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I. Introduction
Modern large‐scale agricultural practices elevate the nitrogen levels in
watershed discharges (Neill 1989, Mason et al. 1990). The increased nitrogen
availability accelerates eutrophication of estuaries and coastal marine systems
where primary production is nitrogen limited (Goolsby et al. 2001). Readily
available nitrogen in the form of ammonium (NH4) and nitrate (NO3‐) augment algal
and microbial biomass (Nixon 1995). Ensuing phytoplankton and periphyton algal
blooms and microbial productivity remove oxygen to create “dead zones” devoid of
other aquatic life, such as are found in the Gulf of Mexico, Chesapeake Bay, and other
places in the world (Fisher et al. 2006, National Academy of Sciences 2000, Jordan,
et al. 1997).
Nitrogen exports from watersheds are usually less than net anthropogenic
inputs creating an unbalanced nitrogen budget (Van Breemen et al. 2002). Inputs
include fertilizer, food for human consumption, feed for animals, atmospheric
nitrogen deposition and nitrogen fixation whereas outputs are riverine export
(Galloway et al. 1995). Areas where agriculture dominates the land use have
additional nitrogen inputs from agricultural practices (Jordan and Weller 1996).
Net anthropogenic nitrogen input (NANI) in excess of riverine export has been
termed the “missing nitrogen” (Van Breemen et al. 2002).
There are two possible fates of the missing nitrogen: 1) Nitrogen is stored
and accumulates in the ecosystem (Van Breemen et al. 2002). 2) Nitrogen is
denitrified and escapes to the atmosphere as N2 gas (Laursen and Seitzinger 2002).
Nitrogen gas offers a potentially large sink for nitrogen and can account for the
missing nitrogen in the nitrogen budget. The purpose of this project was to test the
hypothesis that the majority of the missing nitrogen is denitrified, and the resulting
N2 emerges in streams and escapes to the atmosphere as gas.
If the excess nitrogen is stored in the watershed, the storage capacity may be
limited (Van Breemen et al. 2002). Therefore, as NANI increases, the nitrogen may
reach carrying capacity. Nitrogen saturation would result in an increase in the rate
of export with future inputs. Denitrification removes nitrogen from the ecosystem.
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Denitrification to nitrous oxide and gaseous nitrogen is especially important
because N2 and N2O are nitrogen forms that are not available to primary producers.
Therefore, denitrification offers the only permanent removal of nitrogen from the
watershed (Laursen and Seitzinger 2002).
Denitrification is the bacterial conversion of nitrate (NO3‐) to nitrogen gas
(N2). Under anaerobic reducing conditions, nitrate acts as the electron acceptor for
nitrate reductive metabolism. Nitrate is denitrified to nitrite, nitric oxide, nitrous
oxide, and finally nitrogen gas. The reaction proceeds along the following pathway.
NO3‐

