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Abstract
In a karst area, leaching and runoff of

agrichemicals and animal waste from

land dominated by row crops and live-

stock can rapidly contaminate ground-

water with nitrogen (N), phosphorous

(P), pesticides, bacteria, and soil. Dis-

charge of contaminated groundwater

from groundwater basins can contrib-

ute to the degradation of water quality

in surface streams and, ultimately,

coastal areas. To understand the pos-

sible extent of contamination in one

karst region, we monitored two ground-

water basins in Illinois' sinkhole plain

from October 1996 to August 1998

during a period of average precipita-

tion. We examined the character and

degree of bacterial contamination, the

mass of atrazine on suspended solids,

and the soil erosion rates of two karst

springs and their spring- fed stream.

The two karst springs—Collier and
Indian Hole Springs—drain relatively

large groundwater basins (approxi-

mately 19.9 km- [7.68 mi-'] and 17.8

km^ [6.87 mi'l, respectively) in south-

western Illinois' sinkhole plain. The
springs are located 400 m (1,300 ft)

from each other and form the headwa-
ters of the South Fork of Horse Creek.

Groundwater was monitored as it dis-

charged from Collier and Indian Hole

Springs and at a monitoring station

(a bridge) downstream of the springs.

Water quality analyses and stream dis-

charge measurements were used to

calculate the total quantity of selected

agrichemicals (NO^ -N, PO^' , and her-

bicides) (mass loading) being carried

out of the groundwater basins to sur-

face streams.

The NO,"-N concentrations in water

samples ranged from 1.08 to 6.08

mg/L; median concentration was 3.48

mg/L. Atrazine and alachlor concen-

trations ranged from <0.01 to 34.0

pg/L and <0.01 to 0.98 pg/L, respec-

tively; median concentrations were

0.52 and 0.12 pg/L, respectively, for all

sites. The two groundwater basins dis-

charged approximately 100,000 kg/yr

(220,000 Ib/yr) of N as NO; -N, 39 kg/yr

(86 Ib/yr) of atrazine, and 2.8 kg/yr (6.2

Ib/yr) of alachlor.

These values represent a 21 to 31%
loss of fertilizer N, a 3.8 to 5.8% loss

of applied atrazine, and a 0.05 to

0.08% loss of applied alachlor. The
loss of atrazine adsorbed onto the sus-

pended solid fraction was low relative

to the mass of atrazine in solution

and amounted to only about 2 kg/yr

(4 lb yr) or 5.1% of the total mass of

atrazine discharging from the ground-

water basins. Phosphate concentra-

tions in water were typically less than

0.01 mg/L, suggesting that the loss of

dissolved P was insignificant.

Bacteria identified in the spring water

included 17 genera and species present

in millions of colony-forming units/ 100

mL of water. Klebsiella pneumoniae,

Pseiidomonas spp., Escherichia coli,

and Bacillus spp. predominated.

The soil erosion rate in the study

area, based on the suspended solids

load in the stream at the bridge (10"

kg/yr or 2.2 x 10" Ib/yr), was estimated

to be approximately 0.15 cm/yr (0.06

in/yr)—or about twice the rate of soil

losses in the rest of Illinois.

Introduction

Loss of agricultural chemicals from
leaching and runoff from croplands

and animal waste from livestock graz-

ing areas can load streams and shal-

low groundwater with nitrogen (N),

phosphorous (P), pesticides, and bac-

teria. The contamination of ground-

water and surface water with nitro-

genous compounds went from a local

problem in the early 1970s, to a

regional problem in the 1990s (Heath-

waite et al. 1993), and is now becom-
ing a problem worldwide (Hallberg

and Keeney 1993, Rabalais et al. 1996.

Diaz 2001). Because of the intensive

agricultural activities in Illinois and
the portion of the central and mid-
western United States drained by the

Mississippi River, N contamination

of groundwater and surface water

has become a widespread problem
(Schock et al. 1992, Kolpin et al. 1998,

Groschen et al. 2000, Randall and
MuUa 2001). For example, some scien-

tists have attributed the hypoxic zone
in the Gulf of Mexico to excessive algal

growth brought on by nutrients deliv-

ered by the Mississippi River (Rabalais

et al. 2001, Goolsby et al. 2001).

In addition, human health problems

are associated with coliform bacteria

(Craun 1979), NO, (O'Riordan and
Bentham 1993), and pesticides (Kelce

et al. 1995). Pesticides have also been
linked to environmental problems

associated with endocrine disruption

and the feminization of aquatic organ-

isms, leading to reproductive prob-

lems (Colborn et al. 1993, Kelce et

al. 1995, McLachlan and Arnold 1996).

The herbicides atrazine and alachlor

are examined in this investigation.

Soil cultivation can accelerate soil ero-

sion and lead to transport of sed-

iments with elevated concentrations

of these contaminants into surface

streams and, in karst areas, into the

groundwater system.

Septic systems (N, phosphate, and
bacteria) and atmospheric deposition

(N) are also potential sources of

stream pollution. Discharge of their

contaminants to surface streams, in

many cases via groundwater, can

degrade the water quality of higher-

order streams and other bodies of

water fed by these streams (Rabalais et

al. 1996).

Karst regions of the world are espe-

cially susceptible to groundwater con-

tamination from fertilizer N, associ-

ated agrichemicals, and other surface-

borne sources of N (e.g., Feth 1966,

Hallberg 1986, White 1988. Pasquarell

and Boyer,1995). In the central United

States, water quality problems have

been observed in springs and wells in

the karst region of southwestern Illi-

nois (Panno et al. 1994, 1996), north-

eastern Iowa (Rowden et al. 1993),

and Kentucky (Currens 1999, Ryan
and Meiman 1996). Although several

investigators have measured dissolved

constituents in karst hydrologic sys-

tems during flooding (e.g., Ryan and
Meiman 1996), only a few researchers

have conducted such studies on a

scale wide enough to encompass the

groundwater basin (Rowden et al.

1993, Currens 1999).
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Karst regions, such as the "sinkhole

plain" in Monroe, Randolph, and

St. Clair Counties in southwestern

Illinois (fig. 1), are distinguished by

numerous sinkholes, disappearing or

losing streams, large springs, and
caves (Panno 1996, Weibel and Panno
1997). Water quality in these regions

has long been known to be highly sus-

ceptible to contamination from sur-

face activities. Because of the rapid

movement of water and suspended

sediment into subsurface cave and
conduit systems in this region, the

amount of time available for purifying

reactions—such as adsorption, degra-

dation, and filtration in the subsur-

face—and the opportunities for expo-

sure to them are limited (White 1988).

The contamination potential is espe-

cially acute during flood events, when
large volumes of water carrying large

loads of suspended sediment that

have eroded from cropland soil and
other sources are rapidly flushed

through karst aquifers.

Further, new sinkholes may develop,

and existing ones may expand, during

and following heavy rains. The extent

and effects of erosion in the sinkhole

plain are reflected in complaints of

water quality degradation by owners

of private wells in karst aquifers.

