RESULTSANDDISCUSSION Resultsarereportedindividuallyforeachwellincludingrelativeconcentration 
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	-N),and Nversus O. Threeofthefivewellsshowedstrongevidenceofdenitrification,oneshowedmoderate evidenceofdenitrification,andoneshowednoevidenceofdenitrification. Dataforallwells werethencombinedasacumulativeinterpretationofresults. ThisincludesNversusln 
	profiles,nitrateandisotopicvariationwithdepth, Nversusln(NO
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	-N), Oversusln(NO-N),and Nversus O. Cumulativeplotsareindicativeof 
	(NO
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	denitrification. Table1ofAppendixAinSpencer(2005)providesallrawdataincluding samplename,sampledepth,nitrate-Nconcentration,chlorideconcentration,andisotopic ratios. 
	Well31DDD Relativeconcentrationprofilesforallportsshowonlyslightdifferencesbetween chlorideandnitrate(Figures8,9,and10);anychangeinCl ismirroredbyNO. Depth 
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	-Nwithdepth(Figure11),althoughthisisaccompaniedby minimalfractionationofNwithapeakenrichmentofonly2.3‰(Figure12). Additionally 
	profilesshowreductionofNO
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	thereispoorcorrelationbetween Nandln(NO-N)(Figure13)and Nversus O(Figure 14). Thecumulativedatamakeitunlikelythatdenitrificationtookplacewithinthissectionof theaquifer. 
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	Well32ADA 
	RelativeprofilesforallportsshowconsiderablereductionofNO-NoverCl -Nwithdepthisevidentforeachsamplingdate -Nvalues,near30mg/L,at1.9mand . AdditionallyNconsistentlyincreaseswithdepthandshowsa peakenrichmentof38.1‰(Figure19). Suchenrichmentiswellbeyondtherangeofany -Nsource(Figure3)andislikelytheresultofdenitrification. Areasonable correlationisevidentbetweenNandln(NO-N)(Figure20)andanexceptionallystrong linearrelationshipisevidentbetweenenrichmentofNandO(Figure21). Togetherthese trendsprovidecompellingevidenc
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	(Figures15,16,and17). ReductionofNO
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	(Figure18). ShallowsamplesshowthehighestNO
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	Well34ABBA 
	RelativeconcentrationsofNO-NandCl inports3and5 showlittlefluctuation duringwinterfollowedbyadistinctseparationinspring(Figures22and23).Inport7the NO-Nconcentrationsdecreasedbelowdetection(<0.1mg/L)byspringandweretherefore toolowforcomparisonwithCl andweretoolowforisotopicanalysis. Denitrificationmay havecausedtheseobservations. Evidenceofdenitrificationwithdepthisobservedbelow3.0 mofdepth(Figures24and25). ThisismostevidentduringthefallwithNO-Nfallingto 6.9mg/Land?Nreaching34.8‰. Arelativelyweakpositivecorre
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	Well31DDD4 0.0 0.2 0.4 0.6 0.8 1.0 1.2 0 25 50 75 100 125 150 175 Days(to =10/20/04) RelativeConcentrationNitrate Chloride 
	Figure8. Relativeconcentration profileforWell15407731DDD,Port4. 
	Well31DDD6 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 0 25 50 75 100 125 150 175 Days(to =10/20/04) RelativeConcentration Nitrate Chloride 
	Figure9. Relativeconcentration profileforWell15407731DDD,Port6. 
	Well31DDD8 0.0 0.2 0.4 0.6 0.8 1.0 1.2 0 25 50 75 100 125 150 175 Days(to =10/20/04) RelativeConcentrationNitrate Chloride 
	Figure10. RelativeconcentrationprofileforWell15407731DDD,Port8. 
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	Well15407731DDD051015202530 0 10 20 30 40 50 Nitrate(mg/L) De p th be lo w su rf ac e ( f t) Fall2003Winter2003Spring2004 
	Well15407731DDD051015202530 0 2 4 6 8 10 15 N (‰) Dep th b elo w su r face (ft) Fall2003Winter2003Spring2004 
	Figure11. Depthprofiles ofnitrate-Nconcentration Figure12. DepthprofileofNfractionation forWell15407731DDD. forWell15407731DDD. 