NO2‐

NO

N2 O

N2

Nitrate is usually the main form of nitrogen discharged from watersheds
receiving high anthropogenic inputs (Jordan et al. 1997). Nitrate comes from the
oxidation of ammonium (NH4). Fertilizers contribute large amounts of ammonium
(NH4) to cropland, which crops utilize during the growing season (Jordan and
Weller 1996). Some ammonium is oxidized to nitrate (NO3‐). Nitrate remaining in
the soil post‐harvest provides elevated nitrate concentrations to groundwater
within the watershed (Böhlke 2002). Denitrification of nitrate occurs under
anaerobic conditions when the consumption of oxygen creates reducing conditions
favorable to denitrification. Some nitrate leaves the watershed through riverine
export (Van Breemen et al. 2002), but potentially a large portion is denitrified
(Groffman et al. 2006). The resulting nitrogen (N2) gas and small amounts of nitrous
oxide (N2O) may emerge in streams and escapes to the atmosphere in unmeasured
amounts.
It is possible that N2 can escape to the atmosphere before reaching the
stream. N2 can emerge through vadose zone in the soil and escape to the
atmosphere (Fox et al. 2009). Calculation of dissolved nitrogen in excess of
equilibrium relative nitrate will yield the percent of denitrified N2 emerging through
the stream (Fisher et al. 2010). I hypothesize that denitrification accounts for most
of the NANI that is not discharged from the watershed as reactive nitrogen, a
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relatively small percentage of the total denitrified N2 emerges through the soil, and
that the majority emerges through streams.
Denitrification is hard to measure because of inaccurate field methods and
variation of denitrification rates (Weller et al. 1994). Previous studies have used
various experimental techniques for determining denitrification rates such as
acetylene inhibition analysis of sediment cores, mass balance calculations, and
volatile gas tracers (Herrman, Bouchard, & Moore 2008, Van Breemen et al. 2002,
Laursen and Seitzinger 2002). Large discrepancies in the rate of denitrification as
well as the percentage of nitrogen export due to denitrification (Van Breemen et al.
2002) show further research is needed.
Measuring denitrification within an entire watershed is difficult due to
heterogeneity and the large spatial scale (Groffman et al. 2006). An entire
watershed presents challenges, but by focusing on a small stream the measurement
of denitrification is simplified. Study of a single small stream reach could reveal
function of a small watershed. Determination of the fate of the missing nitrogen on
a small scale might then eventually be extrapolated to the watershed as a whole.
Understanding groundwater and riverine processes is difficult because of
heterogeneity, multiple flow pathways, and variations due to precipitation
(Groffman et al. 2006). A single sampling method does not allow for total
understanding, but a combination of methods offers a more complete picture.
Sampling surface water of the whole stream reach and sampling emerging
groundwater with piezometers allow both integration along the stream and a
snapshot of what is happening in the groundwater at one specific location. Neither
method alone generates a definitive outline of the aquatic processes. Combination
of the two approaches provides a more comprehensive view into what is happening
in the stream system. The main goal of this project was to measure the N2 flux
through the stream as a component of total denitrification in the watershed. Study
of a single reach of a small stream allowed for completion of the nitrogen budget on
a small scale, understanding of the composition of the emerging groundwater, and
comparison of data from piezometer and whole reach sampling methods.
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II. Methods
II.a. Study Site
The Choptank River in Caroline County on the coastal plain of Maryland
drains an area dominated by agricultural land use and flows directly into the
Chesapeake Bay (Becker et al, 2010). The study site was a 500‐meter reach of an
agricultural drainage ditch leading to a tributary of the Choptank River. The reach
is channelized with steep banks, relatively uniform channel morphology, and no
major lateral inputs of surface water. The reach has a 5 m riparian buffer of
infrequently mowed vegetation and a few trees. The adjacent farmland rotates
crops between corn and soybean cultivations. The watershed includes a large
number of chicken farms, and chicken manure as well as inorganic nitrogen is used
as fertilizer on some of the fields. The streambed consists of fine‐grained sand
sediment. Watersheds in this area have strong correlation between increased NANI
and elevated nitrogen, in particular nitrate, riverine export (Jordan et al. 1997). Yet
riverine discharge from watersheds accounts for at most one‐third of the NANI as
nitrate.
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II.b. Field Methods
A team of four to five people from the Smithsonian Environmental Research
Center (SERC) completed three day‐long measurements of all inputs and outputs of
NO3 and N2 into the stream reach. We gathered and analyzed samples over the
course of three weeks in March 2011. Groundwater inputs were inferred from
measurements of surface water but we also measured concentrations in
groundwater by sampling with piezometers.
The change in dissolved N2 and nitrate (NO3–) concentrations along the reach
were measured in two ways 1) looking at a single unit of water traveling
downstream through surface water sampling and 2) measuring the groundwater at
point locations with piezometers. Surface water collection followed a Lagrangian
sampling scheme for of dissolved gases analyses (N2:Ar) and nitrate concentrations.
Lagrangian sampling follows a mass of water as it moves downstream as opposed to
sampling a set location as water flows passed. A solution of sodium Br− was added
as a conservative tracer of the water mass to calculate travel time along the reach
and emergence of groundwater. Rhodamine WT was used as a qualitative tracer to
track the water mass in the field. Propane was added as a volatile gas tracer and
allowed for calculation of nitrogen (N2) gas evasion to the atmosphere based upon a
first‐order gas transfer rate (Laursen and Seitzinger, 2002). Groundwater samples
were collected from nested piezometers in the thalweg of the reach. Piezometers
provided a measure of hydraulic head and vertical hydraulic gradient as well as