Complaints about high concentra-

tions of suspended sediment in well

water commonly are received by the

Monroe-Randolph Bi-County Health

Department in Waterloo, Illinois, fol-

lowing intense rainfall and related

flooding events (J. Bade, personal

communication 1994). Much of the

suspended sediment in floodwaters

of the sinkhole plain results from
erosion of topsoil and surficial depos-

its (predominantly glacial till), which,

in this agricultural region, could con-

tain adsorbed pesticides. Desorption

of pesticides during sediment trans-

port or following deposition could

cause elevated concentrations of

agrichemicals in surface streams.

Panno et al. (1994, 1996) initially

investigated the problems associated

with groundwater contamination in

the karst regions of southwestern Illi-

nois. Groundwater samples from over

30 domestic wells and 10 springs in

Monroe and Randolph Counties were

found to contain large concentrations

of agrichemicals during and just after

spring planting. For example, in 1994,

floodwaters issuing from a spring that

drained a groundwater basin in the

sinkhole plain dominated by row crops

were sampled foUovdng the first signif-

icant rainfall after planting. Concen-
trations of the herbicides atrazine and
alachlor in the water samples were as

high as 97 and 16 pg/L, respectively.

However, atrazine and alachlor con-

centrations in all well-water samples

from the same area were always

below the U.S. Environmental Protec-

tion Agency's (USEPA) maximum con-

taminant levels (MCL) of 3 and 2 pg/L

(USEPA 1992), respectively.

For this investigation, the areas selected

for monitoring were the Collier Spring

and Fogelpole Cave groundwater

basins and their discharge points.

These groundwater basins were chosen

because their land use is dominated by

agriculture (predominantly croplands),

and the terrain is intensely karstified.

We hypothesized that the results from

this investigation could represent a

worst-case scenario for the loss of

applied fertilizer N to a watershed. The
basins were delineated via dye-tracing

techniques (Aley et al. 2000) and are

underlain, in part, by Fogelpole Cave,

a bedding-plane-controlled, branch-

work-type cave (Panno et al. 1998a)

with over 22.5 km (14 mi) of mapped
passages (PaulWightman, personal

communication 1997), and what
appears to be an equally long but inac-

cessible cave (Panno et al. 1998a, Aley et

al. 2000). Drainage from the basins exits

through two springs (Collier and Indian

Hole) that form the headwaters of the

South Fork of Horse Creek (locally and

herein referred to as South Fork Creek)

(fig. 1). A monitoring site was located

2.4 km (1.5 mi) downstream from the

two springs along South Fork Creek.

The stream drains into Horse Creek,

which, in turn, drains into the Kas-

kaskia River, which discharges to the

Mississippi River. A bridge spanning

South Fork Creek was the site of much
of our monitoring effort.

Objectives
The primary objective of this investi-

gation was to determine the mass
loading of selected agrichemicals and

the character and degree of bacterial

contamination of the springs and a

spring-fed stream discharging from
the two groundwater basins. Because
the two groundwater basins are

intensely karstified and land use within

the basins is dominated by agriculture,

we hypothesized that discharge from
these basins might represent a worst-

case scenario for the loss of applied

agrichemicals to a surface stream.

The secondary objective was to esti-

mate the rate of soil erosion and the

potential for the transport of pesticides

adsorbed on suspended solids out of

the basins. Erosion is severe in many
places in the sinkhole plain because

of the open conduits and cultivation

practices. We hypothesized that the

amount of sediment discharging from

these groundwater basins could con-

stitute a worst-case scenario for soil

erosion in an intensively cultivated

karst area.

Geology and
Basin Hydrology
Monroe County is on the western

margin of the Illinois Basin where bed-

rock dips gently to the east toward the

center of the basin. Here, beds of Mis-

sissippian age limestone, sandstone,

and shale lie at or near the surface.

In the western part of the county,

where calcite-rich limestone beds lie

at or near land surface, karstification

is a dominant process. This region

is referred to as the sinkhole plain

because of its high density of sink-

holes. Approximately 10,000 sinkholes,

numerous large springs, and the lon-

gest caves in the state are found here

(Panno 1996). Glacial drift and other

materials that overlie the bedrock in

the upland areas of Monroe County

are relatively thin (typically less than

15 m (50 ft)), and bedrock exposures

are common (Piskin and Bergstrom

1975). The upland area (about two-

thirds of Monroe County) is, for the

most part, covered with Illinoian gla-

cial till and /or residuum that is over-

lain by a layer of loess (windblown

silt). Loess and till are easily eroded

and form steep-sided sinkholes and
associated gullies (Hansel and John-

son 1996).
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The chemical composition of ground-

water and surface water in the

sinkhole plain (wells, cave streams,

springs, and surface streams) is char-

acterized as a Ca^^-HCO^' -type water,

which is typical of waters in contact

with limestone (Panno et al. 1996). The
majority of caves and sinkholes in the

sinkhole plain occur in the calcite-rich,

Mississippian age Ste. Genevieve and

St. Louis Limestones and in the overly-

ing sediments, respectively (Panno et

al. 1997a). Structures in the vicinity of

the study area include the northwest-

southeast-trending Valmeyer Anticline

and Monroe City Syncline (Weller

and Weller 1939, Nelson 1995). These

structures and local bedrock topog-

raphy played major roles in the for-

mation of Fogelpole Cave, the Fogel-

pole Cave groundwater basin, adjacent

large caves and their groundwater

basins, and associated karst terrane

in this area (Panno andWeibel 1999).

Fogelpole Cave—the longest known
cave in Illinois—lies on the northeast

limb of the Valmeyer Anticline, and its

directional trend parallels the axis of

the anticline.

Panno andWeibel (1999) mapped
the approximate boundaries of the

groundwater basins of the four largest

knowm cave systems in the sinkhole

plain using sinkhole distribution, water

table elevation, and bedrock topogra-

phy. This initial mapping showed that

the boundaries of the two groundwater

basins discussed herein lie parallel to

and just to the northeast of the axis

of the Valmeyer Anticline. Both basins

are bounded on the northeast by the

Illinois Caverns and Kruegers Dry Run
Cave groundwater basins, lie within

the Horse Creek Watershed, and termi-

nate at two large springs, Indian Hole

and Collier. Further work by Aley et

al. (2000) refined the basin boundaries

through the use of tracer dyes. The
refined basin boundaries showed that

the Collier Spring groundwater basin

lies, in part, to the south of the Fogel-

pole groundwater basin and that the

two groundwater basins had a shared

recharge area (fig. 1).

Methods

Groundwater Basins

The study area consists of two ground-

water basins: (1) the Fogelpole Cave

groundwater basin that is drained by

Fogelpole Cave, which, in turn, feeds

Indian Hole Spring, and (2) the Collier

Spring groundwater basin is drained

by a separate conduit system, which,

in turn, feeds Collier Spring (Panno et

al. 1998a, Aley et al. 2000). The two
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Figure 1 Karst terrane of southwestern Illinois' sinkhole plain (left) showing sinkhole areas, sinkhole density, and location of the Collier

Spring and Fogelpole Cave groundwater basins. The boundaries of the groundwater basin, sampling sites, and line of cross-section A-A'
(fig. 9) are shown on the right (modified from Panno et al. 1999, Aley et al. 2000).
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basins have mostly distinct drainage

areas and relatively small areas with

shared drainage (Aley at al. 2000; fig. 1,

table 1).