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	Well15407731DDD y=-0.2609x+2.4851 R2 =0.0204 0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 ln(NO3 --N) 15 N (‰) 
	Figure13. N fractionationversusln(NO-N)forWell15407731DDD. 
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	Well15407731DDD y=-0.0366x-1.9783 R2 =0.0007 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.0 0.5 1.0 1.5 2.0 2.5 15N (‰) 18 O (‰) 
	IShallow Whitefill=Fall JIntermediate Greyfill= Winter KDeep Blackfill= Spring 
	Figure14. Nversus O fractionationforWell15407731DDD. 
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	Well32ADA4 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 0 25 50 75 100 125 150 175 Days(to =10/20/04) RelativeConcentrationNitrate Chloride 
	Figure15. RelativeconcentrationprofileforWell15407732ADA,Port4. 
	Well32ADA5 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 0 25 50 75 100 125 150 175 Days(to =10/20/04) Relative ConcentrationNitrate Chloride 
	Figure16. RelativeconcentrationprofileforWell15407732ADA,Port5. 
	Well32ADA6 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 0 25 50 75 100 125 150 175 Days(to =10/20/04) Relative ConcentrationNitrate Chloride 
	Figure17. RelativeconcentrationprofileforWell15407732ADA,Port6. 
	Well15407732ADA0246810121416 0 5 10 15 20 25 30 35 Nitrate(mg/L) Dep th b elo w su r face (ft) Fall2003Winter2003Spring2003 
	Well15407732ADA0246810121416 0 10 20 30 40 15 N(‰) Dep th b elo w su r face (ft) Fall2003Winter2003Spring2004 
	Figure18. Depthprofiles ofnitrate-Nconcentration Figure19. DepthprofileofNfractionation forWell15407732ADA. forWell15407732ADA. 
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	Well15407732ADA y=-6.37x+23.85 R2 =0.66 0 5 10 15 20 25 30 35 40 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 ln(NO3 --N) 15 N(‰) 
	Figure20. N fractionationversusln(NO-N)forWell15407732ADA. 
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	Well15407732ADA y=0.6837x-4.7716 R2 =1.0000 -5 0 5 10 15 20 0 5 10 15 20 25 15N (‰) 18 O (‰) 
	IShallow Whitefill=Fall JIntermediate Greyfill= Winter KDeep Blackfill= Spring 
	Figure21. Nversus O fractionationforWell15407732ADA. 
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	betweenNandln(NO-N)(Figure26),whichiscontrarytodenitrification. However,the 
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	strongcorrelationwithaslopenear0.5fortheincreasingfractionationofOandN (Figure 27)isindicativeofdenitrification. Moreresearchisnecessarytoclearuptheapparent discrepancyamongthesedata. Nevertheless,thepreponderanceofdatasupportthe conclusionthatdenitrificationoccurredatthissite. 
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	Well35BCC 
	-N andCl fromfallto winter(Figures28,29,and30). Duringthespringthereisadistinctseparation between NONandCl for ports6and12,whichisconsistentwithdenitrification. Decreasing NO-N concentrationswithdepth(Figure31)arealsoindicativeofdenitrification. Thisis accompanied byamoderateincreaseinN withdepthduringfallandwinterandasignificant increaseduringspringwith peakenrichmentof29.9‰(Figure32). Astrongnegative correlationisapparent betweenNandln(NO-N)(Figure33)andanevenstronger positive correlationwithaslopenear0.5
	All portsshow littlechangeinrelativeconcentrationsof NO
	3
	-
	-
	3
	-
	-
	-
	3
	-
	15
	15
	3
	-
	15
	18

	Well36AAA 
	RelativeconcentrationsforNO-N andCl aregenerallyconsistentwitheachother, withonlymoderateseparationsin ports9and12forthespring(Figures35,36,and37). Reductionof NO-N takes placewithdepthforall portsforallthreesamplingdates(Figure 
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	-N) exhibitalinearnegativerelationshipandareconsistentwithdenitrification(Figure40). O andNalsoshow a positiverelationshipwithaslopenear0.5(Figure41). The peakvalueof 13.6‰forNand6.1‰forOonFigure41, becauseitwascollectedinthefall,likely 
	-N) exhibitalinearnegativerelationshipandareconsistentwithdenitrification(Figure40). O andNalsoshow a positiverelationshipwithaslopenear0.5(Figure41). The peakvalueof 13.6‰forNand6.1‰forOonFigure41, becauseitwascollectedinthefall,likely 
	38)andthereductionisaccompanied byincreasesin N (Figure39). Nandln(NO
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	representsenrichmentcaused bydenitrificationthatoccurred beforethestudy began. Overall, the preponderanceofdataindicatethatdenitrificationoccurredatthislocale. 