collection of groundwater samples (Praamsma, 2009; Fetter, 2001; Novotny and
Olem, 1994, Anderson et al. 2005).
Nested piezometers were installed three weeks prior to the first experiment
to allow for settling. The piezometers were made of 6 cm diameter PVC pipe of
varying lengths with an enclosed, pointed base. 5 cm from the base of the
piezometer there was a 30 cm section of side slits. Nine piezometers were installed
in clusters of three using a gas‐powered water pump to dig holes in the streambed
in the thalweg of the stream reach. The clusters were approximately 150 m apart
down the length of the stream reach with the upper cluster farthest upstream and
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the lower cluster farthest downstream. For installation a 2 cm‐inch PVC pipe was
attached to the water pump and held at the base of the piezometer. The piezometer
was slowly pushed into the streambed as the water pump drilled into the sediment.
The piezometers were nested at depths of approximately 100 cm, 75 cm, and 50 cm
and set 1.5 m apart within each cluster. The deepest piezometer was farthest
upstream and the shallowest piezometer farthest downstream in each cluster.
Stakes were placed 1 m upstream of the first piezometer in each cluster to protect
the piezometers from flowing debris.
To remove sediment the piezometers were pumped out twice with a
peristaltic pump two weeks before the first experiment. Each piezometer was
pumped until all sediment was removed, and there was a two‐day separation
between pump out events. The rate of refill was greater than the pumping rate on
both days. Therefore, the piezometers were not pumped completely dry, but a
volume approximately 1.5 times the volume of the full piezometer was pumped out
before the piezometer was allowed to refill.
On days of flux measurements, we recorded measurements for calculating
hydraulic head and collected dissolved nitrogen gas samples before initiating
surface water sampling. To ensure water samples collected from piezometers were
groundwater, each piezometer was pumped out with a peristaltic pump. Prior to
pumping, the depth of water inside the piezometer, stream water level against the
outside of the piezometer, and nested depth were measured. All measurements
were taken with a meter stick and measured from the top of the piezometer down.
The piezometers were then pumped for approximately 5 to 7 minutes at a pumping
rate of 1.8 L/min, measured with a graduated cylinder and stopwatch. Small
amounts of sediment accumulated in the piezometers between experiments even
though the majority had been previously removed. Care was taken to ensure the
pump tubing did not clog with sediment or catch on the side or bottom of the
piezometer. The refill rate was greater than the pumping rate as before. Thus the
piezometers were not pumped completely dry, but a volume approximately 1.5
times the volume of the full piezometer was pumped out before the piezometer was
allowed to refill.
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Dissolved gas samples were collected in quadruplicates once the piezometer
had refilled. Sample collection involved the use of a 5 cm diameter bailer and
samples were collected in glass test tubes capped with septa and screw tops. The
bailer was slowly lowered into the piezometer taking care to avoid loss of dissolved
gases. Once removed, a Teflon stopcock with Teflon tubing was inserted on the
bottom of the bailer. The Teflon tubing reached the bottom of the test tube, and the
tube filled to overflow in order to reduce bubble formation and exposure to the
atmosphere (Fisher et al. 2010). A positive water meniscus was established before
capping. Samples were then kept cold until analyzed.
Stream water sampling followed the experimental procedure of previously
tested methods and the protocol of a previous intern (Kaitlyn Taylor) at the
Smithsonian Environmental Research Center following the methods of Bott (2006)
and Laursen and Seitzinger (2002). We measured upstream and downstream flows
with a Flo‐mate electromagnetic flowmeter (Marsh‐McBirney model 2000) to
estimate the time a parcel of water would take to travel between the upstream and
downstream sampling locations. Propane (standard 20 lb liquid propane tank)
acted as a tracer gas for calculating N2 flux to the atmosphere. We bubbled the
tracer gas into the stream through a 36 cm PETCO bubble bar air stone. The air
stone was placed on the streambed in the thalweg of the stream and positioned
perpendicular to the direction of flow. Gas flow rate was set at 2.5 L/min on a
single‐stage regulator and remained constant throughout the duration of the
experiment.
We used bromide (Br−) as a conservative tracer to determine steady state,
calculate travel time, and account for ground water inflow to the stream reach.
Rhodamine allowed for determination of steady state in the field. A solution of
sodium bromide (about 6.5 M) and rhodamine WT (C29H29N2O5ClNa2) was pumped
into the stream with a peristaltic pump to ensure steady injection of Br–. The tracer
solution was dripped into the stream ~10 cm upstream of the tracer gas injection
point in order to facilitate mixing across the width of the reach. We used a
stopwatch and graduated cylinder to determine Br– solution and tracer gas injection
rates. Injection was 100 m upstream of the first sampling site to allow for adequate
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vertical and horizontal mixing of the tracers. A well‐mixed sampling location
allowed for one‐dimensional data analysis (Genereux and Hemond 1992).
Prior to the start of Br– and tracer gas injection, we collected background
stream water samples for Br– analysis. Stream water samples were collected in 60
ml plastic bottles, thrice rinsed with stream water, filled, and sealed. All samples
were packed in ice within a few minutes of collection and kept on ice overnight.
Samples remained cold until analysis.
Upstream and downstream dissolved gas samples for N2 and Ar analysis
were also collected prior to the start of tracer injections. We collected dissolved gas
samples using a novel approach. Samples were collected in glass test tubes. We
inverted the test tube and slowly lowered it into the stream. As water entered the
tube, air was vented out through a flexible plastic tube allowing water to slowly
enter with minimal loss of dissolved gases. Samples were then sealed under water
with septa and a twist top.
Tracer solution and tracer gas injections were begun within a few minutes of
