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The motivation of this research is to control nitrate in our waterways. The more we
understand about our systems, the better we can pose regulations and practices to mitigate
these issues. We can directly share what concentrations are in our systems and a
maximum limit for what concentrations need to be in the system for it to remain healthy.
This research may help in the practicality of enforcement of these limits. This research
helps to illuminate how nitrogen travels from its source to the water system, and then
how the concentrations fluctuate as it travels downstream. We are learning that these
concentrations undergo daily, monthly, seasonal, and yearly patterns which must be

considered in the practicality and design of our regulations.

Our Kentucky system is classified as a karst basin and shows analogy to karst systems
around the world. For this reason, this thesis provides comparison of data results with
published karst datasets for other regions so that conclusions taken by this work can be

referred upon to potentially help other communities.

1.2 Description of karst and a need for nitrate research:
Karst surface and groundwater basins refer to terrain underlain by limestone, or

analogous bedrock, with high potential for developing karstic pathways (White, 2002).
Atmospheric rainwater collects carbon dioxide (COz). When this water contacts
limestone bedrock, the carbon dioxide will dissolve the bedrock material. Over long
periods of time, this process will develop a karst landscape with networks of open
fractures, karst conduits, and caves below the surface. Husic et al discusses the hydrology

of a karst watershed in his 2019 paper. The hydrology of a karst system begins with
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swallets, small holes on or just below the land surface. Swallets feed into vertical
fractures in the bedrock which channel water into a larger horizontal conduit. The conduit
feeds into a stream or a spring. In the absence of a swallet, water will percolate down
through the soil to the epikarst region. The epikarst region is the outer layer of karst
bedrock and has higher permeability due to increased exposure to weathering. Below the
epikarst is a limestone rock matrix with crossing horizontal and vertical pores. Pore size
and permeability in matrix decrease with depth. Water in the rock matrix will

continuously transfer to and from the fractures and conduit, creating a mixing effect.

Review of the water resources literature suggests knowledge of nitrate sources and
pathways through karst basins is lacking, especially relative to watersheds with more
traditional, slowflow groundwater transfer. A number of recent studies by Husic and
others in the inner bluegrass region have aimed to advance research methods and results
from karst basins including: an understanding of nitrate removal from phreatic caves in
karst (Husic et al., 2020); sets of nitrate sources potentially contributing to karst
groundwater (Husic et al., 2021); understanding of karst hydrographs and chemographs
including potential quick, intermediate, and slowflow pathways contribution to karst
water and nitrate transfer (Husic et al., 2019). This previous research has been important
to understand nitrate transfer in karst, but there is currently a lack of a paradigm for
nitrate sources and pathways before, during and after storm events as well as during low
flows. Such a proposed concept for karst might be comparable to the two-component
surface flow and baseflow of more traditional water theory (i.e., non-karst basins). The

lack of knowledge calls for a research need for high time resolution data during storm
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and non-storm conditions in karst basins. A response to this need comes in the form of

optical, ultraviolet nitrate sensing.

1.3 Optical, ultraviolet nitrate sensors:
In this research, nitrate data was collected with optical, ultraviolet nitrate sensors known

as submersible underwater nutrient analyzers, or SUNA’s (Seabird SUNA V2 nitrate
sensors). Pellerin at el. comments in his 2016 study, covering the emergence of these
high frequency sensors, that high frequency nitrate sensors have a unique ability to be
used to map spatial variability in rivers. The SUNA is a real-time nutrient monitoring
device that can be placed in a river and collect nitrate data every 15 minutes. The SUNA
V2 utilizes nitrate measurement technology by considering the absorption of nitrate in the
ultraviolet light spectrum (Figure 1.1). The concentration of nitrogen in a water sample is
proportional to the measured absorption of ultraviolet light, which is measured by a
photometer in the SUNA V2. This method of assessment offers high resolution, accuracy,
and precise chemical-free fast response time. The SUNA V2 used in this study is
outfitted with the Hydro-Wiper external fowling system which regularly cleans the UV

sampling window to ensure high quality data collection.

Nitrate data is selected as the focus of nutrient study in central Kentucky. Nitrate is most
likely the largest type of nitrogen transported from central Kentucky basins (i.e., nitrate
concentration is greater than dissolved organic nitrogen or ammonium). Kentucky has an
overabundance of phosphorus due to our soil and geology, so nitrogen can potentially

become the limiting nutrient for algae growth, if nitrogen levels are reduced.
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This nitrate data, analyses and modelling in this thesis is further supported by the
following general water quality data provided by the YSI EXO 3 sensor: conductivity,
dissolved oxygen, turbidity, pH, and temperature, also collected every 15 minutes. These
additional parameters are selected as a form of backup to the nitrogen data. Many of these
parameters respond to storm events with similar trends. These other general water quality
parameters can also help us have a stronger idea of overall stream health as well as
provide further quality assurance and quality control of the nitrate and flowrate data used

as the basis of this work.

1.4 Analyses and modelling using nitrate sensor data:
Collecting 15 minute nitrate measurements from karst basins opens up a set of analyses

and modelling methods that can be carried out and applied to investigate and predict
nitrate transfer. This thesis utilizes hydrograph, chemograph and hysteresis analyses;
mass balance un-mixing modelling for hydrograph and chemograph separation; and

watershed modelling (Figure 1.2)

The hydrograph is a time-series graph which shows the change in flow rate of water (cfs
or cms) over time. This thesis exhibits hydrographs for the South Elkhorn and Ramsey
locations, upstream and downstream of South Elkhorn creek. Our flow data for the South
Elkhorn site is gathered from the USGS 03289000 South Elkhorn Creek at Fort Spring,

KY station. Ramsey flow data is found based off of the USGS readings and a weighted



drainage area method, or through a Manning’s equation based method. Hydrographs

allow us to quickly identify the timing and magnitude of storm events.

The chemograph is a time-series graph which shows the change in nitrate concentration
(mg/L as N) over time. This thesis exhibits chemographs for the South Elkhorn and
Ramsey locations, upstream and downstream of South Elkhorn creek. Our nitrogen data
is measured by the SUNA V2 nitrate sensor. Chemographs allow us to visualize daily,
monthly, seasonal, and yearly trends in nitrate concentrations. Plotting a chemograph
and a hydrograph on the same chart allows us to understand storm event dynamics. We
can identify the piston effect, where nitrogen levels remain constant at the onset of an
event. This is followed by the dilution effect where low-concentration rainwater dilutes

nitrate concentrations in the stream.

The hysteresis loop plots flow rate on the x — axis directly against nitrogen concentration
on the y — axis. Hysteresis loops are made to show direct changes between each variable
during storm events. Time can be visualized on a hysteresis loop by drawing arrows or
color-coding data to mark the first and second halves of the event. The hysteresis loop
further enforces the piston and dilution effects. Nitrogen will remain constant, producing
a flat line while flow increases as the loop begins. Following this, nitrogen will bottom

out at a minimum value before slowly increasing as flow rate returns to pre-storm values.



