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Abstract

Karst aquifers are highly susceptible to contamination because of the connection with surface water. Nitrate
contamination is common; with most karst aquifers exhibiting some degree of impact. This work assesses the
potential impacts of anthropogenic activities on the Horn Hollow Valley (HHV) in Carter County Kentucky.
HHV is a karst aquifer system that appears to be minimally impacted by nitrate and chloride contamination.
Sampling of the HHV area was conducted from June 2005 to November 2006. Nitrate as nitrogen (NO;-N)
concentrations were between 0.13 to 1.54 mg/L; chloride concentrations ranged from 1.43 to 66.3 mg/L. Impact
from anthropogenic sources are observed at 1 mg/L for NO3;-N and 13 mg/L for chloride. Sources of nitrate are
primarily soil organic matter and mineralized fertilizers. In addition to mineralized fertilizers, chloride appears to
be contributed from road salts. Compared to waters from three other systems: the Mammoth Cave area, the
southwestern Illinois sinkhole plain, and the Missouri Ozarks-Salem Plateau; waters from HHV exhibited lower
concentrations of both NOs-N and chloride. Waters from Mammoth Cave and the Missouri Ozarks tended to
have higher NO;-N concentrations and similar chloride concentrations. Waters from southwestern Illinois had
higher NO;-N concentrations and chloride concentrations. Overall, the karst aquifer of HHV appears to be a
relatively pristine system, with minor human impacts.
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1. Introduction

Over a quarter of Earth's population utilizes ground water from karst regions that cover 20% of Earth's surface
(Ford & Williams, 1989; A. N. Palmer, 1991). The reliance on karst aquifers for potable water requires that water
quality of karst aquifers is clearly understood. In locations with human and agricultural development,
contamination of karst ground water resources with human and animal wastes (Davis, Hamilton, & Brahana,
2005; E.W. Peterson, Davis, & Orndorff, 2000; Eric W Peterson, Davis, Brahana, & Orndorff, 2002; Eric W.
Peterson, Davis, & Brahana, 2000; Wicks, Kelley, & Peterson, 2004), with agrichemicals from crop productions
(Panno, Kelly, Weibel, Krapac, & Sargent, 2003), and with chemicals that are dumped or spilled on the ground
(White, 1988) is common. Within the Appalachian Region, nitrate contamination is common as a result of the
rapid interaction between surface water and the ground water and of the high proportion of landuse devoted to
agriculture (Boyer & Pasquarell, 1995; Kastrinos & White, 1986; Knox & Moody, 1991)

Identifying karst areas that are not impacted by anthropogenic effects and are relatively pristine is difficult, but
background levels of solutes have been calculated. From their work examining seasonal trends in nitrate
concentrations in karst systems of Pennsylvania, Kastrinos and White (1986) extrapolated their data to calculate
a background level of nitrate for the region. Using land use as the independent variable, Kastrinos and White
(1986) found a linear relationship between agricultural land use and nitrate concentrations in the waters.
Extrapolating the agricultural land use to zero percent, they predicted a background concentration of 5 mg/L
nitrate (1.13 mg/L nitrate as nitrogen). Conducting a similar investigation in West Virginia, Boyer and Pasquarell
(1995) reported in areas dominated by forest or grasslands (i.e. zero percent agricultural land use) nitrate
concentrations ranged between 0.09 to 0.5 mg/L with a mean of 0.4 mg/L.

Rural areas are experiencing increased urbanization as residents of larger population centers move to quieter,
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more scenic locations. In areas underlain by karst, the potential for increased contamination of karst waters is
significant. During construction of single-family dwellings and subdivisions, sediments are transported into karst
systems via runoff, degrading water quality within the subterranean systems. Septic systems are common in rural
areas where municipal wastewater treatment facilities are not available. Studies of on-site wastewater treatment
systems in Illinois (Panno, Kelly, Hackley, & Weibel, 2007) and Missouri (Aley & Thomson, 1984) found that
aeration-type systems are possible sources of nitrate, sodium, chloride, and enteric bacterial contamination
within the underlying karst systems.