The areas of the two groundwater

basins are similar, and land use is pre-

dominantly agriculture. The total area

for the two groundwater basins that

feed the stream is 37.7 km^ (14.6

mi^). Additional drainage area to the

stream (the area drained between the

springs and the bridge) must be consid-

ered when interpreting data from water

samples collected at the bridge, which

lies 2.4 km (1.5 mi) downstream from

the springs. That area is approximately

10.9 km^ (4.2 mi^) and increases the

total area to 48.6 km^ (18.8 mi^).

Detailed examination of the land use in

the basins shows that it is dominated

by row crops and grasslands (table 2).

Crops include milo, alfalfa, soybeans,

wheat, corn, and barley. Herbicides,

predominantly atrazine and alachlor,

typically are applied in April and May;

the application of the herbicide ala-

chlor has decreased significantly since

the initiation of this investigation, and
its use is being phased out. Nitrogen

fertilizer is applied once or twice per

year, usually in the spring and fall

(Panno et al. 1996). Potassium and
phosphate fertilizers are applied as

needed (R Kremmell, U.S. Department
of Agriculture [USDA], personal com-
munication 1998).

The average precipitation for the

study area, measured at Red Bud, Illi-

nois (located about 10 km [6.2 mi]

east of the study area), was 107 cm (42

in) for 1990-2000. The average pre-

cipitation during 1996 to 1998 was

Table 1 The drainage areas of the Fogelpole Cave and Collier Spring groundwater
basins as determined from maps by Aley et al. (2000) and using GIS techniques.

Area of each drainage^

(km^) (mi2)

Total area

Groundwater basin (km2) (mi2)

Fogelpole Cave (PC) 16.9 6.52 17.82 6.87

Collier Spring (CS) 19.2 7.41 19.92 7.68

Shared (PC and CS) 1.44 0.56

Shared (PC and IC^)^ 0.27 0.10

Total area of basins 37.7 14.6 37.7 14.6

Surface drainage 10.9 4.2 10.95 4.2

Total area of study 48.6 18.8

^Area of each drainage is the area that constitutes a single groundwater basin, component
of that basin, or separate surface drainage; total area is the area that constitutes a single

groundwater basin plus any areas that make up two or more groundwater basins (over-

lapping basinal areas) and surface drainage between the springs and the bridge.

^Includes shared areas of different groundwater basins. One half of each shared basin was
added to the FC and CS groundwater basins.

^IC, Illinois Caverns groundwater basin.

"Because the area is shared by Illinois Caverns, only half of this area was used to calculate

total area.

^Includes the area of surface drainage between the springs and the bridge.

103 cm (41 in) (J. Angel, State Clima-

tologist, personal communications).

Thus, the period during which we
conducted our investigation had aver-

age precipitation and should have

yielded representative loadings of

agrichemicals in the springs and
stream, as well as erosion rates.

Bridge Site South Fork Creek is fed

by Collier and Indian Hole Springs.

However, during flooding, overland

flow between the springs and the

bridge enters South Fork Creek via

ephemeral streams that only flow

during and immediately following

major rainfall events. Discharge at the

bridge was determined to be about
125 L/s (2,000 gpm) under base flow

conditions. Under high flow condi-

tions, discharge measurements at the

bridge were as high as 44,000 L/s

(700,000 gpm) (fig. 2; table Al). Dis-

charge and stage data (fig. 3) were
fitted to a polynomial equation, which
yielded the following relationship:

Q = 43.86(stage) + 0.4088(stage).

(1)

where Q is discharge in thousands of

liters per second, and stage is given in

centimeters (r^ = 0.99). Stage measure-

ments at the bridge site were converted

to discharge measurements using this

rating curve (fig. 3).

Indian Hole Spring Indian Hole

Spring drains the Fogelpole Cave

groundwater basin. The spring is a rel-

iable 2 Land use in the Collier Spring and Fogelpole Cave groundwater (GW) basins and the total area of those groundwater
basins plus the area drained between the springs and the South Fork Creek bridge.^

Total area GW basins

Land use categories (ha) (acres) (%)

Row Crops^ 1,214 3,000 25.0

Forest/Woodlands 1,794 4,433 36.9

Grasslands (e.g., pasture) 1,127 2,785 23.2

Small Grains 589 1,455 12.1

Wetlands and Water 115 284 2.36

Urban Build-up (e.g., pavement) 22.5 55.6 0.46

Total 4,862 12,014 100

(ha) (acres) (%)

1,214 3,000 32.2

1,059 2,617 28.1

814 2,011 21.6

589 1,455 15.6

73.3 181 2.0

19.1 47.2 0.5

3,768 9,311 100

'Land use is based on a database developed by the Illinois Department of Natural Resources (1996) and the Illinois Natural History Survey

(2000). The database described the land use in 1996 and 1997, and there were no major changes to land use during this investigation.

^Corn and soybeans (row crops) usually are rotated annually. Acreage was assumed to contain 50% corn and 50% soybeans each year.
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atively small, shallow pool; its water

flows up through solutionally sculpted

limestone at the head of a blind valley

(box canyon) leading to South Fork

Creek (fig. 4). The results of dye-tracing

experiments in Fogelpole Cave indicate

that Indian Hole Spring is the resur-

gence of Fogelpole Cave (Wightman

1967, Aley and Aley 1998). Discharge

from this spring under base flow condi-

tions was approximately 95 L/s (1,500

gpm). Indian Hole Spring is separated

by a low ridge from a larger blind valley

containing a circular, water-filled sink-

hole most often referred to as "Indian

Hole" (fig. 5). Dye-tracing experiments

showed that the two features are

hydraulically connected (Aley and Aley

1998). The Indian Hole sinkhole flows

only during and immediately following

significant rainfall events, but when it

does flow, it pirates most of Fogelpole

Cave's discharge from Indian Hole

Spring (fig. 6). During one of these

pirating events (February 17, 1998),

discharge from the sinkhole and spring

Figure 2 The bridge monitoring site at base flow (top) and flood stage (bottom). The box,

pipe, and 55-gal drum mounted to the side of the bridge (on the right) contain a data logger,

electrodes, and an ISCO automatic water sampler, respectively.

was measured at 8,200 L/s (130,000

gpm) (table A2). During that event, the

water sample was collected from the

Indian Hole sinkhole because of acces-

sibility problems associated vdth flood-

ing; all other samples were collected

from Indian Hole Spring.