Graphical hydrograph separation is used by Miller et al 2016. He relies on streamflow
data alone to separate runoff and baseflow components. This method can be combined
with mass balance un-mixing modelling to utilizes our understanding of the changing
influence of flow paths throughout an event. By assuming only two flow paths are active
at a time, we can calculate the magnitude of influence of each flow path at each time step.
This is done by comparing the flow path source nitrogen concentration to the current
concentration. Graphing these magnitudes allow us to visualize how each of the
following flow paths: piston flow, quick flow, intermediate flow, and slow flow rise and
fall throughout an event. We can also compare events from different season to see how

changes in environmental conditions affect the behavior of flow paths.

Watershed modeling on a long-term scale is studied in Husic et al 2019. Husic develops a
reservoir model which uses rainfall data as an input and evapotranspiration and flow
through each reservoir and into the stream as an output. Nitrate concentrations are
modeled based on calibration parameters for each pathway and season and compared
against nitrate data to help verify the pathways controlling nitrate transport. In this thesis,
these methods will be adapted to create a reservoir model for the South Elkhorn
Watershed on the single event scale. This will all me to better examine flow pathways
and nitrate transport as they occur during a single rainfall event. Nitrate data will be used

as a calibration parameter which controls the nitrate concentrations in each pathway.



1.5 Objectives:
The overall objective is to combine nitrate data with hysteresis analyses, mass balance

modelling to help understand the nature of water and nitrate arriving at the stream, and
then watershed modelling to understand the changes this water undergoes as it flows. To
do so, water quality and nutrient data at upstream and downstream locations in the South
Elkhorn Watershed is collected as well as acquire data published in the scientific

literature.

My specific objectives are to:

1. Propose a concept model for nitrate transfer during hydrologic events and
baseflow that considers the multiple porosity of karst.

2. Collect, carry out quality assurance and quality control, and present 15-minute
nitrate sensor data over a four-year period from a karst basin in the inner
bluegrass region of central Kentucky, USA.

3. Test the concept model using a meta-analysis with data from Kentucky as well as
other nitrate sensor datasets from karst regions in the United States.

4. Carry out a mass balance un-mixing simulation was carried out to quantify
sources for the Kentucky basin.

5. Formulate and carry out simulation of a reservoir model was formulated to

represent the nitrate transfer processes for prediction.



It is the intent of this thesis that we can study these mentioned processes with concern for
human impact to better understand what we can do to preserve the quality of our local

water supply.
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Figure 1.1 Diagram of The SUNA V2 Absorption Measurement Principle From H20
Engineering
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Figure 1.2 Sample of Hydrograph, Chemograph, Separation of Hydrograph Flow
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Chapter 2 Theoretical background and concept model

2.1 Nitrate transfer processes in karst:
Nitrate transfer in karst basins relies on nitrate sources across the basin that can be

transported through hydrologic pathways at the surface or in groundwater. Sources
include point and non-point sources such as: urban nutrient pollution in lawn fertilizers
and pet waste; agricultural and pasture pollution from fertilizers and manure from free

roam cattle; and by point source pollutants from sewage services.

There are many hydrologic pathways in karst. The pathways are presented here in Figure
2.1 after Figure 1 from Al Aamery et al. (2021). The hydrology of karst systems begins
with swallets, small holes on or just below the land surface. Swallets feed into vertical
fractures in the bedrock which channel water into a larger horizontal conduit. The conduit
feeds into a stream or a spring. In the absence of a swallet, water will percolate down
through the soil to the epikarst region. The epikarst region is the outer layer of karst
bedrock and has higher permeability due to increased exposure to weathering. Below the
epikarst is a limestone rock matrix with crossing horizontal and vertical pores. Pore size
and permeability in matrix decrease with depth. Water in the rock matrix will

continuously transfer to and from the fractures and conduit, creating a mixing effect.

2.2 Concept model of nitrate in karst:
The concept model for nitrate in karst aims to describe the time distribution of nitrate as

measured at the outlet of a karst coupled groundwater-surfacewater basin, such as
measured at the surface water outlet of a basin that has substantial karst influence or at a

karst spring. To create the concept model, we assume several processes consistent with
13



the figure by Al Aamery et al. (2021) and nitrate leaching discussion by Husic et al.
(2020). We assume the potential for surface flows and runoff that carries nitrate, the
presence of soil and the potential for nitrate leaching through soils to the karst subsurface,
multiple levels of porosity in the karst subsurface including fractures and conduits as well
as rock matrix. For sake of illustration, we assume nitrate concentration in soil water and
groundwater is greater than nitrate concentration in runoff, although we discuss in the

discussion section how shifting of the nitrate levels would impact results.

An earlier cartoon of the nitrate concept model for karst was presented in Husic et al. (in
review at Water Resources Research). Our concept presented here agrees with often
cited interpretations for dual-transfer (i.e., quick- and slow-flow) or triunal-transfer (i.e.,
quick-, intermediate-, and slow-flow) in karst studies (e.g., Pinault et al., 2001;
Worthington, 2007; Long, 2009). Our concepts also agree with the often cited pressure
response of karst basins, and the condition of a pressure response for karst groundwater
and the emergence of surface water such as identified with electrical conductivity

measurements (e.g., Fournier et al., 2006).

Baseflow: The time distribution, or chemograph, of nitrate as measured at the outlet of a
karst coupled groundwater-surfacewater basin is shown together with the hydrograph in
Figure 2.2. Prior to the storm event, such as at time zero in Figure 2.2, water and nitrate
leaving a karst basin is dominated by subsurface drainage pathways, and this portion of

the hydrograph and chemograph are traditionally termed baseflow. In karst basins, this
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baseflow nitrate is likely associated with more than one porosity. We define intermediate
flow to be water and nitrate draining from the soil to fractures and conduits and then to
the basin outlet. We define slow flow to be water draining from the saturated rock matrix

and microfractures.

Piston effect: When a storm event occurs, rainfall can turn to runoff and transport water
and nitrate to sinkholes or depressions in karst terrain. Runoff can travel quickly through
sinkhole openings, fractures and conduits and is sometimes referred to as underground
runoff. In some cases, the underground runoff can add a pressure response to karst
systems because the aquifer and its fracture-conduit network is phreatic. This instance
causes the piston effect where water and nitrate distal from the karst springhead can
create an immediate response and push pre-event water and nitrate to the karst spring.
This piston effect can cause the more distal water and nitrate to reach the karst basin
outlet before more proximal runoff. This idea is shown in Figure 2.2 because the
hydrograph at the basin outlet increases but only intermediate and slowflow arrive at the

basin outlet, and therefore the nitrate level is constant.