Geochemical research within the intensely karstified southwestern Illinois sinkhole plain (Panno & Kelly, 2004;
Panno, Kelly, Weibel, Krapac, & S.L., 1998; Panno, Krapac, Weibel, & Bade, 1996; Panno, et al., 2003) has
significantly contributed to our understanding of the effects of different land use practices on the quality of karst
waters in cave conduits, springs, and surface streams. In the southwestern Illinois karst, nitrogen fertilizers and
soil organic matter contributed the bulk of nitrate measured in the spring waters (Hackley, Panno, Hwang, &
Kelly, 2007). Livestock and septic wastes were the dominant source for wells with high nitrate concentrations,
while nitrogen fertilizers and soil organic matter were sources of low nitrate contaminations in other wells.

This study contributes to the science of karst hydrogeology by comparing chloride (CI) and nitrate (NO3)
concentrations within karst waters in Horn Hollow Valley (HHV) of Carter County, Kentucky (Figure 1), a
relatively unimpacted karst system, to concentrations in other karst systems. The opportunity to find and study a
relatively pristine karst system is rare and provides initial data towards determining baseline ground water
conditions in the eastern United States. Knowledge gained from this study can be utilized by state and local
planning agencies to protect sensitive karst resources. Specifically, this work examines similarities and/or
differences in NO;3™ and CI” concentrations between HHV and three other Midwestern karst regions. Comparison
systems include Mammoth Cave, KY, the southwestern Illinois sinkhole plain, and the Salem Plateau of the
Missouri Ozarks. Data from comparative systems were available for NO;” and CI, major ion chemistry, and
measured parameters.

2. Method
2.1 Area Description
2.1.1 Horn Hollow Valley - Carter Caves State Resort Park (CCSRP)

Karst terrain is prevalent in the state of Kentucky. Approximately 40% of the state contains carbonate bedrock
suitable for karst formation, with 20% of the state exhibiting well-developed karst (Carey & Stickney, 2001;
Paylor & Currens, 2002). The HHV karst system is located in northeastern Kentucky (Figure 1) in a relatively
remote and intensely karstified region of north-central Carter County (McGrain, 1954). Drainage to the valley is
primarily from park service land and forested private land in a relatively pristine area of CCSRP. However,
headwater areas of HHV are located outside of the park boundaries and drain sparsely populated farmland with
single-family dwellings. As waters move down gradient, they enter and exit the limestone subsurface several
times before converging with Cave Branch, the main stream in the area and tributary to Tygart’s Creek.

A conceptual model of the flow system (Angel, 2010) and a detailed description of the geology for HHV (Angel,
2010; Engel & Engel, 2009; B. Jacoby, Peterson, Kostelnick, & Dogwiler, 2013; Brianne S. Jacoby, Peterson,
Dogwiler, & Kostelnick, 2011; Brianne Spence Jacoby, Peterson, & Dogwiler, 2011) have been previously
published; here we summarize the relevant information. Under baseflow conditions, the upper and lower
segments of the valley are underdrained. Allogenic surface waters are pirated at Horn Hollow Headwall (HHH)
and Volcano Cave after water transitions from the siliclastic rocks to the underlying carbonate rocks. Waters
reemerge at Bowel Spring and flow towards Cobble Cave. At Cobble Cave, the waters flow through the cave,
exiting at the downstream entrance. The waters continue to flow on the surface until they enter Horn Hollow
Cave. Waters flow through Horn Hollow Cave and upon exiting the cave, are directed to the subsurface until
they discharge at the H,O Cave Outlet above Cave Branch. Along the valley, there are a number of seeps and
springs that supply water to the valley.