Collier Spring The Collier Spring

groundwater basin discharges at Col-

lier Spring located about 400 m (1,300

ft) from Indian Hole Spring. Water from
this spring flows upward from a circu-

lar pool bounded by limestone bedrock

at the head of a blind valley and forms

the headwaters of South Fork Creek

(figs. 4 and 7). Discharge from Collier

Spring under base flow conditions was
estimated to be about 80 L/s (1,300

gpm; fig. 8, top) and under high

flow conditions was about 10,000 L/s

(160,000 gpm) (fig. 8, bottom; table

A3). A single dye-tracing experiment,

conducted in a sinkhole in the north-

western half of the groundwater basin,

resulted in the discharge of dye from

Collier Spring. The dye was not

detected in any of the passages of

Fogelpole Cave (Aley and Aley 1998).

On the basis of the dye-tracing exper-

iments, cave maps, the geology and
geomorphology of the study area, and
the chemical compositions of water

issuing from the two springs, Panno
et al. (1999) suggested the existence

of a second cave and/or conduit

system that passes beneath Fogelpole

Cave at some point(s). Because of the

predominance of bedding-plane-con-

trolled caves in this region (Panno et

al. 1997a), the second cave, if it exists,

should have a morphology similar to

that of Fogelpole Cave. Panno and
Weibel (1999) suggested that the two

groundwater basins are separated by

bedrock high to the northwest, which
also controls the elevation of the sur-

face topography. The configuration of

the bedrock surface suggested that

bedrock topography focused recharge

to bedrock (fig. 9), thereby controlling

the initiation of at least Fogelpole Cave

(Panno and Weibel 1999).

Sampling

Water quality and water discharge at

the South Fork Creek bridge and at Col-

lier and Indian Hole Springs were mon-
itored and sampled once every 2 to 3
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weeks from October 1996 until August

1998. Spring discharge and stream flow

rates were measured, and all water

samples were analyzed in the field for

temperature, pH, redox potential, and

specific conductance. Field measure-

ments of pH and specific conductance

were made using calibrated, temper-

ature-compensated meters. All water

samples were collected in accordance

with field techniques described by

Wood (1981).

Continuous monitoring at the bridge

site (fig. 1), which began in March

1997 and extended until August 1998,

used an ISCO 3700™ automatic water

sampler; commercially available field-

durable electrodes and meters for pH,

temperature, and specific conductance;

and a pressure transducer for stream

stage—all connected to a data logging

device. During periods of high rainfall,

the automatic sampler was used to

sample stream water at the bridge

(daily samples were a composite of 4

samples per day at 6-hour intervals).

Readings from the electrodes were

recorded electronically by the data

logger on an hourly basis. All electrodes

were calibrated every 2 to 3 weeks. The
data logger and sampler were secured

in tamper-resistant containers on the

bridge, and the probes were encased

within a secured perforated pipe that

extended into the stream.

50,000

Rainfall was monitored with a record-

ing, tipping-bucket rain gage. The
rain gage was built in-house using a

microprocessor-based, low-power data

logger that counted tips from the tip-

ping bucket; the log interval was once

per hour. Data were stored with a

time stamp in non-volatile memory
(EEprom) and downloaded to a laptop

computer in the field.

A rating curve for South Fork Creek

was prepared by directly measuring dis-

charge with a Global Water propeller-

type flow meter and staff gauge using

standard methods (Rantz et al. 1982a,

1982b). Velocity was integrated across

the depth of the stream by moving

the propeller up and down through the

entire water column for 30 seconds

(per manufacturer's recommendations);

the meter yielded an average velocity

for that time period. Measurements

were taken every 0.3 m (1 ft) along tran-

sects perpendicular to the stream banks

across the width of the stream; discharge

was calculated using the equation

Q = X ^A^r

(2)

where Q is the stream discharge, v is the

velocity of the stream for each segment

in meters per second, d is the depth of

stream for each segment in meters, w
is the width of each segment in meters.

40,000

100 200
Stream stage (cm)

Figure 3 Stream discharge versus stream stage for South Fork Creek at the bridge site.

(r2=0.99).

300

and n is the number of stream seg-

ments. The results were converted

from cubic meters per second to liters

per second. A total of 19 discharge

measurements were collected for each

spring and at the bridge under various

flow conditions (fig. 3).

Grab-type water samples also were col-

lected every 2 to 3 weeks from the

bridge site and from Collier and Indian

Hole Springs. Spring samples and field

measurements were collected as close

to the mouth of the springs as possible;

stream samples at the bridge were col-

lected from midstream locations. Daily

composite samples (4 samples; col-

lected every 6 hours) were collected

using the ISCO sampler during the

spring months (from April through

June inl997 and 1998). A total of 46

samples was selected, based on rainfall

events in the area, and analyzed for

NO3", atrazine, and alachlor.

Analyses

All water samples except the ISCO
samples were analyzed for cations,

anions, alachlor, atrazine, bacteria,

and suspended solids. A subset of

samples was analyzed for dissolved

organic carbon (DOC). Samples to be

analyzed for cations, anions, and DOC
were filtered through 0.45-pm mem-
branes and stored in 60-mL polyeth-

ylene bottles. Samples to be analyzed

for cations were acidified in the field

with ultra-pure nitric acid to pH <2.0.

Samples to be analyzed for herbicides

were not filtered; they were stored in

60-mL, precleaned amber glass bottles.

Samples to be analyzed for bacteria

were not filtered; they were stored in

sterile, 250-mL plastic bottles. All sam-

ples were transported to the laboratory

in ice-filled coolers and they were kept

refrigerated at approximately 4°C until

analyses were completed. Samples to

be analyzed for herbicides were filtered

in the laboratory.

Concentrations of cations in water

samples were determined with a

Thermo-Jarrell Ash Model ICAP 61e

Inductively Coupled Argon Plasma

Spectrometer. Instrument operation,

inter-element interference correction,

background correction, and data

collection were controlled using

ThermoSPEC/AE 6.20 software.
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Figure 4 Indian Hole Spring (top) is located at the head of a blind valley and is the resur-

gence of Fogelpole Cave. Collier Spring (bottom) is a circular feature and the headwaters of

South Fork Creek. It is also the resurgence of a cave or conduit system that, at some point,

flows beneath Fogelpole Cave.

Blanks, calibration check standards,

and reference standards were analyzed

with each sample set. Solution con-

centrations of anions were determined

using a Dionex 2111 ion chromatograph
with lonpac AG14 Guard Column,
lonpac ASM Analytical Column, and
Anion Self- regenerating Suppresor-11

(4 mm) following USEPA Method 300.0

(Pfaff 1993). Analytes were measured

using a CDM-3 conductivity detector

cell with a DS4 detection stabilizer.

The eluent was prepared with 3.5 mm
of sodium carbonate and 1.0 mm of

sodium bicarbonate. Instrument oper-

ations and data collection were con-

trolled using PACNET 5.01 software. A
calibration check standard and blank

sample were run with each sample set.