Quickflow dominance: The next change in the hydrograph and nitrate chemograph

behavior occurs when quick flow from surface runoff or underground runoff entering via
swallets and sinkholes reaches the basin outlet or karst spring. The result is abrupt NO3
dilution leading to a NO3 minimum as quick-flow dominates the water source at the karst

spring, which is an artifact of our assumption that nitrate concentration in soil water and
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groundwater is greater than nitrate concentration in runoff. NO3 concentration will occur
if the runoff NOs level is greater than soil and groundwater. The NO3 minimum and
quick-flow dominance is shown to occur in Figure 2.2 just after the peak discharge,
although this occur at the peak discharge or before it, depending on the specific

distribution of pathways in the basin.

Intermediate flow breakthrough: The next change of the karst hydrograph and

chemograph behavior occurs as intermediate flow from soil water draining via the
epikarst, fractures and conduit reaches the spring. Soil water percolation is responsible
for nitrate leaching and has been shown to concentrate nitrate in numerous studies (see
review by Husic et al., 2019, WRR paper). This intermediate flow has fast transit relative
to traditional groundwater flow, and little time is available for nitrate to undergo
denitrification. For this reason, the intermediate flow NO3 concentration resembles that
of the soil water origin. The NO3 maximum coincides with the emergence of soil water
at the basin outlet or spring because nitrate leaching from soils often represents the
highest concentrated nitrate in water for agriculturally impacted basins (Di and Cameron,

2002).

Nitrate recession: The next change in the hydrograph and nitrate chemograph occur as

baseflow is re-established. During this period, the hydrograph decreases or reaches a
constant while NO3 shows a pronounced recession. The NO3 recession slope is much

greater than that which would represent denitrification (i.e., review of the literature
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suggests a first order rate constant for denitrification in karst equal to 0.001 to 0.015 d™,
Husic et al., 2019). Rather, the NO3 recession reflects the changing contributions over
time of intermediate flow, originating from the soil percolation, and slowflow, originating
as previously stored groundwater. This reflects the multiple-porosity associated with
karst ‘baseflow’. As the proportion of slowflow increases, and intermediate flow
decreases, the NOs level drops. The NO3 recession ceases when a new storm event

causes another piston effect.

We define several variables to describe the storm event and low flow scenarios described

in the concept model for hydrograph and nitrate chemograph behavior in karst. 75, is the

start of the event when event water reaches the aquifer causing the and piston effect at the

basin outlet and spring. 7, is the start of quickflow reaching the basin outlet or spring.
Typ is the time when the peak contribution of quick-flow reaches the basin outlet or
spring. T, is the time when the peak contribution of intermediate-flow reaches the basin

outlet or spring. T, is the time when the start of slow-flow contribution reaches the basin

outlet or spring.
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Figure 4.3 SE Gage sensor site. Figure and photographs from Clare, 2019.
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Figure 4.4 Reservoir modelling framework for water and nitrate pathways.
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Figure 4.8 Monthly SE Gage and Ramsey Model Calibration Parameter Adjustments

Apr July Oct

Jan SE  Jan SE Apr SE July SE Oct

Gage RS Gage RS Gage RS Gage RS
Runoff % 66.337 66.337 62487 62.487 51932 51.932 69.766 69.766
1 - Sinkhole % 0.8 0.7 0.52 0.52 0.8 0.71 0.97 0.8
o2 intermediate
flow 0.23 0.23 0.62 0.62 0.1 0.11 0.25 0.25
a3 slowflow 0.005  0.005 0.0085 0.0085 0.0085 0.0085 0.014 0.016
B2 intermediate
flow 1.11 1.11  1.046 1.046 1.095 1.103 1.11 1.12
B3 slowflow 1 1 1 0.99 0.97 0.98 1 1.01
Piston Flow Lag
(Hours) 4 0 0 0 4 0 5 0
Piston Flow
Duration (Hours) 13 13 14 14 5 5 3 6
Quickflow Lag
(Hours) 13 8 13 13 6 3 7 5
Quickflow
Duration (Hours) 133 52 50 50 48 48 123 123
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Conductivity varied between 20 and 1090 uS cm™ and tended to fall between 300 and
700 uS ecm™ (Fig 5.1b, 5.2b). Conductivity showed a correlation with temperature as
well, following the same sine-like wave with peaks in August and valleys in January.
This relationship is due to temperature’s effect on viscosity of water. Higher temperatures

result in lower viscosity, which allows for higher ionic mobility and higher conductivity.

Temperature varied between 0 °C and 26 °C and tended to fall between 8 °C and 24 °C
(Fig 5.1c, 5.2¢). Water temperature follows the expected seasonal trend. Temperatures
fluctuate following a sine-like curve signal with minimum temperatures occurring in

January and maximum temperatures occurring in August.

Dissolved oxygen varied between 0.5 and 17 mg L' and tended to fall between 6 and 14
mg L' (Fig 5.1d, 5.2d). Dissolved Oxygen mirrors the temperature signal, with
maximum DO concentrations occurring in January and minimum DO concentrations
occurring in August. This occurs because temperature has an inverse effect on oxygen
solubility in water. Warmer water will reach 100% air saturation with less concentration

of water and the opposite occurs with colder water.

Turbidity varied between 0 and 1507 ntu and tended to fall between 0 and 10 ntu (Fig
5.1e, 5.2e). Turbidity increases directly with flow rate. During storm events, water

discharge into the stream disrupts in-stream sediment and brings in new eroded sediment.
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This disruption leads to muddied water with high turbidity which lasts until after the

storm event has ended.

Nitrate varied between 0.19 and 3.8 mg-N I'' and tended to fall between 1.6 and 3.2 mg-
N I'! (Fig 5.1f, 5.2f). Nitrogen concentration decreases with flow rate. During storm
events, water discharged into the stream from direct rainfall and overland runoff has
lower nitrogen concentration than other sources. These other sources, including piston
effect flow and intermediate flow will maintain or increase the nitrogen concentration
right before and after the event. During non-event periods, nitrogen concentration will
gradually recess due to in stream processes which take in dissolved NO3 and output N2

gas to the atmosphere.

Water discharge varied between 0 and 50 cms and tended to fall between 0.5 and 1 cms
(Fig 5.9a, 5.9b). This signal closely mirrors the turbidity signal as higher flow is the
primary influence on soil disruption in the stream. Flow changes on an event basis and
does not have any outstanding seasonal trends, however in 2019 there is a concentration

of events near the end of the year in winter.