2.1.2 Descriptions of Comparison Systems
2.1.2.1 Mammoth Cave

The Mammoth Cave system is located in west-central Kentucky within the Western Pennyroyal Plateau and
Chester Upland region (Paylor & Currens, 2002). The system is the longest known cave system in the world with
over 215 km of interconnected caves developed within the same Mississippian-age limestones that are present in
the CCSRP area. These cave-forming limestones are approximately 150 m thick in the Mammoth Cave region
while only 38 m in the CCSRP area. Rocks dip gently to the northwest, exposing large areas of limestone to karst
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forming processes and the formation of widespread karst drainage basins (Arthur N. Palmer, 1981). The largest
caves in the system form within a zone from the upper half of the St. Louis Formation through the Girkin
Formation (Table 1) with Mississippian and Pennsylvanian impermeable sandstones and shales overlying the
carbonate rock. Waters enter the massive system through sinkholes in the Pennyroyal Plateau and sinkholes that
have breached the insoluble sandstones and shales of the Chester Upland, eventually discharging through springs
along the Green River. Within MCNP, land cover is heavily forested. The land use outside of the park consists of
farming and small urban centers. Water quality data were provided by J. Meiman, Mammoth Cave National Park
(personal communication, 2009).

Location of CCSRP
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Figure 1. Location of Horn Hollow Valley (HHV), Carter Caves State Resort Park (CCSRP), Carter County,
Kentucky with the positions of the sampling locations for reference
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Figure 2. Conceptual Model of HHV including Geologic units, water types, flow paths and cave conduits

2.1.2.2 Southwestern Illinois Sinkhole Plain

The sinkhole plain of southwestern Illinois encompasses portions of St. Clair, Monroe and Randolph Counties
and is part of the Salem Plateau Section of the physiographic provinces presented by Leighton et al. (1948). Over
10,000 sinkholes dot the landscape in this area along with disappearing streams, caves, and springs.
Mississippian-age St. Louis and Ste. Genevieve Limestones and the Salem Limestone are the predominant
karst-forming bedrock units (Table 1), exceeding 60 m in thickness in bluffs along the Mississippi River Valley
(Panno, et al., 1996). Other units include Mississippian and Pennsylvanian sandstones, shales, claystone, coal
and additional limestone. The development of karst terrane has been influenced by several anticlinal and
synclinal features as well as the local bedrock topography. Waters enter the subsurface through sinkholes and
fissures, forming caves as waters dissolve carbonate rock along bedding plane partings. The area contains two
major ground water basins; the Fogelpole Cave Basin and Collier Spring Basin (Aley, Moss, & Aley, 2000;
Panno, et al., 1998). Land-use within both basins is predominantly agricultural, but urban sprawl from the St.
Louis area has increased the number of rural subdivisions and homes that rely on septic systems for waste
removal. Anthropogenic contamination from septic and agricultural sources is widespread within this region.
Water quality data were provided by S. V. Panno, Illinois State Geological Survey (personal communication,
2009).

2.1.2.3 Missouri Ozarks-Salem Plateau

The majority of Missouri’s largest springs discharge from Cambrian and Ordovician-age dolomites (Table 1)
within the Salem Plateau physiographic division of the Missouri Ozarks (McCracken, 1971; Vineyard & Feder,
1982). This region is known for rugged topography, with deep, narrow valleys, high ridges and significant karst
development. Losing streams, caves, springs, and sinkholes are found throughout the plateau. The Jefferson City
Dolomite and the Roubidoux Formation dominant the topography of the Salem Plateau uplands. Waters from the
largest springs discharge through the Gasconade, Eminence and Potosi Dolomites, many along prominent rivers
that course through the region. Recharge to karst ground water occurs through faults and fractures and within
sinking stream segments of surface waters. Much of this region is heavily forested land, although some cattle and
poultry operations are also present (Petersen et al., 1998). Water quality data were retrieved from Vineyard and
Feder (1982) and United States Geological Survey (2010).
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2.2 Sampling Procedure

Water samples were collected from 16 specific locations in HHV (Figure 1) during four field-sampling events.
Three sampling events occurred during periods of baseflow, June 2005, June 2006 — pre storm, and November
2006, and one following a recharge event, June 2006 — post storm. Sampling locations included the HHV
headwall, inlets and outlets of caves within the system, a valley drip, a dome within Horn Hollow Cave, drips in
Rimstone Cave and Laurel Cave, and the springs discharging waters into Cave Branch. Samples were collected,
stored in polyethylene bottles, and transported to the Illinois State University laboratory in ice-filled coolers.
Chloride (CI') and Nitrate as N (NO3-N), were analyzed using a Dionex DX-120 Ion Chromatograph (IC).