Indian Hole Spring

-

—

.1 .- Depth in meters

(datum is water

level at base
flow condition)

^
'^ Springwater

flow direction

Indian • Indian Hole

Hole

'

SpnngJ

\ Collier Spring

200 m

Figure 5 Contour map of Indian Hole (top)

and Indian Hole Spring (bottom). Datum is

water level under base flow conditions. The
two features are hydraulically connected,

and Indian Hole flows only during periods

of flooding when it pirates water from Indian

Hole Spring. The deepest part of Indian Hole

is a fissure from which water discharges dur-

ing high-water conditions.

The DOC in water samples was deter-

mined by difference (total carbon

minus inorganic carbon) in accor-

dance with methods described by

Creenberget al. (1992). Total carbon

was determined by injecting a filtered

water sample onto a heated coil

(950°C) and completely combusting

the sample. The mass of CO^ driven off

was determined using standard tech-

niques. Inorganic carbon was deter-

mined by injecting the filtered sample

into a weak solution of nitric acid and
collecting and measuring the mass of

the CO, driven off using an infrared

analyzer (ASTM 1994).

Water chemistry data were evaluated

with the chemical reaction models

NETPATH (Plummet et al. 1994) and

The Geochemist's Workbench^^, Ver-

sion 2.0 (Bethke 1994), to determine

the saturation states of all water sam-

ples. Concentrations for total dis-

solved solids (TDS) were calculated for

water samples using the relationship
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Figure 6 Indian Hole (top) does not flow under base flow conditions but pirates water from

Indian Hole Spring during periods of flooding (bottom).

(3)

TDS(mg/L) =

0.55 X specific conductance (\juS/cm),

which is appropriate for Ca^*-HC03"

-type groundwater (from Clark and
Fritz 1997).

Samples collected for bacterial analysis

were analyzed within 24 hours of col-

lection for total conforms, fecal con-

forms, and total aerobic bacteria. Bac-

terial densities were determined at

the Illinois Department of Agriculture's

Animal Disease Laboratory, Centralia,

Illinois, using standard methods to

isolate and identify bacterial colonies

(Clesceri et al. 1989). Data on the dom-
inance of each bacterial species were

summarized using mean ranking cou-

pled with the percentage of each spe-

cies found to be present in water sam-

ples (Panno et al. 1997b).

Water samples were analyzed for

atrazine and alachlor using enzyme-
linked immunosorbent assays (ELISA)

to detect pesticide metabolites (break-

down products) and the pesticide of

interest. The technique is sensitive

(cross-reactive) to large concentra-

tions of other triazines in groundwater

(e.g., cyanazine). For simplicity, atra-

zine and alachlor are used throughout

the text to describe the results, but

metabolites (which are breakdown
products) are commonly found in

greater concentrations than their

parent compounds in surface and
groundwater (Kolpin et al. 1998,

Groschen et al. 2000). The ELISA tech-

nique yields data that correlate well

with samples analyzed using gas chro-

matography-mass spectrometry tech-

niques (Thurman et al. 1990).

To determine suspended solids, which
were used for determining erosion

rates, water samples were collected

biweekly in 100-mL bottles by grab

sampling. Samples were analyzed

using standard methods (Greenberg

et al. 1992). The detection limit for

suspended solids was 25 mg/L and,

as such, yielded censored data, which

resulted in additional uncertainty in

the erosion rate estimates. Erosion

rates were calculated by determining

the relationship between specific con-

ductance and suspended solids and
then using that relationship to convert

specific conductance into mass of sus-

pended solids per volume of water dis-

charging from the groundwater basin.

This technique was used because

there was no discernible relationship

between stage and suspended solids

and because continuous data were

available for specific conductance at

the bridge site. Although stage and

suspended solids are well correlated

(see Results and Discussion), the ero-

sion rate should be considered semi-

quantitative because of the uncer-

tainty associated v^th the technique

and the estimates.

Because of its relatively low concentra-

tion, the suspended solid fraction in

the water at the bridge site was diffi-

cult to collect in sufficient quantity for

pesticide analysis, even during flood-

ing. However, the plastic pipe that

housed the electrodes used for contin-

ual monitoring of field parameters was

perforated \mt\\ small holes about 1

cm (0.4 in) in diameter. The plastic

pipe fortuitously served as a low-

energy environment that allowed sed-

iment deposition between samplings.

The sediment was brought to the sur-

face as it lay on top of the plastic block
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Figure 7 Contour map of Collier Spring. Datum is water level under base

flow conditions. The deepest part of the spring is a fissure from which water

discharges.

that held the electrodes and was col-

lected in a plastic, partially filled 19-L (5

gal) bucket of stream water. The bucket

was sealed with a plastic sheet and
stored at room temperature (25°C) until

it was filtered, dried, and analyzed. The
mixture of water and solids was vig-

orously stirred in the laboratory and

filtered through a 35-mm diameter,

0.45-|im Millipore filter. The filter was
placed under a constant vacuum of -5

psi (-34kPa) for about 24 hours. The fil-

trate was transferred to a watch glass

and allowed to air dry for at least 24

hours. The dried samples were lightly

pulverized. A 10-g (0.35-oz) portion of

the dried, pulverized sample was added
to a 3:1 (vol/vol) mixture of methanol

and water. The mixture was shaken vig-

orously on a reciprocating shaker at 200

cycles/minute for 30 minutes and then

allowed to sit for 24 hours. The sample

was shaken again for 30 minutes and
allowed to sit for 15 minutes prior to

extracting a subsample for analysis

(unpublished method developed by

R.E. Hughes 1999). The standard ELISA

technique for atrazine analysis was
used (Thurman et al. 1990).

Many different methods have been
used for estimating loads of chemicals

in streams (Godfrey et al. 1995). The
major limitation has been infrequent

water sampling for the compound of

interest. Although stream stage can be

measured easily on a relatively continu-

ous basis, sampling and analytical con-

straints usually allow only infrequent

measurement of chemical parameters.

One relatively robust method for esti-

mating chemical loads in water is the

discharge ratio (Hartley and Ross 1954,

Godfrey et al. 1995, Anisfeld et al. 1999):

L = (l/q") X 0.

(4)

where L is the total load of a parameter

for the period of measurement, 7 is

the average daily load, q is the average

daily discharge, and Q is the total dis-

charge for the period of measurement.
Discharge was measured hourly at the

bridge from March 27, 1997, to August

18, 1998. Discharges {q and Q) were

determined by converting the pressure

transducer data, collected hourly, into

liters per second using the rating curve

and then summing the values over one

day iq) and then one year (Q). Daily

chemical loads were determined for

days on which grab samples were taken

by multiplying the concentration of the

constituent by the discharge for that

day. The average daily load (7) was then

determined from these daily loads.

Samples were collected 37 times for

analysis during the study period.

Because the parameters vary season-

ally, we limited the data used in the

load calculations to a one-year period

(April 1, 1997, to March 31, 1998).

Percentages of agrichemical losses

were calculated from the approxi-

mated basin areas, land use data, and
amount of agrichemicals applied in

the region.