one another. We collected upstream and downstream water samples one to two
minute intervals for Br− and nitrate analysis. Samples were monitored on a 10‐AU
Fluorometer in the field (Turner Designs model 10‐AU‐005‐CD) until rhodamine
concentrations reached a steady state.
Once steady state was established, water samples for nitrate and Br– analysis
as well as triplicate tracer gas (propane) samples were collected at ten‐minute
intervals for 90 minutes. We collected tracer gas samples for gas chromatography
analysis and calculation of gas evasion rate. Samples were collected in 70 ml glass
bottles following the previously described procedure for dissolved gas sample
collection. The bottles were sealed with septa and crimped. Once all propane
samples were collected, a second set of quadruplicate dissolved N2 and Ar samples
were collected.
To test whether the piezometers were drawing stream water during
sampling, we resampled the piezometers while the tracer solution was present in
the stream. We turned off the tracer gas injection, but the tracer solution continued
pumping as we sampled the piezometers for Br− and nitrate. Evidence of Br− in the
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subsequent piezometer water samples would allow for determining what
percentage of stream water, if any, was infiltrating the piezometers during sampling.
Each piezometer was pumped for 5 to 7 minutes at the previous 1.8 L/min rate. The
bailer was used to collect water samples for nitrate and Br– analysis. Stream water
samples at each of the piezometer cluster locations were also collected for
comparative nitrate and Br– analysis.
We stopped the tracer solution pump after completion of the second round of
piezometer sampling and began stream sampling to catch the retreat of steady state.
Capturing both the concentration rising to steady state and the concentrating falling
from steady state allowed for two different calculations of travel times. Nitrate and
Br− stream water sampling at one‐minute intervals resumed both upstream and
downstream. Samples were read on the fluorometer to monitor the retreat of
steady state in the field. Sampling continued until fluometric readings indicated
disappearance of the tracer solution.
We took measurements of stream temperature and dimensions for
calculating N2 flux to the atmosphere and determining travel time. Locations along
the stream reach were determined with a handheld eTrex Venture Global
Positioning System (HC) unit. An online GPS latitude and longitude distance
calculator was used to calculate distances between sites (±13 ft) (CSG Network,
2011). Stream water temperature readings were also recorded with a YSI 556
Multiprobe System (MPS) calibrated with a high precision mercury thermometer.
Width was measured at 10 locations evenly spaced along the reach in order to
calculate average width of the reach and allow for integration along the stream
channel.
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II.c. Laboratory Methods
Propane analysis by gas chromatography was done the day after each field
experiment to minimized loss of propane through the septa during storage. Samples
were removed from ice, and 30 ml of air was injected into each bottle through the
septum using a 60 ml plastic syringe with a 5 cm needle. A 10 cm needle through
the septum was positioned at the bottom of the bottle in order to bleed off the
displaced water. The bleed needle was connected to approximately 10 cm of
tubing, which emptied into a graduated cylinder. Each sample bottle was raised
above the height of the water in the graduated cylinder after creation of the
headspace in order to ensure that the pressure within the bottle remained at 1 atm.
Samples were allowed to equilibrate to room temperature and then were shook on
an Innova 2100 Platform Shaker (New Brunswick Scientific) at 120 rpm for one
hour.
Using a 500 µmol glass syringe, 500 µmol of headspace from each propane
sample bottle was introduced into a Shimadzu gas chromatograph (GC) equipped
with a flame ion detector (FID) through direct injection. Ultra pure nitrogen was
used as a carrier gas. Column temperature was 160°C and detector temperature
was 125°C. Retention time was 2.3 minutes with integration between 1.7 and 2.1
minutes. A standard nitrogen:propane mixture of 10 ppm propane from Scott
Specialty Gas was used to calibrate the GC.
After GC analysis, both propane and stream water samples were filtered with
syringes through 45 µm pore‐size membrane filters. 1 ml of each filtered sample
was injected into a Dionex ion chromatograph fitted with a KOH eluent generator
and an AS18 separatory column. The KOH gradient was from 14‐28 mM with a
runtime of 26 minutes through the ASRS 300 Suppressor with 75 milliamps of
suppression. The ion chromatograph measured nitrate and conservative tracer
(Br−) concentrations in water samples as well as measuring the concentration of the
tracer solution. Standard solutions and duplicate samples were used to calibrate the
ion chromatograph and verify consistency.
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Dissolved N2 concentrations and dissolved N2:Ar was measured at the
University of Maryland Horn Point Laboratory using a Membrane Inlet Mass
Spectrometry (MIMS) system (Kana et al., 1994). The glass test tubes were
uncapped and a stainless steel capillary tube was inserted three‐quarters into the
test tube. A peristaltic pump drew the water sample up the capillary. The sample
passed through a water bath of the same temperature as the stream temperature at
time of sample collection and entered a T‐shaped glass inlet tube. The glass tube
was under high vacuum. The vacuum degassed the water as the sample was pushed
through a gas‐permeable silicon membrane and introduced the gases to a Pfeiffer
Vacuum model QMG422 quadrupole mass spectrometer. Liquid nitrogen was used
to freeze out water that might interfere with the N2 and Ar measurements. Ultra‐
pure distilled water was used as a standard to ensure consistency in the mass
spectrometry readings.
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III Calculations
III.a. Calculating N2 Flux to the Atmosphere
The concentration of propane in air in the syringe (CSYR) was determined
from the calibration line of the standards (Equation 1). The slope‐intercept formula
was used where CHS = concentration in the sample headspace, A = the GC peak area,
s = the slope of the calibration line, y = the intercept of the calibration line, and V =
sample volume injected (Thene and Gullier 1990).
A⋅s+y
CSYR = CHS = 
V