During the June 2006- pre storm-sampling event, water samples were collected for nitrogen (N) and oxygen (O)
isotopic analysis by the Illinois State Geological Survey. A total of 12.5 liters of water was collected at each of
three sites; Bowel Spring (BS), Surprise Dome (SD) and Horn Hollow Outlet (HHO) and transported to the
laboratory in ice-filled coolers. Isotopic analysis was performed at the Illinois State Geological Survey to
identify values for 8N i (%o) and 88 0smow (%o). A scatter plot was produced for 88 0smow (%o0) Vs SN ;s (%o0)
to identify different sources of nitrate using end-member delineations defined by Clark and Fritz (1997).

NO;” and CI' concentrations (mg/L) from waters collected in HHV were compared to NO; and CI'
concentrations (mg/L) from Mammoth Cave National Park, KY, the southwestern Illinois sinkhole plain, and the
Ozark Plateau (locations in south-central Missouri). Data were plotted to analyze Cl° vs NO; in waters from
selected springs and caves within the Horn Hollow system and comparison systems.

3. Results and Discussion
3.1 Chloride and Nitrate HHV Waters

Chloride is a negatively charged ion and is contributed to surface and ground waters from natural and
anthropogenic sources. Naturally occurring chloride sources include sea water, basin brines, precipitation, and
rock-water interaction, especially with shales. In other karst areas, background chloride concentrations are
roughly 13 mg/L (Panno et al., 2006). Common sources of anthropogenic Cl" are animal wastes, mineralized
fertilizers, septic effluent, landfill leachate, and road salts (Panno, Hackley, et al., 2006).

Nitrate is a negatively charged, conservative ion and a common contaminant in shallow ground water and
surface streams. The mineralization of natural organic nitrogen contributes nitrate to ground water systems while
anthropogenic sources include livestock waste, mineralized fertilizer, and septic systems (Panno, et al., 1996;
White, 1988).

In natural environments with little to no human impact, nitrate concentrations are relatively low. Nitrate as
Nitrogen (NO;-N) concentrations from natural sources are generally between 2.0 and 2.5 mg/L (Panno, Kelly,
Martinsek, & Hackley, 2006). For HHV, NO;-N values ranged from 0.13 to 1.54 mg/L with some of the highest
values measured during baseflow conditions in June 2005 (Figure 3). The lowest NO;-N values appear to result
from dilution during the November 2006 sampling event. Samples collected during baseflow conditions reflect
relatively pristine conditions with all waters having concentrations below those observed by Panno, Kelly, et al.
(2006) . Peterson et al. (2002) found that ~74% of the nitrate within the regolith of an Arkansas karst region was
transported during baseflow conditions. This same trend appears to occur within HHV.
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Table 1. Carbonate lithologies of comparison karst systems

. Formations .
Karst Region Carbonate Lithology
Age
Mammoth Cave, KY* Mississippian: ~ Girkin Limestone - fine to medium-grained, skeletal and argillaceous
limestones with some oolitic limestone.
Ste. Genevieve Limestone - crossbedded, massive, oolitic to skeletal
limestone
St. Louis Limestone - very fine-grained, some chert, argillaceous and
dolomitic limestone. Some beds of skeletal limestone.
Salem Plateau Mississippian: ~ St. Louis Limestone - fine-grained, cherty limestone with beds of
(southwestern Illinois dolomite, crystalline limestone, Fossiliferous limestone, and evaporites
. . \b
Sinkhole Plain) Ste. Genevieve Limestone - oolitic grainstone that contains peloidal and
fossil grains, little chert, cross bedding evident
Salem Limestone - white to light-gray grainstone with dolomite beds
Salem Plateau Ordovician: Jefferson City Dolomite - dolomite with chert, sandstone lenses, some

(Missouri Ozarks)“

shale. Pyritic

Roubidoux Formation — fine-grained cherty dolomite with quartz
sandstone beds

Gasconade Dolomite — fine-course grained cherty dolomite
Eminence Dolomite — medium-course grained, cherty dolomite

Potosi Dolomite — fine-medium grained vuggy dolomite with quartz

“ Haynes, 1964.
> Willman et al., 1975.