5.1.2 Comparison of sensor data from the two sites:

We also compared sensor data from the two sites, to see if anomalies exist in datasets and

qualitatively assess trends. We report comparison of each water quality sensor
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measurement at the upstream Ramsey site compared to the downstream Gage site

(Figures 5.3 t0 5.9).

pH at Ramsey and Gage sites for an approximately one-year period show both sites
experienced similar pH values (Fig 5.3a and 5.3b). Discrepancies are likely due to
differences in pH probe drift. Both pH probes experienced calibration issues throughout
the collection period. Data was erratic during April and May 2019. At the Ramsey site,
this resulted in anomalous low readings. At the South Elkhorn site, the average remained
within expectations. Following calibration in June, both signals returned to expected

levels.

Temperature at Ramsey and Gage sites for an approximately one year period showed
both sites experienced similar temperature values (Fig 5.4a and 5.4b), and temperature
tends to follow seasonal temperature trends for the region including winter lows and

summer highs. There are no anomalies in the temperature signal.

Conductivity at Ramsey and Gage sites for an approximately one-year period show some
slight differences (Fig 5.5a and 5.5b). Ramsey site conductivity was often slightly higher
than at South Elkhorn. Ramsey conductivity also had a wider spread having a larger
maximum and lower minimum value than at South Elkhorn. During events, Ramsey
conductivity would decrease by more than South Elkhorn conductivity. South Elkhorn
conductivity is lower overall and is more resistant to changes during storm events.

Conductivity tends to be lowest when dominated by surface water. The Ramsey site

65



reflects a more urban environment with more runoff and less soil and karst water.
Conductivity is higher when the source is dominated by soil and karst water. The South
Elkhorn Gage site represents a higher proportion of soil and karst water. This explains the

differences in conductivity signal.

Turbidity at Ramsey and Gage sites for an approximately one-year period shows both
sites with similar results during non-event periods (Fig 5.6a and 5.6b). During many of
the storm events turbidity increases to about the same level at each site. During three
events in winter 2018 and one event in winter 2019 Ramsey turbidity was three times
higher than at South Elkhorn. The opposite happened during spring and summer 2019
where South Elkhorn had 2 events which produced far greater turbidity than Ramsey.
One explanation for this difference is the seasonal variation in vegetation. Vegetation is
dense in summertime which may reduce the potential for upland sediment runoff to the
stream at Ramsey site. In the wintertime, less vegetation density will lead to more
potential for sediment runoff to the stream at Ramsey site. This sediment will then

deposit out of the low energy flow before reaching the South Elkhorn Gage site.

Dissolved oxygen at Ramsey and Gage sites for an approximately one-year period show
both sites were similar throughout the year (Fig 5.7a and 5.7b). There was a period in
March to May where both sensors produced more erratic data than usual, but the values
remained around the prior average. After calibration both signals became more precise.
Both signals reached a minimum in early October after the longest period without a storm

event. Levels returned to and stayed at higher levels after the next event.
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Nitrate concentration at Ramsey and Gage sites for an approximately one-year period
remained similar at both sites (Fig 5.8a and 5.8b). During storm events, when the
nitrogen concentration was diluted, Ramsey values often dipped to lower minimums than
at South Elkhorn. Both signals reached a minimum value in early October after the
longest period without a storm event. Levels returned to and stayed at higher levels after

the next event.

Fig 5.9a and 5.9b show flow rate at Ramsey and Gage sites for an approximately one year
period. Flow at the Ramsey site was calculated using a time lagged weighted drainage

area method. As a result, South Elkhorn Gage flow is always higher than Ramsey.

5.1.3 Erroneous data flagged and removed during the QAQC process:

There were several sensor data points deemed as erroneous that were removed during the
quality assurance quality control, or QAQC, process. Reasons for data removal and

illustrations of the anomalies are included here (Figures 5.10 to 5.15).

Samples of pH data removed during the QAQC process from the Ramsey site show pH
readings sometimes experienced a few short instances of abnormally high or abnormally
low readings (Figure 5.10). Both instances of abnormally high readings (see Fig 5.10a,b)
occurred when the sensor was first placed into the water, and pH readings quickly
returned to normal. The instance of abnormally low readings (see Fig 5.10c) is

unexplained but was solved once the sensor was re-calibrated. It is likely the sensor was
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out of calibration. At the South Elkhorn Gage site (not shown), when the YSI 6600
sensor was deployed, pH readings output as a larger number which needed to be
converted to the 1-14 pH scale. Beyond this, pH at the South Elkhorn site rarely

experienced any errant points.

Samples of conductivity data removed during the QAQC process showed that
conductivity readings at the South Elkhorn site rarely had any issues (Figure 5.11).
Conductivity readings at the Ramsey site would occasionally drift significantly away
from the signal, these points were removed, and the signal quickly returned to normal.
There was also an extended period of zero readings which resolved itself. One possible
cause of this period of zero readings is that the sensor may have been buried or covered
in dirt. This would result in the sensor being unable to take readings. At the South
Elkhorn site this was a possibility, as stream sediment would pile up near the bridge
bank. At Ramsey it was less likely for the sensors to be buried, but possible for the sensor

to be covered with dirt.

At both the South Elkhorn, and Ramsey sites temperature and DO rarely experienced any
unexpected readings, so errant data is not shown in these figures. In the case that an
errant point appeared, it would be well above or below the trend and easy to see, this is

not shown in the figures.

Samples of turbidity data removed and adjusted during the QAQC process show that

turbidity at both sites often had very high readings (Figures 5.12 and 5.13) Turbidity also
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occasionally drifts below 0. Since we know this is impossible, a linear correction is
applied which fixes the lowest point at 0 and raises every other point in the set by that

difference. Results of this process are shown in figure 5.13.

Samples of nitrate data removed during the QAQC process show that nitrogen readings at
both sites often have 0 readings (Figures 5.14 and 5.15). These readings occur

immediately after the sensor has been turned back on after a battery replacement.

5.1.4 Comparison of sensor data and grab samples:

Throughout our deployment of the SUNA V2 for nitrogen readings, we collected grab
samples of water that were analyzed using EPA Method 300.0. One sample was taken at
each site paired with a single duplicate to help ensure data security. These samples were
taken through a filtered syringe and then processed by Jason Backus in the Kentucky
Geological Survey lab at the University of Kentucky. These grab samples were charted
against the nitrogen readings from the SUNA V2. At both sites, there is a strong
correlation between the two data sources which reinforces our confident in the sensor

readings (Figures 5.16 and 5.17).

5.2 Meta-analyses of karst hydrographs, nitrate chemographs and hysteresis:
The meta-analysis section was carried out to provide further evidence that the concept

model for nitrate in karst may be a reasonable approximation of karst nitrate sources and

69



pathways beyond the study site herein. For each basin, chemograph, hydrograph and

hysteresis analyses were qualitatively carried out.