	Well34ABBA3 0.0 0.3 0.5 0.8 1.0 1.3 0 25 50 75 100 125 150 175 Days(to =10/20/04) RelativeConcentrationNitrate Chloride 
	Figure22. RelativeconcentrationprofileforWell15407734ABBA,Port3. Well34ABBA5 0.0 0.3 0.5 0.8 1.0 1.3 1.5 1.8 2.0 0 25 50 75 100 125 150 175 Days(to =10/20/04) RelativeConcentration Nitrate Chloride 
	Figure23. RelativeconcentrationprofileforWell15407734ABBA,Port5. 
	Well15407734ABBA02468101214 0 5 10 15 20 Nitrate(mg/L) Dep th b elo w su r face (ft) Fall2003Winter2003Spring2003 
	Well15407734ABBA02468101214 0 10 20 30 40 15 N(‰) Dep th b elo w su r f ace (ft) Fall2003Winter2003Spring2004 
	Figure24. Depthprofiles ofnitrate-Nconcentration Figure25. DepthprofileofNfractionation forWell15407734ABBA. forWell15407734ABBA. 
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	Well15407734ABBA y=4.2203x+12.317 R2 =0.4076 0 5 10 15 20 25 30 35 40 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 ln(NO3 --N) 15 N (‰) 
	Figure26. N fractionationversusln(NO-N)forWell15407734ABBA. 
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	Well15407734ABBA y=0.386x+0.3301 R2 =0.9283 0 2 4 6 8 10 12 14 16 0 5 10 15 20 25 30 35 40 15N(‰) 18 O(‰) 
	IShallow Whitefill=Fall JIntermediate Greyfill= Winter KDeep Blackfill= Spring 
	Figure27. Nversus O fractionationforWell15407734ABBA. 
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	Well35BCC6 0.0 0.5 1.0 1.5 2.0 2.5 0 25 50 75 100 125 150 175 Days(to =10/20/04) RelativeConcentration Nitrate Chloride 
	Figure28. RelativeconcentrationprofileforWell15407835BCC,Port6. 
	Well35BCC10 0.0 0.5 1.0 1.5 2.0 0 25 50 75 100 125 150 175 Days(to =10/20/04) RelativeConcentration Nitrate Chloride 
	Figure29. RelativeconcentrationprofileforWell15407835BCC,Port10. 
	Well35BCC12 0.0 0.3 0.5 0.8 1.0 0 25 50 75 100 125 150 175 Days(to =10/20/04) RelativeConcentrationNitrate Chloride 
	Figure30.Relativeconcentration profileforWell15407835BCC,Port12. 31 
	Well15407835BCC0510152025303540 0 20 40 60 80 100 Nitrate (mg/L) D ep t h b elo w s u rface (ft) Fall2003Winter2003Spring2004 
	Well15407835BCC0510152025303540 0 10 20 30 40 15 N(‰) D ep t h b elo w s u rface (ft) Fall2003Winter2003Spring2004 
	Figure31. Depthprofiles ofnitrate-Nconcentration Figure32. DepthprofileofNfractionation forWell15407735BCC. forWell15407734BCC. 