¢ Feder, 1973; Imes & Emmett, 1994; Unklesbay & Vineyard, 1992.
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Figure 3. Nitrate and chloride concentrations for waters of Horn Hollow Valley. The classifications are based
upon the values suggested by Panno et al. (2006b)

The isotopic composition of NO;™ for three HHV samples, BS, SD and HHO, suggest mineralized fertilizer and
soil organic matter are the potential source areas for NO;™ (Figure 4). The NO;™ present in BS and SD waters is
derived from mineralized fertilizer, while NO;” at HHO comes from soil organic matter. Epikarst waters from SD
represent allogenic drainage from the SR182 area where mineralized fertilizers may have been applied to fields.
These waters probably entered the karst through myriad fractures and joints, quickly making their way along
karstified bedding planes. Autogenic waters resurging at BS originate at the HHH and from other bedding plane
sources in the Upper Valley (Angel, 2010). HHO waters are also autogenic, with soil organic matter that may be
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derived from fertilized and unfertilized crops. These results show that anthropogenic nitrate is present in both
allogenic and autogenic waters in HHV.

3.2 Background Concentrations of Nitrate and Chloride

Delineating background and anthropogenic sources of contaminants provides information necessary for
identifying water sources and flow paths in karst regions. Background concentrations of dissolved species can be
defined as the concentrations derived specifically from naturally occurring processes within a given environment.
Insufficient data are present to apply the land use extrapolation methods used by Boyer and Pasquarell (1995)
and Kastrinos and White (1986). To approximate background concentrations and identify anomalous populations
the technique described in Panno et al. (2006) was employed in which CI" and NOs-N concentrations were
plotted on cumulative probability plots (Figure 5). Inflection points or changes in the slope of the graph line
represent thresholds separating the data populations; one being background and the remainder representing the
anomalies or anthropogenic inputs of the observed ions (Panno, Hackley, et al., 2006).
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Figure 4. Results from 8'*0/8"°N isotopic analysis for selected samples collected on June 24, 2006. The boxes
represent typical ranges of common end-members as presented by Clark and Fritz (1997)

The chloride cumulative probability plot (Figure Sa) has one inflection point along the curve at 13 mg/L CI" -
yielding two populations of data. Therefore, background concentrations for HHV range from 0-13 mg/L CI". One
anomalous (anthropogenic) population was present from 13-66 mg/L CI. Sixty-eight percent (68%) of the
samples from HHV fell within the range of background concentration. These samples were mainly from Lower
Valley sites. Thirty-two percent (32%) of the samples, all representing Middle and Upper Valley sites, plotted
within the 13-66 mg/L anthropogenic population. These results suggest that anthropogenic contamination of CI°
is highest in the Upper Valley and diminishes down gradient, a likely result of dilution by autogenic waters
originating in the forested areas of CCSRP.

The nitrate cumulative probability plot (Figure 5b) has one inflection point at 1 mg/L NOs-N yielding two
populations of data. Background nitrate for HHV ranges from 0-1 mg/L NO;-N, with an anomalous
(anthropogenic) population present from 1-1.54 mg/L NOs-N. The background level of 1 mg/L is similar to the
value reported by Kastrinos and White (1986), but slightly elevated from the upper limit of 0.5 mg/L reported by
Boyer and Pasquarell (1995). With the exception of six samples (three samples collected in June 2006; one from
the Upper Valley and two from the Lower Valley), waters from the HHV sites had NO;-N concentrations below
background levels of 1 mg/L Surprisingly, the three samples within the anomalous population were not the BS,
SD and HHO samples identified as anthropogenic NO;-N sources through isotopic analysis. NOs3-N
concentrations from BS, SD and HHO were well within the background population range. The data indicate that
these three sites receive anthropogenic NOs3-N, but concentrations are so low that they fall within the background
population, supporting the position that waters from the park are low nitrate and dilute waters from outside the
park area.