The nitrate chemograph, hydrograph and hysteresis for an event at Royal Spring,
Kentucky show the rising limb of the hydrograph includes the impact of a piston effect,
followed nitrate dilution, then a nitrate maxima reached two days after the water
discharge peak (Figure 5.18). The nitrate peak likely reflects the emergence of soil water
and nitrate, or intermediate flow, at the Royal Spring sampling station. The nitrate peak
is followed by nitrate recession. The hysteresis plot shows the piston effect and reflects a
figure eight pattern including: clockwise hysteresis as the nitrate minima occurs after the
water discharge peak is reached; then anti-clockwise hysteresis because the nitrate
maxima is reached on the falling limb of the hydrograph, and the nitrate maxima exceeds

the initial nitrate concentration.

The nitrate chemograph, hydrograph and hysteresis for an event at Royal Spring,
Kentucky shows that as flow increases in the first moments of the event, nitrate recession
stays at pre-event levels (Figure 5.18). Low concentration quick flow then dilutes stream
nitrogen concentration which leads to local minimum nitrogen levels. Once the
overground runoff quick flow recedes as the event dies down, high nitrogen
concentration intermediate flow becomes the dominant source of water in the stream.
This leads to a local maximum nitrogen concentration before the recession slope returns

to pre event levels.
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The nitrate chemograph, hydrograph and hysteresis for an event at South Elkhorn
Ramsey, Kentucky shows that as flow increases in the first moments of the event, nitrate
recession slightly increases from pre-event levels (Figure 5.19). Low concentration quick
flow then dilutes stream nitrogen concentration which leads to local minimum nitrogen
levels. Once the overground runoff quick flow recedes as the event dies down, high
nitrogen concentration intermediate flow becomes the dominant source of water in the
stream. This leads to a local maximum nitrogen concentration before the recession slope
returns to pre event levels. The hydrograph and chemograph contrast with figure 5.18 in
that it shows a slight daily cycle with nitrogen increasing during the evening and

decreasing during the morning.

The nitrate chemograph, hydrograph and hysteresis for an event at South Elkhorn Gage,
Kentucky shows that as flow increases in the first moments of the event, nitrate recession
stops and levels remain constant (Figure 5.20). Low concentration quick flow then dilutes
stream nitrogen concentration which leads to local minimum nitrogen levels. Once the
overground runoff quick flow recedes as the event dies down, high nitrogen
concentration intermediate flow becomes the dominant source of water in the stream.
This leads to a local maximum nitrogen concentration before the recession slope returns

to the same rate as a day before the start of the event.
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The nitrate chemograph, hydrograph and hysteresis for an event at Smith Creek, Virginia
show that this event does not experience a piston effect (Figure 5.21). Nitrogen levels
increase rapidly at the beginning of the event due to high concentrated runoff. Runoff
nitrogen concentration then reduces to levels matching other events. This flow dilutes
stream nitrogen concentration which leads to local minimum nitrogen levels. Once the
overground runoff quick flow recedes as the event dies down, high nitrogen
concentration intermediate flow becomes the dominant source of water in the stream.
This leads to a local maximum nitrogen concentration. Lower concentration slow flow,
representing the ground water table, then dominates and nitrogen levels slowly recede
before the next event. This stream has the highest drainage area of the six figures. This
may be one explanation for the differing response of quick flow and slow flow when

compared to other events.

The nitrate chemograph, hydrograph and hysteresis for an event at Difficult Run,
Maryland shows that as flow increases in the first moments of the event, nitrate remains
constant (Figure 5.22). Low concentration quick flow then dilutes stream nitrogen
concentration which leads to local minimum nitrogen levels. Nitrate levels then rapidly
increase before the end of the event. Once the overground runoff quick flow recedes as
the event dies down, high nitrogen concentration intermediate flow becomes the
dominant source of water in the stream and nitrogen slowly begins to increase. Finally,
slow flow water becomes dominant which increases nitrogen back to pre-event levels.

Levels remain constant until the next event. This system differs from other figures in that

72



slow flow has the highest nitrogen concentration. This leads to a continued increase in

levels after intermediate flow has lost its dominance.

The nitrate chemograph, hydrograph and hysteresis for an event at Big Creek, Arkansas,
USA shows that this event differs from all other figures in that quick flow has the highest
nitrogen levels due to nitrate runoff from a nearby concentrated animal feeding operation
(Figure 5.23). As flow increases in the first moments of the event piston flow and quick
flow combine as nitrogen levels reach a local maximum. Once the overground runoff
quick flow recedes as the event dies down, lower nitrogen concentration intermediate
flow becomes the dominant source of water in the stream. This leads to a recession slope
where nitrogen levels are returning towards pre event levels. Once slow flow becomes the
dominant flow path, nitrogen levels remain at a constant minimum similar to pre-event

levels.

Some similarities are illustrated across the nitrate and water discharge results of the
different karst basins. The similarities lead to qualitatively support the multi-porosity

chemograph concept for nitrate shown in Figure 2.2.

Five out of six studies showed a near constant or slightly changing nitrate concentration
throughout the initial stages of the hydrograph, which reflects the potential for the piston

effect. This occurrence suggests subterranean karst conduits or caves could transport
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water to the basin outlet with faster transit or along with runoff due to the pressure

response of the karst aquifer.

Five out of six study sites showed at least some pronounced decrease in nitrate
concentration during the initial stages of the hydrograph, suggesting dilution by rainfall
and a quickflow source. Nitrate concentration in rainwater tends to be less than 0.5 mgN

1! and can cause dilution.

Smith Creek nitrate results showed an initial, short-lived concentrated nitrate in water
followed by dilution, and Miller et al. (2017) suggests an initial concentrated quickflow
occurs in some basins when easily soluble nitrate accumulates at the landscape surface
and is mobilized at the beginning of an event. The Smith Creek study did not show the
presence of a piston effect, which further suggests the possibility of surface sourced

quickflow and thus potential for concentrated nitrate in water.

Big Creek shows an increase in nitrate concentration as opposed to dilution throughout
the rising limb, peak, and initial falling limb. The nitrate increase is attributed to the

swine animal feed lots in the basin, which were reported to impact nitrate transport. In
this manner, the surface associated quickflow of their basin carried greater nitrate loads

than the baseflow.
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Five out of six studies show a nitrate concentration maximum occurring after the
hydrograph peak, followed by a the nitrate chemograph recession towards a nitrate
minimum. This nitrate recession likely reflects the shifting contributions of intermediate
flow from soil water with water from the micropores of the rock matrix. Difficult Run
shows a nitrate concentration growth, rather than recession, until a constant nitrate
concentration is reached 10 days after the start of the event. The nitrate growth is
suggested to occur because the groundwater-slowflow nitrate concentration in water is
greater than that of the intermediate flow. Difficult Run is an urban dominated basin,

which could potentially impact the distribution of nitrate sources in that basin.

Four out of six events showed a figure eight pattern; one event showed clockwise
behavior; and the final event showed anti-clockwise behavior. More noticeable in the
hysteresis analyses is the piston effect, which as mentioned occurs for five out of six

studies.