Results and Discussion

Chemical Composition
of Surface Water and
Groundwater

Spring-fed surface waters and ground-

waters in the sinkhole plain and the

Collier and Indian Hole Springs are

Ca^*-HCO, -type waters owing to the

calcite-rich Mississippian limestone

bedrock that dominates the area (figs.

10 and 1 1). pH ranged from 6.6 to 8.2;

median value was 7.6 (fig. 12). Mea-
surements of redox potential at the

springs were comparable with those

of surface water at the bridge. This

result is indicative of water in contact

with the atmosphere and reflects the

short travel times within the shallow

karst aquifer. The pH values and

temperature of stream water at the

bridge were typically higher during

the warmer, drier months (fig. 12);

the higher pH values are consistent

with the greater input of groundwater

and the lesser input of runoff. In addi-

tion, groundwater from the springs

and surface water at the bridge were

usually oversaturated with respect to

calcite, dolomite, and quartz.

The oversaturation of spring water

with calcite (fig. 13) generally suggests

that diffuse flow is a significant com-
ponent of the flow regime relative to

the amount of conduit flow of ground-

water through the larger cave pas-

sages. Diffuse flow allows more time

for equilibration with the carbonate

bedrock (Shuster and White 1972).

However, this oversaturation also

could be due to degassing of CO, from

water at the springs or to low pCO^
concentrations because of the rapid

transit of recharge water through the

unsaturated zone of the soil and
bedrock (Lopez-Chicano et al. 2001).

During periods of high flow rates, sat-

uration indices of the waters tended
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plain was calculated by linear regression

using the equation

Figure 8 Collier Spring under base flow conditions (top) and under flood conditions (bottom).

to decrease, reflecting increased con-

tributions from conduit flow. The sat-

uration indices (SI) for calcite were
typically greater (more supersaturated)

for stream water (relative to spring

water) during the warmer months. This

increase may be due, in part, to the

warmer stream waters and probably to

outgassing of CO^ from the water prior

to reaching the bridge; both factors are

consistent with the higher pH values

found in the samples obtained at the

bridge. The chemical compositions of

the spring and surface waters at the

bridge and at Indian Hole and Collier

Springs are summarized in table 3.

The specific conductance of these

waters is controlled by the dissolution

of limestone (calcite) and, to a lesser

extent, dolomite. As such, specific con-

ductance can be used as a fairly accurate

means of calculating the alkalinity of

groundwater in the karst aquifer. Alka-

linity for the Ca-*-HCO ," -type spring-fed

surface and groundwater in the sinkhole

0.48[SpC - (fNOj

+ [SO;'J + fCrj)J-22.8

(5)

where A is alkalinity in milligrams per

liter of CaC03; SpC is specific conduc-

tance in micro-Siemens per centime-

ter; and concentrations of NO3" (as N),

SO^^", and CI" are in milligrams per

liter. Equation 5 was developed from

118 analyses of groundwater (springs

and wells) samples from the sinkhole

plain (r' = 0.97) where alkalinity was
measured in the field using a standard

titration method (fig. 14). A similar

equation was developed by Panno et

al. (1996) from the same database

using only specific conductance, but

the correlation coefficient was lower

(r2 = 0.91):

0.42(SpC) -15.

(6)

Specific conductance also correlates

well with selected cations and anions

and may be used to approximate Na*,

Ca2\ Mg2^ SO/-, and, to a lesser

extent, CI" (table 4, equations 7 to 18;

fig. 15). The source of these ions in

water samples collected from Collier

and Indian Hole Springs and at the

bridge probably is dominated by the

dissolution of the surrounding rocks;

Ca^* and Mg^* are particularly asso-

ciated with the dissolution of calcite,

high-Mg calcite, and dolomite. There

appear to be several sources of SO^^" in

spring water that potentially include

fertilizer, the oxidation of organic

matter from field soils, the oxidation

of pyrite in bedrock, and the disso-

lution of gypsum in bedrock (Panno

et al. 2001; Hackley et al. 2001; Hack-

ley, unpublished data). The relation-

ship between Ca-* and SO/" in spring

waters is very close (for Collier and

Indian Hole Springs, r' = 0.72 and r'

= 0.81, respectively). The regression

lines for these samples suggest that

the ions are influenced, in part, by two

distinct sources (fig. 16).

Sodium correlates well with SO/" (r^ =

0.75 for all water samples collected; not

shown) and, to a lesser extent, with CI".

This correlation is probably related to

the dissolution of limestone, dolomite.
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Figure 9 Cross section A-A' (see fig. 1) showing a schematic for the approximate location of the two separate systems that drain the

groundwater basin and associated bedrock controls (modified from Panno et al. 1999). Vertical exaggeration, 50x.
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Figure 10 Trilinear diagram showing the chemical composition of

groundwater from Indian Hole Spring.

Figure 11 Trilinear diagram showing the chemical composition of

groundwater from Collier Spring.
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Figure 13 Spring and stream water were typically oversatur-

ated with respect to calcite. Samples showing undersaturation

(a saturation index [SI] < 0) were collected during and following

significant rainfall events. Stream water generally had a greater

saturation index during the warmer months.

Jan 97 Jul 98

Figure 12 Changes in pH and temperature of groundwater (Collier

Springs and Indian Hole Springs) and stream water (bridge site)

during the sampling period. Stream water at the bridge site typically

had a higher pH (top) than the spring water. Water temperatures

(bottom) at the bridge site showed a greater seasonal variability

than the spring water.

200 400 600 800 1,000 1,200

Specific conductance (nS/cm) + [NO 3+ SO/" + CI
]

Figure 14 Relationship between laboratory-measured alkalinity

and specific conductance plus anion concentrations used to calcu-

late alkalinity for this investigation. NO ~ is as N.

and minerals therein and the con-

comitant leaching and cation exchange

within shale partings.

Indian Hole and Collier Springs
The geology, hydrogeology, and land

use of the groundwater basins that

feed Indian Hole and Collier Springs are

essentially identical. Geologic mapping
(Panno and Weibel 1999) and results of

discharge measurements and dye trac-

ing (Aley et al. 2000) show that each

spring originates from adjacent and
similarly sized basins within the same
geologic strata, and each is recharged

by surface runoff and subsurface seep-

age from areas with similar soils and
land use. Because of their proximity

to each other, both basins are affected

by the same weather patterns. Because

of those similarities, the geochemical

characteristics of groundwater dis-

charging from Indian Hole and from

Collier Springs have only subtle dif-

ferences. Specifically, groundwater from

Indian Hole Spring, relative to ground-

water from Collier Spring, is colder in

the winter, spring, and fall and warmer
in the summer. The temperature differ-

ence is consistent with the hypothesis of

Panno and Weibel (1999) that ground-

water issuing from Indian Hole Spring is

more rapidly affected by surface condi-

tions and discharges from a somewhat
shallower conduit system. That is, the

conduit system feeding Collier Spring is

better protected from seasonal surface

temperature changes than the Fogel-

pole Cave system that feeds Indian Hole

Spring. As expected, surface water at the

bridge showed a much greater range of

water temperatures than did the springs

(tables3,Al,A2, andA3).