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	Well15407835BCC y=-10.168x+45.261 R2 =0.9305 0 5 10 15 20 25 30 35 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 ln(NO3 --N) 15 N (‰) 
	Figure33. N fractionationversusln(NO-N)forWell15407835BCC. 
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	Well15407835BCC y=0.5638x-1.6778 R2 =0.9798 -5 0 5 10 15 20 0 5 10 15 20 25 30 35 15N(‰) 18 O(‰) 
	IShallow Whitefill=Fall JIntermediate Greyfill= Winter KDeep Blackfill= Spring 
	Figure34. Nversus O fractionationforWell15407835BCC. 
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	Well36AAA7 0.0 0.5 1.0 1.5 2.0 0 25 50 75 100 125 150 175 Days(to =10/20/04) RelativeConcentrationNitrate Chloride 
	Figure35.Relativeconcentration profileforWell15407836AAA,Port7. 
	Well36AAA9 0.0 0.5 1.0 1.5 2.0 0 25 50 75 100 125 150 175 Days(to =10/20/04) RelativeConcentration Nitrate Chloride 
	Figure36.Relativeconcentration profileforWell15407836AAA,Port9. 
	Well36AAA12 0.0 0.5 1.0 1.5 0 25 50 75 100 125 150 175 Days(to =10/20/04) Relative Concentration Nitrate Chloride 
	Figure37.Relativeconcentration profileforWell15407836AAA,Port12. 34 
	Well15407836AAA0510152025303540 0 10 20 30 40 50 Nitrate(mg/L) Dep th b elo w su rface (ft) Fall2003Winter2003Spring2003 
	Well15407836AAA0510152025303540 0 5 10 15 20 15 N (‰) Dep th beneath surface (ft) Fall2003Winter2003Spring2004 
	Figure38. Depthprofiles ofnitrate-Nconcentration Figure39. DepthprofileofNfractionation forWell15407836AAA. forWell15407836AAA. 
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	Well15407836AAA y=-5.5436x+23.681 R2 =0.8813 0 2 4 6 8 10 12 14 16 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 ln(NO3 --N) 15 N (‰) 
	Figure40. N fractionationversusln(NO-N)forWell15407836AAA. 
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	Well15407836AAA y=0.6835x-2.6277 R2 =0.9093 -1 1 3 5 7 9 0 2 4 6 8 10 12 14 16 15N(‰) 18 O(‰) 
	IShallow Whitefill=Fall JIntermediate Greyfill= Winter KDeep Blackfill= Spring 
	Figure41. Nversus O fractionationforWell15407836AAA. 
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	36 
	CumulativeEvidenceOfDenitrification 
	Relativelyweakrelationshipsexist betweenisotopicenrichmentandln(NO-N) (Figures42and43)forallsamples. Howeverthesefiguresshow thatfractionationis inversely proportionaltonitrateconcentrationandthatthosesamplesthatareenrichedare likelytheresultofdenitrification. 
	3
	-

	Figure44may bethesinglemostimportantlineofevidencesupportingdenitrification intheKarlsruheAquifer. As predictedtheOandNshow adirectlineartrendof increasingfractionation. AdditionallyNenrichmentisnearlytwicethatofO. Otherthan fordenitrification,itishighlyunlikelythatanyothertypeofnitrateattenuationor consumption processcould producetheseresults. 
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	ThefourisotopesamplestestedforOofHO gaveanaveragevalueof 12.98±0.70‰(Spencer,2005). AtmosphericOwasassumedas+23.5‰(Kroopnickand Craig,1972.) Thusnitratederivedfromtheoxidationofammonia(Equation2)wouldhave anexpectedinitial?Oof-0.80±0.70‰(solidrectangleony-axisofFigure44). This indicatesthatfractionationlieswithintherangeofNOderivedfromtheoxidationof ammoniafertilizer(dashedellipseofFigure44). IftheNOwasderivedfromanothersource of NHtheclusterofinitialfractionationwould bemoreenrichedinN. 