(1)

Using Henry’s law and the ideal gas law, the concentration of propane in
water (CW) of the sample was calculated with the following equation where R =
universal gas constant (0.08206/L atm/g mol ⋅ K), T = ambient temperature
(Kelvin), MP = molar mass of propane, H = Henry’s law constant (15.16 atm ⋅ L/g),
VHS = volume of headspace, and VW = volume of water (Equation 2). The solubility of
propane is so low that the fraction of propane remaining in solution is negligible
(Genereux and Hemond 1992, Hope et al. 2001, and Thene and Gulliver 1990).

Cw
RT + 
VHS

= 
CHS
Mp H
VW

(2)

The concentration of propane at different ends of the stream reach can then
be used to calculate the first‐order gas evasion rate constant kP (units of time−1).
The rate constant is calculated from the steady state tracer gas concentration (GP)
and conservative tracer concentration (CBr) where τ = travel time through the
stream reach (Equation 3). Subscripts 1 and 2 denote upstream and downstream
samples, respectively (Genereux and Hemond 1992). A decrease in propane
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concentration could be due to either gas evasion or dilution. Comparing the
decrease in dissolved propane to the decrease in Br− tracer accounts for the
influence of dilution.

kP = (1/τ) ln (GP1CBr2/GP2CBr1)

(3)

The travel time was determined from measuring the change in concentration
of Br− with respect to time during the tracer solution injection. Travel time is the
time required for a mass of water to travel between the upstream and downstream
sampling location. Br− concentration initially increases and then reaches a steady
state plateau. Half the concentration of steady state, or “half‐time concentration”, is
used to calculate the travel time. The concentrations of the samples at the start of
the steady state plateau were used for calculating the half‐time concentration of the
upswing to steady state. The half‐time concentration of the disappearance of steady
state was calculated from the concentrations in samples at the end of the plateau.
The τ value is the difference in half‐time concentration between the upstream and
downstream location. Time to half the concentration of steady state is the time
when the concentration of Br− satisfies Equation 4 where C1/2 = half time
concentration, Cb = background concentration of Br−, and Cs = steady state
concentration of Br− (Genereux and Hemond 1992).
Cs ‐ Cb
C1/2 = Cb + 
2

(4)

The evasion of N2 was calculated from the measured evasion of propane gas
utilizing a Schmidt number ratio. Propane and nitrogen have different molecular
diffusion coefficients and thus different gas evasion rates. Thus a simple 1:1 ratio
between the gas evasion rate constants is not possible, but conversion can be made
with the use of Schmidt numbers. The Schmidt number for a gas is the kinematic
viscosity of water divided by the molecular diffusion coefficient of the gas and is
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temperature dependent (Laursen and Seitzinger 2002). The first‐order gas evasion
rate constant of nitrogen gas (kN2) is expressed in Equation 5 where ScP = Schmidt
number for propane, ScN2 = Schmidt number for nitrogen gas, and n = Schmidt
number coefficient (Laursen and Seitzinger 2002). We used a Schmidt number
algorithmic equation to calculate the Schmidt numbers from stream temperature
(Laursen 2008).

kN2 / kP = (ScN2 / ScP)−n

(5)

The flux of nitrogen gas to the atmosphere (FN2) can then be defined in terms
of the first‐order gas evasion rate constant (Equation 6). Flux was calculated from
mean water column depth (h), and the difference in mean measured gas
concentration dissolved in the water (Cmean), and gas concentration at equilibrium
with the atmosphere (Cequil) (Laursen and Seitzinger, 2002). It is assumed that the
water column is homogenous both vertically and horizontally. The mean water
column depth is calculated from the flow rate and the average of multiple stream
width measurements.

FN2 = h kN2 (Cmean ‐ Cequil)

(6)
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III.b. N2 from the Atmosphere v. N2 from Nitrate Reduction
N2 from the atmosphere enters the groundwater during a precipitation event.
During the precipitation event, the Ar and N2 in the precipitation are in equilibrium
with the atmosphere. The equilibrated precipitation percolates through the vadose
zone and combines with the groundwater, recharging the groundwater. The N2 that
entered the groundwater during a recharge event at some point in the past, traveled
through the groundwater, and emerged in the stream reach is the atmospherically
derived nitrogen. Calculation of atmospherically derived nitrogen was based on the
ratio of argon to nitrogen (Ar:N2), the solubility curve of argon, and the average
recharge temperature of argon determined from piezometer samples (Fisher et al.
2010, Colt 1984). The amount of argon in solution depends on temperature and
atmospheric concentration. The concentration of dissolved Ar is inversely
proportional to temperature, and the atmospheric concentration is known. The
concentration of argon is used to calculate the temperature of recharge water.
Then, the recharge temperature is used to calculate the amount of dissolved N2 in
the recharge water when N2 in the water and atmosphere were at equilibrium.
Denitrification produces N2 in excess of N2 at equilibrium. The excess N2 is the
difference between the mean measured N2 and the equilibrium N2 (Equation 7).