5.3 Mass balance un-mixing modelling to quantify sources of water and nitrate:
Water and nitrate data were extracted from SE Ramsey and SE Gage datasets for January
2019, April 2019, July 2019 and October 2019 (Figure 5.24). These months of data were
selected because both SE Ramsey and SE Gage had the availability of nitrate data during
this time, all data fell within calendar year 2019, and each month was deemed

representative of winter, spring, summer and fall seasons.

75



The results of the pathway separation of the unmixing model for the largest event in
January 2019 at the Ramsey (a, ¢, e, g ) and South Elkhorn Gage (b, d, f, h ) show this
event has the highest magnitude of the four charted events (Figure 5.25). The peak quick
flow and intermediate flow values are doubled from Ramsey to South Elkhorn. Piston
flow peak is 5 cms contributed per 15 minutes at both sites. SE quick flow peak is 18 cms
while Ramsey quick flow peak is 9 cms. SE intermediate flow peak is 4.5 cms while
Ramsey intermediate flow peak is 2 cms. This trend continued with the peak quick flow
and intermediate flow nitrogen concentration where intermediate flow peaked at 6000 mg
per 15 minutes at Ramsey and 12000 mg at SE. The peak piston flow and intermediate
flow nitrogen concentration was 9000 mg at both sites. In this event intermediate flow

quickly reaches a maximum and then gradually decreases following a negative log curve.

The results of our unmixing model for the largest event in April 2019 at the Ramsey (a, c,
e, g ) and South Elkhorn Gage ( b, d, f, h ) shows this event piston flow and piston flow
nitrogen concentration had the highest overall values, and had the about the same
cumulative values (Figure 5.26). This occurred at both sites. In this event, peak piston
flow values at South Elkhorn Gage are doubled that of Ramsey, 10 cms and 5 cms
respectively. In this event piston flow is active for the longest amount of time. This can
be seen in the time series as well with the nitrate valley occurring furthest after the start
of the event. Similar to the January event, peak quick flow and intermediate flow values
are doubled from Ramsey to South Elkhorn SE quick flow peak is 4 cms while Ramsey

quick flow peak is 2 cms. SE intermediate flow peak is 2 cms while Ramsey intermediate
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flow peak is 1 cms. The peak magnitude at both sites is cut in half through the
progression of flow pathways as well. In this event the intermediate flow quickly

increases and then decreases slowly at a linear rate.

Concerning the April nitrate mass graphs, this is the one event where the quick flow
nitrogen concentration at both sites is less than intermediate flow and piston flow
nitrogen concentration. In this event the intermediate flow nitrogen concentration remains
constant for half of its influence before decreasing at a linear rate. Piston flow nitrogen
concentration peaks at 8000 mg at Ramsey and 15000 mg at SE. Quick flow nitrogen
only reaches 1000 mg at Ramsey and 3000 mg at SE. Intermediate flow nitrogen

concentration gets up to at 2000 at Ramsey and 3000 at SE gage

The results of our unmixing model for the largest event in July 2019 at the Ramsey (a, c,
e, g ) and South Elkhorn Gage (' b, d, f, h ) show that this event had much less rainfall
than the other three events that were un-mixed (Figure 5.27). In this event, piston flow
was only slightly higher than quick flow. Ramsey piston flow peaks at 3 cms, SE Gage
piston flow peaks at 5 cms. Ramsey quick flow peaks at 1 cms, Se Gage quick flow peaks
at 3.5 cms, SE quick flow is a higher proportion of the piston flow levels. Ramsey
intermediate flow starts at 0.25 cms and only goes down, SE intermediate flow reaches
0.35 cms and stays constant before going down. When compared to the magnitude of
piston and quick flow, intermediate flow is much less significant in this event. This is
likely due to the low total volume of water, most of which went to cause piston flow or

overland runoff.
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Concerning the July nitrate mass graphs, Ramsey piston flow nitrogen peaks at 4500 mg,
SE Gage piston flow nitrogen peaks at 7500 mg. Ramsey quick flow nitrogen peaks at
1000 mg, SE Gage piston flow nitrogen peaks at 3000 mg. Intermediate flow nitrogen

concentration again has low levels that remain low.

The results of our unmixing model for the largest event in October 2019 at the Ramsey
(a, c, e, g) and South Elkhorn Gage (b, d, f, h) show that the October event is the most
unique of the four (Figure 5.28). This event follows and extended period of low flow.
Nitrogen levels before this event were the lowest of all 2019. This resulted in a positive
linear relationship between nitrogen and flow. This event did not have a nitrate valley for
us to determine the timing of quick flow and intermediate flow influence. Two events
later in October were examined with similar flow magnitudes to estimate the quick flow
nitrogen concentration. When each site reached this concentration, it is considered for
this to be the turning point where quick flow influence would begin to decrease and
intermediate flow influence would begin to increase. This event has the second highest
magnitude of all events, almost reaching the same totals as the January event. This event
also has a short increase in rainfall in the middle of the event. Ramsey piston flow
reaches 7cms at max, SE has a small gap in data which would be where the max piston
flow occurs, the maximum seen is 6 cms. Ramsey intermediate flow peaks at 1.4 cms, SE
gage intermediate flow peaks at 2.5 cms, Ramsey intermediate flow is in line with quick

flow while SE intermediate flow is less than quick flow.
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Some similarities are illustrated across the nitrate and water discharge results of the
different sites during the same event. In all seasons, flow at the South Elkhorn Gage site
is double that at the Ramsey site. This makes sense conceptually because the SE Gage
drainage area is double that of Ramsey. Figure 5.29 compares the percentage contribution
from each flow path at each site during each event. In each season, the Ramsey piston
contribution is much higher than at South Elkhorn. This suggests that Ramsey has a
higher concentration of sinkholes, which act as the pathway for the piston effect. In
January and April, the quickflow contributions are about the same at each event. In July,
SE Gage has a much higher quickflow contribution. In October, Ramsey has a much
higher quickflow contribution. In each case, it seems that the intermediate flow
contribution is heavily reduced when the quick flow contribution is higher because less
water is draining to the fractures. In January and April, the intermediate flow
contributions are the same. In July and October, the intermediate flow contributions are
opposite that of quickflow. In the January, April, and July events both sites have a similar
slowflow contribution which suggests the slowflow pathway is resistant to seasonal
changes. In October, Ramsey slowflow is double the contribution, 5% vs 10% at South

Elkhorn. This may be a result of the drought conditions before the event.