The chemical compositions of

groundwater samples from Indian

Hole and Collier Springs were only

slightly different; for example, the spe-

cific conductances values fell directly

on or close to a 1:1 line; r^ = 0.89 (fig.

15). Further, compositional differences

are statistically significant (P <0.05) for

only a few components. Indian Hole

Spring groundwater was consistently

lower in SiO^ ifig. 17) and higher in

Mg2", SO/-, and Br" (table 3) than was
Collier Spring groundwater. Sources of

SiO^ in the strata include chert-rich

zones of the St. Louis Limestone and
relatively thin beds of shale in underly-

ing formations. Given that the initial

concentration of SiO, in rainwater is

generally at or near zero (Laudon and

Slaymaker 1997) and that the SiO, con-

tent of Collier Spring is greater than

that of Indian Hole Spring (table 3), it

follows that groundwater from Collier

Spring probably had been in contact

with bedrock longer than that from
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Table 3 Field parameters, ions, bacterial indicators, and herbicides for Collier and Indian Hole

Springs and the bridge across the South Fork of Horse Creek. '^

Collier Indian Hole Bridge

Temperature

Median 12.8 12.4 12.2

Range (7.80-15.4) (6.20-16.9) (2.90-20.0)

pH
Median 7.4 7.6 7.8

Range (6.8-8.0) (6.6-8.1) (7.0-8.2)

Eh (mV)
Median 484 495 428

Range (147-620) (118-712) (95-585)

SpC (pS/cm)

Median 548 488 477

Range (138-683) (118-712) (129-669)

T Alk. (mg/L CaCOj)
Median 221 192 179

Range (27-288) (16-295) (23-286)

Na* (mg/L)

Median 15.8 20.2 16.1

Range (2.69-22.4) (3.00-27.9) (2.60-27.7)

K* (mg/L)

Median 2 2 2

Range (<1-5) (<1-5) (1-8)

Ca^* (mg/L)

Median 88.9 73.1 77.1

Range (18.1-117) (14.1-114) (16.3-111)

Mg^* (mg/L)

Median 10.2 12.3 10.6

Range (3.07-13.9) (3.00-18.8) (3.18-15.8)

SiO^ (mg/L)

Median 21.3 16.7 17.4

Range (9.26-26.4) (8.34-20.9) (9.28-22.3)

HCO3
Median 269 228 218

Range (32-351) (19-356) (28-349)

NO3-N
Median 3.92 3.29 3.16

Range (1.19-5.00) (1.12-6.08) (1 08-4 95)

PO,^--P

Median ND NO <0.01

Range (<0.01-0.24)

SO,^ (mg/L)

Median 24.5 38.0 28.5

Range (10.2-32.1) (11.2-55.8) (11.1^0.8)

CI- (mg/L)

Median 9.34 10.3 9.74

Range (3.16-13.0) (2.77-23.3) (3.56-15.1)

Br (mg/L)

Median 0.05 0.08 0.06

Range (<0.10-0.14) (<0. 10-0.59) (<0.01-0.15)

Fe (mg/L)

Median <0.01 <0.01 <0.01

Range (<0.01-0.31) (<0.01-0.34) (<0.01-0.36)

Mn (mg/L)

Median 0.02 002 14

Range (<0.01-0.06) (<0.01-0.09) (0.06-0.34)

TC(cfu/100mL)
Median >4,000 >4,000 >4,000

Range (432-1,000) (648-4,000) (1,632->4,000)

FC(cfu/100mL)
Median 262 176 517
Range (20->4,000) (15->4,000) (40->4,000)

FE(cfu/100mL)
Median 1,034 294 1,034

Range (12->4,000) (21->4,000) (55->4,000)

TA(cfu/100mL)
Median >3'< 10« >3 X 10« >3 X 10'

Range >3x 10« >3x 10« >3 X 10«

Alachlor (pg/L)

Median 0.16 0.11 0.14

Range (<0.01-0.98) (<0.01-0.92) (<0.01-0 66)

Atrazine (pg/L)

Median 0.44 0.50 0.48

Range (<0.01-13.4) (<0.01-16.1) (<0.01-21.8)

'Samples were collected about every 2 weeks from October 1996 through August 1998. n = 37.

'Eh, redox potential; SpC, specific conductivity; T. Alk., total alkalinity; TC, total coliform; FC, fecal coliforms; FE, fecal

enterococci; TA, total aerobic bacteria; AL, alachlor; AT, atrazine; ND. no data

Indian Hole Spring, suggesting that Col-

lier Spring lies deeper in the bedrock

than does Indian Hole Spring. The
higher Mg^* concentrations in water

from Indian Hole Spring water (fig.

18) suggest that Fogelpole Cave inter-

sects a bed or beds of dolomite that

occur in the St. Louis Limestone

(Willman et al. 1975). Scanlan (1989)

used the Ca/Mg molar ratio to differen-

tiate between subtypes of groundwater.

Ratios greater than 0.17 define a Ca/Mg
water subtype, whereas ratios less than

0.17 define a Ca subtype. The range and
median molar ratios for groundwater

from Collier and Indian Hole Springs

were calculated from Ca and Mg con-

centrations given in tables Al and A2.

Values are 0.16 to 0.28 (median = 0.20)

and 0.24 to 0.35 (median = 0.28), respec-

tively, showing distinct differences. Even

though some of the Collier Spring sam-

ples fell into the Ca subtyTJe. most of the

groundwater samples from both springs

fell into the Ca/Mg subtype.

The source or sources of the higher Br
in Indian Hole Spring and its signifi-

cance are not clear from the available

data. The elevated Br concentrations

of Indian Hole Spring were not corre-

lated with increases in CI concentra-

tions, as would be expected if saline

water from a deeper source was mixing

with the spring water somewhere in

the conduit system. The Na* and CI"

concentrations were greater, and the

range of values was broader, for sam-

ples from Indian Hole Spring than for

samples from Collier Spring. Given the

relatively limited number of sources for

these ions in the groundwater basin,

the Na* and CI sources may include

livestock wastes, septic effluent, road

salt, and agrichemicals entering the

shallower Fogelpole Cave system and

discharging from Indian Hole Spring.

Sulfate concentrations in water from

Indian Hole Spring were typically 25%
higher than in water from Collier

Spring and showed distinct differences

when plotted against Ca^* (fig. 16).

Sulfur isotopes (8"S) in spring water

from Indian Hole and Collier Springs

were -2.8 and +0.8 parts per thousand

(ppt) (± 0.3 ppt), respectively (Panno

et al. 1998b). These isotopically light

values are consistent with a 8'^S value

for a sample collected from a seep in

Illinois Caverns just to the north (-11.9
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Table 4 Relationships between specific conductance (SpC) and major ions and
suspended solids (SS) using simple linear regression (n = 37).