ExcessN2 = Cmean ‐ Cequil

(7)
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III.c. Calculating Groundwater Emergence into the Stream
Groundwater emerging into the stream reach through the piezometers can
be determined from hydraulic head and vertical hydraulic gradient (VHG).
Hydraulic head and VHG are indicators of the potential flow of groundwater.
Positive VHG suggests an influent stream with flow of groundwater up from the
streambed (upwelling) whereas a negative VHG suggests an effluent stream with
flow from the stream reach into the streambed (downwelling) (Anderson et al.
2005). Hydraulic head (Δh) in the piezometers was calculated from the difference
between the elevation of the water in the piezometer (hp) and the elevation of the
stream water surface (he) (Equation 8).

Δh = hp − he

(8)

The vertical hydraulic gradient (hv) can be calculated from the hydraulic head
and the distance from the streambed to the top of the side slits in the piezometer
(Δd) (Equation 9) (Anderson et al. 2005).
hv = (Δh) / (Δd)

(9)

The percentage of groundwater entering the reach was calculated from the
flow and concentration of Br−. The downstream flow was considered the value of 1
and the upstream flow some fraction of 1. The upstream fraction (χ) was calculated
from Equation 11, and the remaining fraction was attributed to emerging
groundwater.

χ ⋅ CBr1 = 1 ⋅ CBr2

(11)

Dana Brenner 19
IV. Results and Discussion
IV.a. Stream Water Sampling
Results from all three flux measurements, 18 March 2011 (1), 22 March 2011
(2), and 29 March 2011 (3), had evidence of emerging ground water. The decrease
in the concentration of the conservative tracer solution is related to dilution from
emerging ground water. Part of the decrease could, in some situations, be attributed
to retention within the hyporheic zone and pooling within the reach. However,
return of Br− levels to near background concentrations were evidence against any
retention. Furthermore, the stream reach is highly channelized with very little
variation in width. Therefore, the effect of pooling is assumed to be much lower
than the effect of the hyporheic zone. Flux study 1 and 3 had comparable
percentages of emerging groundwater, 11.3% and 17.5%, respectively. Flux study 2
had the lowest amount of emerging groundwater with 2.5% because of
irregularities in Br− data. Table 1 shows flow measurements, groundwater
additions, and travel times for all three flux studies. The highest flow and shortest
travel time were for flux study 1 with each subsequent study having a longer travel
time and slower flow. All travel times were around 20 minutes.

Table 1
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Br− concentrations during flux studies 1 and 3 (Figure 1 and 3, respectively)
are representative of typical steady state situations. The slight variability in
upstream Br− concentration for both experiments is possibly due to incomplete
mixing but is negligible. The second sampling (Figure 2) shows drastic variation in
the upstream sampling site, with upstream Br− concentrations falling below
downstream Br− concentrations.

Figure 1
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Figure 2

Figure 3
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To further assess the variability of Br− in flux study 2, the concentration of
Br− in samples collected for propane analysis was compared to the other surface
water samples (Figure 4). The large variability among sample times and within the
triplicate propane samples is also consistent with insufficient mixing.

Figure 4

Calculation of flow through the stream reach was done through two methods
1) Using an electromagnetic flowmeter and 2) Calculation from Br− dilution. Flow
rate comparison is outlined in Table 2. Average flow measurements from the Flo‐
mate were higher for both flux study 1 and 3 whereas the flow calculated from Br−
concentrations was higher for flux study 2. Differences in flow rates could be
attributed to flow through the hyporheic zone as well as error in measuring stream
dimensions.

Table 2
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All three flux studies had evidence of gas evasion. Differences in upstream
and downstream propane concentrations against time showed a marked drop in
propane concentration. Absolute changes in upstream and downstream propane
concentrations were a result of both gas evasion and dilution from emerging ground
water. Therefore, changes in propane concentration over time were compared to
the conservative tracer solution (Equation 3) in order to remove the effect of
dilution.
Flux study 1 had the highest flow rate of the three studies, and the
concentrations of propane are the lowest. It is possible that stream velocity for flux
study 1 was too fast for our method of injecting propane into the stream to
adequately dissolve propane into the stream water at a constant rate. Propane
samples were matched with consideration to travel time between upstream and
downstream sample locations. These time‐matched samples for upstream and
downstream were collected from the same mass of water traveling downstream.
The first set of time‐matched samples is anomalous in that the upstream dissolved
propane concentration was less than the downstream concentration. It also has a
lower concentration than all other upstream samples (Figure 5). The low upstream
concentration is probably due to unknown error and lack of precision in
measurements at low concentrations.
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Figure 5

Table 3
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Flux study 2 demonstrated a more noticeable difference in upstream and
downstream dissolved propane concentrations (Figure 6). There was large
variability in upstream propane concentrations not only among sample sets, but
also within each triplicate set. The large variability was reflected in the upstream
Br− data described earlier (Figures 2 and 4). Flux study 3 showed the most
noticeable decrease in dissolved propane concentration from upstream to
downstream (Figure 7).