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	TheseresultsareconsistentwiththeworkofPhippsandBetcher(2003)wherea 
	15 -18 
	moderaterelation between Nand NO-N wassignificantlyenhanced bytheadditionof O (Figures4and6). Additionally,theirestimateofinitial?O (-3.4to-0.1‰)wassimilarto thatreportedherein.TheirratioofOto Nenrichmentalso producedaslopeofabout0.5. 
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	y=-4.5331x+21.491 R 2 =0.3871 0510 15 20 25 30 35 40 -2 -1 0 1 2 3 4 5 6 ln (NO3 --N) 15 N ( ‰)
	15 -15 
	Figure42. Nversus ln(NO-N)forallsamples with Ndata. 
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	y=-3.0016x+12.476 R 2 =0.4188 -5 05101520 -1 0 1 2 3 4 5 6 ln(NO3 --N) 18O ( ‰)
	18 -18 
	Figure43. Oversus ln(NO-N)forallsamples with Odata. 
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	y=0.5159x-2.029 R 2 =0.941 -5 05101520 0 5 10 15 20 25 30 35 40 15 N(‰) 18O (‰)manurenaturalsoil IShallowJIntermediate KDeepWhiteFill=Fall GreyFill=Winter BlackFill=Spring 
	15 18 
	Figure44. Nversus Ofractionationas anindicatorofnitratesource. 
	40 
	Enrichmentfactors(R) basedonallsamplesare-4.53‰forNand-3.01‰forO 
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	(Figures42and43). Thesearelow comparedto previousexperimentsasconducted by Botcheretal.(1990)(R-N=-15.9‰ and R-O=-8.0‰)andMengisetal.(1999)(R-N =-27.6‰andR-O= -18.3‰).Warne(2004)alsoreceivedahigherenrichmentofN (-9.3‰)intheISMexperiment. Low enrichmentfactorsforthisstudymaysimply bethe resultofspecificsiteconditionssuchastemperatures,denitrificationrates,ortheavailability ofelectrondonors. 
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	CONCLUSIONS Denitrificationoccursincertain portionsoftheKarlsruheAquifer. Therelationship 
	-15 18 
	betweendecreasedNO-N andincreasedfractionationof Nand O isdirectevidenceof this. Figure44isinitselfconclusiveevidenceofdenitrification. Itisunlikelythatthis relationship betweenincreasingfractionationcoupledwiththe peakenrichmentvaluescould haveresultedfromanyother process. HighnitrateloadingintheKarlsruheAquiferislikely theresultoftheapplicationofammonia-basedfertilizer. InitialNandO fractionation supportsthisconclusion. Itis possiblethatothernitrogensourcesare present butammoniabasedfertilizeristhemostsig
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	Althoughdenitrificationisevidentitdidnottake placeinallofthewells. OnlyWells 32ADA,34ABBA,and35BCCshow satisfactoryevidenceofdenitrification. Moderate fractionationwithinWell36AAA supportsthehypothesisofdenitrification, buttoalesser extent. Well31DDD isnotinfluenced bydenitrification. DenitrificationratesinWells 32ADA and34ABBA correlatewellwiththeISM-Sinstalled byWarne(2004). Allthree locationsareneareachother. Furthermore,denitrificationoccurswithdepth. Thisis 
	Althoughdenitrificationisevidentitdidnottake placeinallofthewells. OnlyWells 32ADA,34ABBA,and35BCCshow satisfactoryevidenceofdenitrification. Moderate fractionationwithinWell36AAA supportsthehypothesisofdenitrification, buttoalesser extent. Well31DDD isnotinfluenced bydenitrification. DenitrificationratesinWells 32ADA and34ABBA correlatewellwiththeISM-Sinstalled byWarne(2004). Allthree locationsareneareachother. Furthermore,denitrificationoccurswithdepth. Thisis 
	supported byadecreaseof NO-N withdepthcoupledwithanincreaseinN. Thisismost 
	3
	-
	15


	apparentinWells32ADA and36AAA andtoalesserextentinWells34ABBA and35BCC. 
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