Looking again at Figure 5.30 but now comparing the percentage contributions just
between seasons, we can see that the piston flow contribution percentages are much
higher in April and July than in January and October. January and October were the

events with much more rainfall which may be causing a higher percentage of the flow to
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be coming from the quickflow pathway and intermediate flow pathways relative to the
piston effect. Quickflow percentage contributions in January and April are almost
identical. In January, the intermediate flow contribution is higher by 10% than those in
April. In July and October, the quickflow contribution average is about the same, but the
site with a greater contribution is flipped. In both seasons, the intermediate flow
contribution is much less to account for that higher quickflow contribution, and the

flipped influence at each site again is shown.

In all seasons, intermediate flow is the dominant contributor of nitrogen. This is due in
part by our assumption that the intermediate flow path has the highest concentration of
nitrogen. Quickflow is the second most dominant contributor even though we believe it
has the second lowest nitrogen concentration, at about half of intermediate flow in most
events. This is due to the high total flow. Piston flow has the most variable change in
total contribution but is generally higher than slowflow. Slowflow is the lowest

contributing path in all events except for October.

5.4 Reservoir modelling for nitrate transfer in the karst basins:

The reservoir model was able to effectively model all four events at each site. Figure 5.47
shows a table of root mean squared R? values. These numbers are a representation of,
from O to 1, how well the model results fit to the data results from section 4.3 and 5.3.
Piston flow and quick flow, which represent the stream runoff and sinkhole runoff
portions of the model are consistently able to reach high R? values. This portion of the

model has the greatest ability for calibration and the most calibration statistics. Runoff %
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is directly modeled from the Green Ampt method, but sinkhole percentage could be
adjusted to match the ratio of piston flow to quick flow, timing needed to be adjusted so
that the shape of the runoff hydrograph matched in each case. The only low R? for piston
or quickflow occurred in April at the SE Gage site where there was an error in data
collection which resulted in 6 data points in 12 hours. The piston flow model visually

matches the data piston flow.

Intermediate flow R? values were high in most cases. In January and in October, geologic
model parameters of the fracture network allowed for a smooth curve which matched the
decrease of intermediate flow over time. In July and April, a lower flow total forced the
model to use lower alpha and beta values. Within this range of alpha and beta values, it
was impossible to model the smooth curve. In this case, a straight line with a negative
linear slope is modeled to match with the slope which begins after the intermediate flow
peak. In most cases, the intermediate flow data then reduces to a steeper slope after half
of the total active time. It was impossible to model this change with the current model.
One possible explanation for the restriction of our ability to model a smooth curve in
lower flow conditions is that the fracture network volume has properties of a cone. When
there is less total volume, the surface area of the fracture network may decrease as well.
In the model, changing fracture geologic parameters is the only way to reduce the flow

magnitude so that alpha and beta can be chosen to create a curved line.

Slow flow, rock matrix R? values are high but not as much so as other flow paths. The

slow flow contribution is always considerably low compared to other flow paths and
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often undergo sporadic changes. These small changes are ignored, since they had little
effect on the overall flow and nitrogen contributions and fit a line with a tiny negative

slope representing the average slowflow contribution.

In all cases the flow totals R? values are high. This is a result of the high correlation from
piston, quickflow, and flow totals. Nitrogen totals also have high R? values but slightly
less so than flow totals. This is due to the complexity of the transition period where
piston flow, quick flow, and intermediate flow are all interacting near the same time.
There were also differences when intermediate flow modeled was not adjusted to reflect

the steeper slope in the second half of the event.

The model has also proven effective in mapping between sites during the same event.
Calibration parameters at one site can be used to give strong results at the other site. In
many cases, all six of the flow calibration parameters were identical between sites. The
greatest component which needs to be changed within an event is the shape of the runoff
hydrograph — the flow duration. This is done by adjusting the number of sub catchments
contributing. Piston flow lag and quick flow lag also needs to be adjusted to reflect that
the flow will always occur at Ramsey site a few hours before it occurs at the South
Elkhorn gage site. For piston flow at the 4 events, this was a difference 4 or 5 hours for 3
events at 0 hours for the April. event. Quick flow lag was different for each event at 5, 0,
3, and 2 hours. In all four events, sinkhole percentage needed to be higher at Ramsey. We
believe this reflects a higher concentration of sinkholes in the Ramsey drainage area than

in the South Elkhorn drainage area. Due to this trend in piston flow changes between
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sites, I propose the use of 20% sinkhole land for the South Elkhorn Gage portion of the

catchment and 30% sinkhole hand for the Ramsey portion of the catchment.

Alpha and beta values which control fracture network and rock matrix flows only need
small adjustments between sites to maintain high correlation during the same event.
These values could be left the same and the model would still return accurate results. An
analysis was preformed to determine the range of acceptable values for alpha and beta.
To complete this analysis, the sum of 2 values for each event was kept above a
minimum threshold of 6 (average of .75 for each event) and the correctness of each graph
was visually inspected. Parameters were lowered to their minimum and raised to their
maximum before the r*2 value dropped below 6 and lines were visually unreasonably far
away from the calibration data. This range of alpha and beta values which give strong
results at each site is shown in Figure 5.53. Following identification of an acceptable
range, a single value for each parameter which best fits the validation data on average for

each site is proposed for use across the model and for prediction of future events.

Using these proposed values, flow was predicted at the outlet for four new events during
December, April, July, and October. These are the validation results for the calibration
parameters identified. Events for each month were chosen based on similarity to the
modeled event and simplicity in the rainfall distribution. For January, all the events were
much smaller in magnitude or had two rainfall peaks within one event, so an event was
found in December of the previous year which would have similar conditions. For each

event, the Green Ampt model was run to determine the runoff percentage for each event.
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SE Gage and Ramsey sinkhole percentages were set as 20% and 30% respectively. All
alpha and beta parameters were used as proposed by the analysis of acceptable ranges. In
December and April, the model was able to achieve a strong correlation with the USGS
flow data. In July and October, the model overestimates the flow response. This is likely
due to the drought conditions which occurred around that time period. The results of this
new prediction are shown in Figure 5.55. R*2 analysis is preformed for each of these new
events. During October and April, R*2 value is high at each site. In December of 2018,
there was a secondary storm event shortly after the initial event, this caused there to be a
relatively smaller number of data points compared to other events. This disparity lead to
smaller R*2 values. In July, Ramsey site data is missing a majority or the data points in
the rising limb of the hydrograph which is causing a smaller R*2 value, but the value is
as good as the other events for the South Elkhorn Site. Overall, visually on the graph, and
by examining the R"2 values, the proposed parameters and the green ampt method

worked well to predict events.