Figure 6
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Figure 7
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IV.b. Groundwater Sampled with Piezometers
Nitrate (NO3−) concentrations varied widely among piezometer clusters and
compared to stream data. The spatial distribution of nitrate concentration in the
piezometer samples showed significantly lower amounts of nitrate in the upper
cluster compared to the other two clusters (Figure 8). Furthermore, the
concentration in the upper cluster was less than concentrations in the stream. The
middle and lower clusters on the other hand had nitrate above or equal to levels in
the stream. There was no significant difference in nitrate levels among the varying
depths in the upper cluster.

Figure 8 Aggregated data from all three flux studies.

Of particular interest is the stratification of nitrate concentrations in the
middle and lower piezometer clusters. In the middle cluster, nitrate concentration
had increased with depth, and the deepest piezometer (100 cm) had nitrate levels 5
times greater than in the stream. The increase in nitrate concentration with
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increasing depth suggests an active hyporheic zone in this section of the stream.
Emerging groundwater is apparently denitrified within 100 cm of the entering the
stream at this location. Comparison with dissolved nitrogen gas data further
supports this hypothesis.
The lower cluster showed the reverse depth trend of the middle cluster.
Nitrate concentrations decreased with depth and the deepest piezometer had
nitrate concentrations near those in stream water. One explanation for the reverse
in stratification is that the cone of depression around the piezometer began drawing
stream water into the piezometer. Comparison with Br− data disproved this
hypothesis. The Br− level in the stream at the piezometer site was significantly
greater than in the piezometers, and the piezometer concentration was close to
background concentration (Figure 9).
There was no evidence of stream water infiltration during sampling based on
comparison between piezometer water samples and stream water Br−. Data from
all three flux studies were plotted on the same graph and the set of stream water
data points with the highest Br− concentrations were from a single flux study (flux
study 3).

Figure 9 Aggregated data from all three flux studies.
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Dissolved nitrogen (N2‐N) gas concentrations were higher in the piezometer
samples than stream water (Figure 10). The upper cluster of piezometers showed
significantly higher concentrations of dissolved nitrogen gas as well as nitrate levels
approximately 100 times lower than either of the other two clusters. Within the
upper cluster there is almost no variation between the different nested depths with
nitrate and dissolved nitrogen concentrations tightly grouped. The middle and
downstream cluster of piezometers demonstrated distinct and consistent
stratification in depth concentrations of both NO3‐N and N2‐N. The piezometers
alone showed a strong negative correlation (R2=0.75) between dissolved
concentration of N2‐N gas and nitrate (NO3‐N) (Figure 11), with one anomalous data
point removed. This anomalous point was from the deepest piezometer (100 cm) in
the lower cluster, which showed a low concentration of dissolved nitrogen gas for
flux study 1 which was near stream water values. Subsequent samples of the same
piezometer during flux studies 2 and 3 did not replicate the low concentration.
Therefore, the single data point was assumed to be anomalous and removed from
the data set when calculating the linear regression.
The spatial trends of dissolved nitrogen gas and nitrate concentrations
suggest differences in denitrification along different pathways to the stream.
Differences in denitrification along different flow pathways could account for part of
the differences in measured concentrations. In particular the difference in
stratification of nitrate concentrations as seen in Figure 8 between the upper and
middle cluster are evidence for this. Additional nitrate inputs during transit as well
as different points of origin are also contributing factors to the variation in nitrate
levels. The upper reach appeared to have the largest amount of denitrification with
low concentrations of nitrate in relation to high concentrations of dissolved nitrogen
gas. Furthermore, concentrations of nitrate were low at all depths down to 100 cm
and indicate most of the denitrification in the upper reach occurred farther than 100
cm beneath the streambed. In contrast, the middle reach had increasing amounts of
N2‐N with depth and decreasing amounts of nitrate. The stratification of
concentrations and negative correlation between dissolved nitrogen gas and nitrate
suggest that denitrification occurred within 100 cm of the streambed and within the
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hyporheic zone. The drastic differences between the two piezometer clusters are
evidence for heterogeneity in denitrification in groundwater transit.
A one‐to‐one ratio between NO3‐N and N2‐N (slope=1) would suggest that
the nitrate concentration was initially the same everywhere and was reduced to N2
at different rates along different flow pathways to the different piezometers.
Comparison in Figure 11 shows NO3‐N does not decrease by the same number of
atoms as N2‐N. Measurements indicate that observations in the stream reach
account for the fate of a portion but not all of the NO3. The slope of the best‐fit
trendline is ‐0.254 meaning N2‐N increases at a rate of 1 atom for every 4 atoms of
NO3‐N lost. Thus stream water observations account for approximately 25% of the
missing nitrogen. Two likely explanations are that the remaining 75% was either
due to spatial variation in initial nitrate concentrations or that N2‐N was lost to the
atmosphere through the vadose zone prior to reaching the stream.

Figure 10 Aggregated data from all three flux studies.
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Figure 11 Aggregated data from all three flux studies.