3.4 Sources of Nitrate and Chloride
A two-lane blacktop road, CR182, borders the northeastern perimeter of HHV. Farms with homes and livestock
are present along both sides of the road. Small ephemeral (intermittent) streams, which flow into HHV via draws,
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flow beneath the road or have headwaters near the road. Subsequently, the land use near the road serves as
non-point, anthropogenic source of NOs;-Nand CI'. Possible sources of nitrate and chloride can be delineated by
plotting CI" vs NO;-N (Figure 3), identifying samples that fall within the background concentration ranges and
observing the relationships between NOs-N and CI” for those samples falling outside of background.
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Figure 5. a) Chloride cumulative probability plot (%) showing a single inflection points yielding three
populations of data. Background ranges from 0-13 mg/L Cl-. b) Nitrate cumulative probability (%) showing a

single inflection point yielding two populations of data. Background ranges from 0-1 mg/L NO3-N

On the plot. For example, the two data points representing high Cl/low NOs;-N (HHH and Fudge Ripple (FR))
are likely from road salt as there was high CI” with little to no NO5-N. The CI' may have been retained in the soil
following road salt application to CR182 the previous winter and released during the June 2006 sampling. From
a Cl retention study in southeastern Sweden, Bastviken et al. (2006) concluded that soils can act as sources or
sinks for CI, with storage ranging from months to years. Lax and Peterson (2009) reported that road salts
migrate through the vadose zone, providing a long term source of chloride to ground water. Values with low
Cl/low NO;-N represent background concentrations of both ions and are considered pristine waters. Cl is a
dominant ion in waters draining shales; therefore, the Cl in these waters may be derived from the Upper Valley
shale layers. Based upon classifications presented by Panno et al. (2006), the two populations with slightly
higher CI" but low NOs-N represent sources of mineralized fertilizer and soil organic matter. The mineralized
fertilizer cluster contains the BS-1 and SD-1 samples that were identified using 60O-18/3N-15 isotopes (Figure 3),
while the soil organic matter cluster contains the HHO-1 sample included in the isotopic analysis.

3.5 Comparison of Cl and NO;-N Concentrations between Systems

Nitrate and chloride concentrations for HHV samples were compared to those from three other karst regions in
the Midwestern U.S. to assess the potential pristine nature of HHV waters. Comparison data were selected based
on sites that were representative of karst waters from the comparison areas.

Echo River Spring, Turnhole Spring, and Pike Spring are three major sites that discharge water from several
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drainage basins encompassing the extensive Mammoth Cave karst system and Mammoth Cave National Park
(MCNP). Sample data were collected between July 2002 and September 2005 by MCNP personnel (Meiman,
personal communication, 2009). Samples from the southwestern Illinois sinkhole plain were collected at various
sites within Illinois Caverns by the Illinois State Geological Survey during five sampling trips in 1996 and 1997
(Panno, personal communication, 2009). Samples from the Salem Plateau region of the Ozark Plateau of
southern Missouri include Alley Spring, Maramec Spring, and Big Spring. Data from these three sites were
available from the 1950's and 1960's and from the mid 1990's (United States Geological Survey, 2010; Vineyard
& Feder, 1982).

Figure 6 shows CI" vs NO; for HHV and comparison systems. Samples plotting within the black box represent
background concentrations of <13 mg/L for CI'and < 1 mg/L for NOs-N, which are consistent to other
background concentrations for CI” (Panno, Hackley, et al., 2006) and NO;-N (Panno, Hackley, et al., 2006). HHV
system water contained background concentrations of chloride with the exception of the June 2006 sampling
event. The high CI- from road salts at HHH and FR produced ClI- concentrations of 66.3 mg/L and 51.9 mg/L
respectively. Waters resurging at BS showed significant decrease in Cl- during the same sampling event and were
only 2-3 mg/L above background. This may be the result of dilution within the subsurface conduits between the
HHH and BS. HHV samples that cluster near the origin of the graph are probably the result of contaminant
dilution during the higher discharge conditions in November 2006.