I performed a sensitivity analysis on the effect of alpha 2, beta 2, alpha 3, and beta 3 on
the results of flow in the fracture network and rock matrix pathways. This was done for
the model results of the January event at South Elkhorn Gage and is shown in figure 5.48.
Alpha 2 had a multiplicative effect on flow which is reflected in a). At higher values of
alpha, the rise and fall at the beginning of the event is much more pronounced. Flow is
not overly sensitive to alpha 2. Beta 2 has an exponential effect on flow. This is clearly
reflected on graph c), the highest represented value of beta 2, 1.2, is so much higher than

the other samples that they all appear flat on the graph. Fracture network flow is highly
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sensitive to beta 2. Alpha 3 has a multiplicative effect on rock matrix flow as shown in
graph b). All shown options are within one magnitude. Rock matrix flow is not overly
sensitive to alpha 3. Beta 3 has an exponential effect on rock matrix flow as shown in
graph d). In the range of numbers around the modeled number of 1, beta 3 has less of an

effect on rock matrix flow than alpha three. Rock matrix flow is not sensitive to alpha 3.

Changes in total reservoir volumes are shown in Figures 5.49, 5.50, and 5.51. The soil
reservoir volumes for January + April, and July + October are graphed on different y-
axes due to large differences in total volume. These differences are due to the initial
reservoir moisture conditions. In January and April, the reservoirs are assumed to be 43%

full before the event. In July and October, the reservoirs are assumed to be 14% full.

This choice of percentage for how full the reservoir is made by referencing soil moisture
data at 5 in depth collected by the US National Climate Data Center, a sector of the
National Oceanic and Atmospheric Administration at the Bluegrass airport, which is in
the South Elkhorn watershed. This data shows that soil moisture increases to a maximum
percentage during storm events. This percentage changes seasonally. In January soil
moisture changes from 0.37 to 0.44. In April, moisture changes from 0.33 to 0.44. In July
and October there are fewer total events to gauge the percentage range. In July soil
moisture reaches a minimum at 0.18 then increases to 0.26. In October, due to the
drought conditions soil moisture decreases to 0.1 before the event then jumps to 0.4 after
the event. The reservoir fullness is assumed to be represented as the ratio of the

difference between the current soil moisture percentage and the seasonal minimum
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percentage, and the difference of the maximum soil moisture percentage and the
minimum soil moisture percentage. In January and April, the soil moisture percentage is
43% of the range before the event, while in July and October soil moisture percentage is

only 14% of the range before the event.

In January and April, soil volume increases greatly at the start of the event and then
slowly begins trending downwards to pre-event levels. In January, volume did return to
pre event levels before the next event. In April soil volume only reduced to about 80% of
the maximum before the next event. April soil volume reached double the volume of
January even though January had a slightly higher total rainfall amount because much
more of the water was assumed to go into the soil reservoir in that event. The recession
slopes are the same because the same calibration parameters, gathered in part from Husic
2019, are used. The October and July soil reservoir volumes experience rises in volume at
the start of the event as well. October volume increases greatly because there was a large
amount of rainfall and the soil was devoid of water before the event. July volume only
increases slightly because there was a small amount of rainfall. Both October and July
have minimal recession. This is because the initial soil volumes are so low that the model

calculates flow out to be minimal.

Changes in fracture network reservoir volume are shown in figure 5.50. All lines in this
graph are shown the same y-axis. In January, volume increases to about 115% of the
starting magnitude, and then decreases to only 15% in 8 days. In January volume

decreases with the steepest slope. In April, volume increases to 120% of pre event levels,
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and then decreases to about 80% of the pre event levels in 5 days, before the start of the
next event. The recession slope is slightly flatter than in January. In July fracture network
volume barely increases due to the low rainfall amount, and then slowly decreases to
about 90% of pre event levels in 4 days. In, October volume increased to 150% of pre
event levels. It rose so significantly because storage was so low before the event. The

volume lowered to 10% of pre-event levels in 8 days with a slope similar to that in April.

Rock Matrix reservoir storage volumes are represented in Figure 5.51. As with soil
reservoir volume rock matrix reservoir volumes for January + April, and July + October
are graphed on different y-axes due to large differences in total volume. All lines
decrease at a negative slope at first and then begin decreasing at a stronger negative
slope. At first, flow is only transferring from the rock matrix to the fracture network, but
later in the event the slowflow pathway activates which increases flow out to the conduit.
In all cases, the percentage change is negligible, and the recession slope is of the same

magnitude.
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Figure 5.1 Water quality sensor measurements at the South Elkhorn Ramsey site from
2018 to 2020. Sensor measurements included (a) pH, (b) conductivity, (c) temperature,
(d) dissolved oxygen, (e) turbidity, (f) nitrate, and (g) water discharge.

10

88

9
L s
) M 'ﬂ.rHW‘
: B -
1/1/2017  7/2/2017  1/1/2018 7/2/2018 1/1/2019 7/2/2019 1/1/2020 7/1/2020
1000
3"..
2 E
82 500
29 b) -w’ .
]
0 T T
1/1/2017  7/2/2017 1/1/2018 7/2/2018 1/1/2019 7/2/2019 1/1/2020  7/1/2020
5 30
o
5 - w
2
2 10 - ) w v
£
2 0 ; .
1/1/2017 7/2/2017 1/1/2018 7/2/2018 1/1/2019 7/2/2019 1/1/2020 7/1/2020
20
=)
E 10 d) M‘
S fugq
(=]
0 : : :
1/1/2017  7/2/2017 1/1/2018 7/2/2018 1/1/2019 7/2/2019 1/1/2020 7/1/2020
1500
pus |
-
< 1000
2
2 s
MNE m
S . Lot oun i bl |
1/1/2017  7/2/2017 1/1/2018 7/2/2018 1/1/2019 7/2/2019 1/1/2020 7/1/2020
L, 6
£Z
c 4
|
£% 2
R W i
= 0 T T :
1/1/2017  7/2/2017 1/1/2018 7/2/2018 1/1/2019  7/2/2019 1/1/2020  7/1/2020
40
E
g 20 g)
5 LJ.I.LhLLU.h
1/1/2017  7/2/2017 1/1/2018 7/2/2018  1/1/2019  7/2/2019 1/1/2020  7/1/2020



Figure 5.2 Water quality sensor measurements at the South Elkhorn Gage site from 2017 to 2020.
Sensor measurements included (a) pH, (b) conductivity, (c) temperature, (d) dissolved oxygen, (e)
turbidity, (f) nitrate, and (g) water discharge. In multicolored charts, the blue line reflects data
collected by the YSI 6600 sonde while the orange line reflects data collected by the YSI exo03
sonde.
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Figure 5.3 pH sensor measurements at (a) the South Elkhorn Ramsey site (blue) and the
(b) South Elkhorn Gage site (orange) from October 2018 to 2019.
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Figure 5.4 Temperature sensor measurements at (a) the South Elkhorn Ramsey site (blue)

and the (b) South Elkhorn Gage site (orange) from October 2018 to December 2019
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Figure 5.5 Conductivity sensor measurements at (a) the South Elkhorn Ramsey site (blue)
and the (b) South Elkhorn Gage site (orange) from October 2018 to December 2019 .
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