Hydraulic head and vertical hydraulic gradient (VHG) calculations indicated
that the reach was a consistently gaining stream (Table 4). The hydraulic head was
greatest in each of the deepest (100 cm) piezometers and decreased with decreasing
depth. The head measurements also followed the thalweg in the direction of flow
downstream with the highest hydraulic head at the farthest upstream piezometer
and decreasing with the subsequent two piezometers.

Table 4 *Distance was measured from the upstream sampling location.
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IV.c. Nitrogen Inputs and Outputs Along the Stream Reach
Net outputs of nitrogen were calculated from stream nitrate and dissolved
nitrogen gas measurements and are listed in Table 5. Upstream and downstream
values were calculated by multiplying concentrations by water flow rates. N2 flux to
the atmosphere was derived from propane evasion, and was between 2.89 mmol/s
and 4.64 mmol/s. The rate of input of atmospherically derived N2‐N from
groundwater was calculated from the average recharge temperature inferred from
Ar concentrations in the piezometers and from the estimated influx of groundwater.

Table 5

N2‐N flux accounted for the majority of the total percentage of nitrogen
export from the reach for the three flux studies. Nitrogen gas evasion and N2‐N
inputs from groundwater were a contributing factor to the overall nitrogen flux, but
were small in comparison to net export of dissolved N2‐N moving downstream. N2‐
N flux accounted for 67.25% and 59.66% of the total nitrogen efflux for flux studies
1 and 3, respectively. In contrast, net output of N2‐N gas in flux study 2 accounted
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for 40.61% of the total nitrogen export. The lower percentage of N2‐N efflux for flux
study 2 could be related to the unusual upstream Br− data. Flow measurements
from Br− data suggest that the upstream and downstream flows are relatively
similar with a difference of only 0.02 m3/s (Table 1). The resulting low percentage
of emerging groundwater (2.5%) is less than the other two flux studies (11.3% and
17.5%, respectively). Yet measurements of vertical hydraulic gradient (Table 4)
during flux study 2 were consistent with those of flux studies 1 and 3. This suggests
there would be a similar flow of emerging groundwater for all three flux studies.
Furthermore, N2‐N concentrations for flux study 2 were similar to flux studies 1 and
3, illustrated in the aggregated data in Figures 10 and 11. Because groundwater
flow rate is important for N2‐N flux calculations, the low flow rate of emerging
groundwater calculated from Br− data for flux study 2 resulted in a lower total
percentage of N2‐N as seen in Table 5.
Piezometer N2‐N and nitrate data allowed for calculation of excess N2‐N as
well as initial concentrations of nitrate. Excess N2‐N is defined as the difference in
observed and equilibrium concentrations of N2‐N. Assuming the excess dissolved
nitrogen gas was a result denitrification, the initial concentration of nitrate at the
time of recharge is equal to the sum of excess N2‐N and measured NO3. Table 6
shows values for excess N2‐N, measured NO3‐N, and initial NO3‐N for all
piezometers, and standard deviations as well as confidence intervals are listed in
Table 7. Excess N2‐N had the greatest contribution to initial nitrate concentrations
in the upper cluster of piezometers with the middle cluster having the least. These
data agree with Figure 10 which illustrated the negative correlation between N2‐N
and nitrate.
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Table 6

Table 7
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V. Conclusion
Sampling surface water of the whole reach and sampling emerging
groundwater with piezometers allowed both integration along the stream and a
snapshot of what was happening in the groundwater at one specific location.
Surface water and piezometric water samples provided a comparison between
inferences of emerging groundwater obtained from surface water data and direct
groundwater characterization. Piezometer data showed spatial variability in
emerging groundwater that was not evident in surface water data. Variability in
nitrate and N2‐N concentrations both among cluster groups and different depths are
evidence for heterogeneity in the pathways groundwater follows prior to emerging
in the stream.
Riverine discharge from watersheds accounts for at most one‐third of the
NANI. The closest neighboring watershed to the study site has reactive nitrogen
export that is approximately one‐fifth of the NANI (Jordan et al. 1997). Therefore if
the missing nitrogen were denitrified and emerging through streams to the
atmosphere as N2 gas, we would expect N2‐N concentrations five times greater than
nitrate concentrations. Instead, measurements showed N2‐N concentrations were at
most 2 times greater than nitrate concentrations. Also, the N2‐N and nitrate molar
ratio from piezometer samples suggest that stream observations account for only
one‐quarter of the missing nitrogen, not the majority as hypothesized. Therefore,
data did support denitrification as fate of a portion of the missing nitrogen, but not
the majority. The fraction escaping to the atmosphere from streams is far less than
hypothesized.
N2 flux within the groundwater is an area for future research. Groundwater
N2 flux could be calculated from the refill rate of each piezometer, the vertical
hydraulic gradient, and the hydraulic conductivity. Further understanding of
groundwater and riverine processes on a small scale can allow for extrapolation to
the watershed as a whole and provide information into the fate of the missing
nitrogen.
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