70
[ ® HHV, KY
O Echo River Spring, MCNP
60 1 Road Salts B Pike Spring, MCNP
B Turnhole Spring, MCNP
° A SWIL
50 1 ¢ Alley Spring, MO
A ¢ Big Spring, MO
—_ <@ Maramec Spring, MO
5 407 . & 1950-1960, MO
g
~ A a A Animal Wastes &
@) Septic Effluent
vy A
* Iy 8ty r v a
i .
” By %
n 2 w 2
= e an B Nitrogen Fertilizer &
Anhydrous Ammonia
oy A
T ke i T
2 3 4
NO,-N (mg/L)

Figure 6. Nitrate and chloride concentrations for waters of HHV and the comparison systems. The pristine box is
based upon the background concentrations as illustrated in Figure 5

The majority of samples from MCNP also exhibit background concentrations for Cl™, but NOs-N concentrations
from all three MCNP springs are higher than background concentrations calculated from HHV. Pike Spring
NO;-N values are closer to those measured at HHV as this spring drains the heavily forested Flint Ridge and
portions of MCNP (Quinlan, Ewers, & Aley, 1991). Turnhole Spring receives a large volume of drainage from
the Pennyroyal Plateau to the southeast of MCNP. The Pennyroyal Plateau contains fertile soils that are ideal for
row-crops and is also more heavily populated than the other two spring basins. Figure 6 shows that samples from
Turnhole Spring have NO;-N concentrations above background, suggesting anthropogenic contamination.
Nitrate sources are likely from nitrogen fertilizers. Echo River Spring drains heavily forested park land, but dye
tracing results from Quinlan et al (1991) show that subsurface drainage reaches the spring from sinkholes as far
away as Park City, KY and Cave City, KY along the 1-65 corridor. The same study also showed that the Echo
River Spring drainage basin is breached by flow from the Pennyroyal drainage basin during high flow events.
These sources may explain the increased NO;™ values at Echo River Spring.

Samples from the southwestern Illinois sinkhole plain plot along a trend indicating contamination from animal
wastes and septic effluent. Agricultural land-use is dominant in this area and includes row-crops and small
livestock operations (Panno, Hackley, et al., 2006). A study by Hackley et al. (2007) concluded that nitrogen
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fertilizer and soil organic matter were the major sources of NO3-N in spring waters in the southwestern Illinois
sinkhole plain. The Illinois samples had the highest overall chloride of all comparison systems with the
exception of the June 24, 2006 samples from HHH and FR. The highest CI values in this area were found near
livestock operations and in shallow wells (Hackley, et al., 2007).

The three comparison springs from the Salem Plateau region of the Missouri Ozark Plateaus reside in the
unconfined portion of the Ozark Aquifer and are, therefore, not protected from surface drainage. Waters in this
region drain predominantly forested land, although there are some pasture-land agricultural operations in this
area (Eric W Peterson, et al., 2002). Despite the presence of some agricultural land-use, samples collected from
these three springs plot well within the background concentration ranges for both CI" and NO3-N. The median
NO;-N concentration for samples collected at these three springs in 1993 was 0.62 mg/L. In comparison, the
median NOs-N concentration for the limited samples collected during the four HHV sampling events in 2005 and
2006 was 0.45 mg/L. Data were available from the 1950's and 1960's for Alley Spring, Maramec Spring and Big
Spring, MO and were included on the CI" vs NO;-N graph. The same data trends exists when comparing the
current Missouri samples to the 1950's/1960's samples, but current levels are slightly elevated for both CI" and
NO;-N. This may result from increased agricultural land-use in this region. Median NO;-N concentration from
the three Missouri springs in the 1950's/1960's was 0.44 mg/L. This is virtually identical to 0.45 mg/L median
NO;-N value for the 2005 and 2006 HHV samples.

These comparisons show that HHV waters are relatively pristine, especially for NO;3;™ concentrations, and
contained slightly elevated CI” concentrations from road salt contamination in June 2006.

4. Conclusions

The examination of NO;-N and CI" sources within HHV indicated that samples with concentrations above
background levels might have been derived from organic soil matter, mineralized fertilizers and road salts stored
in soils. A comparison of HHV NO;™ and CI” concentrations with other Midwestern karst systems showed very
low NO3-N and relatively low CI” concentrations in HHV, supporting the overall pristine nature of HHV waters.
The exception was the high Cl/low NO;™ waters derived from stored road salts sampled at HHH and FR in June
2006.

While more data are needed to confirm the findings of this study, the results can be used as an initial baseline
analysis of the system, as there have been very few studies in this area.
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