Spring^ Equation Equation

Collier

Indian Hole

Collier

Indian Hole

Collier

Indian Hole

Collier

Indian Hole

Collier

Indian Hole

Collier and

Indian Hole

Suspended solids

Na^ = 0.0371(SpC)-3.34

Na^ = 0.0461 (SpC) -3.21

Ca2* = 0.187(SpC)-9.63

Ca2^ = 0.165(SpC)-9.70

Mg2^ = 0.0194(SpC)- 0.316

Mg2^ = 0.0270(SpC) - 0.904

SO/- = 0.0319(SpC) + 8.13

SO/- = 0.0699(SpC) + 3.15

C|- = 0.0106(SpC) + 3.90

C|- = 0.0156(SpC) + 2.78

SpC,, H„,= 1-03(SpC,„,J- 18.4

Log SS = -0.0034(SpC) + 3.34

0.93 7

0.94 8

0.96 9

0.97 10

0.92 11

0.96 12

0.70 13

0.82 14

0.45 15

0.48 16

0.89 17

0.71 18

'All water samples and measurements were taken at Collier and Indian Hole Springs.

ppt). Isotopically light 8^^S values usu-

ally reflect the input of S from the oxi-

dation of pyrite. The isotopic compo-
sition of S derived exclusively from the

dissolution of gypsum or other evapo-

rite minerals has a lower limit of + 10

ppt (Holser and Kaplan 1966), whereas

the S^^S values for organic S derived

from the degradation of plant debris

range from to +12 ppt (Hackley and
Anderson 1986). Although the S isoto-

pic data are not definitive, the inter-

mediate d)^*S values for groundwater

from the springs suggest that the SO^^"

comes from a mixture of end-member
waters from the two sources. Differ-

ences between the 8^''S values of the

spring water relative to the cave seep

could be the result of differences in

the relative proportions of end-mem-
ber waters. This interpretation is con-

sistent with findings by Panno et

al. (2000, 2001) and Hackley et al.

(2001) for groundwater samples from

10 springs (including Indian Hole and
Collier) distributed across the sinkhole

plain. However, the input of sulfate

from agrichemicals cannot be ruled

out and currently is being investigated

by the authors.

South Fork Creek Bridge As

expected from discharge measure-

ments, the composition of water flow-

ing under the South Fork Creek bridge

was a slightly modified amalgam of

Indian Hole and Collier Spring ground-

waters (tables 3, Al, A2, and A3). Dark

coatings assumed to be Mn oxide and
Fe oxyhydroxide cover the rocks and
concrete pylons beneath the bridge.

Similar coatings were not observed

on rocks upstream or downstream of

the bridge. The coating on the pylons

extends 3 to 4 m (10 to 13 ft) above

the stream bottom and is consistent

with the seasonally high Mn concen-

tration in water samples taken at the

bridge. Manganese concentrations in

the spring waters ranged from < 0.01 to

0.09 mg/L; concentrations ofMn at the

bridge ranged from 0.06 to 0.34 mg/L.

The seasonal high occurred during May
(fig. 19), which is the opposite of the

results found by Shiller (1997) for the

Mississippi River, where the Mn con-

centrations were lowest during spring.

The source of the elevated Mn con-

centrations at the bridge was unclear,

but further evaluation was beyond the

scope of this investigation.

Agrichemicals Agriculture (cropland

and livestock pasture) is the predomi-

nant land use in the Collier Spring and

Fogelpole Cave groundwater basins

(table 2) . The presence of agrichemi-

cals in spring and surface waters dis-

charging from these basins (tables Al,

A2, A3, and A4) was expected based

on previous work in the area (Panno et

al. 1996). Agrichemicals in water sam-

ples collected from the two springs

and from the stream at the bridge site

included NO,", PO^^" (present in detect-

able concentrations at the bridge only),

K\ alachlor, and atrazine.

Nitrate Nitrogen is a major pollutant

in rivers (Parry 1998). Leaching of NO3"

from nitrogenous compounds applied

to field or cropland soils in humid cli-

mates is a major mechanism for the

removal ofN from soils (Tisdale et al.

1993), because NO3" is extremely soluble

in water and is a highly mobile anion

in the natural environment (Hem 1989).

Nitrogen is applied to croplands in the

study area (primarily as either anhy-

drous ammonia or urea) at an annual

rate of 90 to 112 kg/ha (80 to 100

lb /acre) for wheat and other small

grains and 135 to 168 kg/ha (120 to

150 lb /acre) for corn (R Kremmell, per-

sonal communication 1998). The total

mass ofN applied to row crops in the

groundwater basins and watershed just

upstream of the bridge ranged from

135,000 to 168,000 kg/yr (298,000 to

370,000 Ib/yr). This range assumes that

the corn and soybean crops are each

50% of the total row crop area (R Krem-

mell, USDA, personal communication

1998), adding the mass applied to wheat

and small grains, and based on the area

in table 2. Other potential sources in

the study area include livestock waste,

septic effluent, fixed N from legumes

(soybeans and alfalfa), anthropogenic

airborne sources (combustion products

and volatilized NH3 from fertilizers and
animal waste), and natural background

(soil organic matter and natural atmo-

spheric sources).

The median concentrations and range

ofNO3-N for water samples from Col-

lier Spring, Indian Hole Spring, and the

bridge were 3.92 mg/L (1.19 to 5.00

mg/L), 3.29 mg/L (1.12 to 6.08 mg/L),

and 3.16 mg/L (1.08 to 4.98 mg/L),

respectively (table 3). For comparison,

in the Sangamon River, which drains

an area dominated by tile-drained

row crops in central Illinois, NO^-N
concentrations near Decatur, Illinois,

ranged from near mg/L in late

summer and early fall to 16.4 mg/L in

May 1997 (Keefer and Demissie 1999).

Nitrate concentrations and loading of

Collier and Indian Hole Springs and

South Fork Creek tended to become
elevated in the early part of the year fol-

lowing rainfall events in mid-February

and reached maximum loading levels
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Figure 15 Relationships between Na*, Ca^*, Mg^*, SO/ , Or, and specific conductance for all samples collected and the relationship between
specific conductance measured at Indian Hole (IH; dashed line) and Collier Springs (CS; solid line).

in the late spring during and following

planting (figs. 20 and 21). The NO3
likely was derived from NOg-enriched
soil water flushed from the soil by

rain pulses (Lakey and Krothe 1996).

Although the maximum NO -N con-

centrations in the study area fell

well below the USEPA's regulatory

standard for drinking water of 10

mg/L (USEPA 1992), concentrations

seldom fell below the 1.9 mg/L
threshold for background. In this

publication, background refers to a

range of concentrations that were

derived from natural sources, air-

borne sources (both natural and
anthropogenic), and soil organic

matter from all sources.
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Figure 16 Relationships between Ca^* and SO^^' concentrations

for all samples collected at Indian Hole (dashed line) and Collier

Springs (solid line). The data form two distinct trends, suggesting

two distinctly different sources.

Jan 97 Jul 98

Figure 17 Temporal changes in silica concentrations in water samples

from all sites over the sampling period reveals that groundwater

from Collier Spring had a higher concentration of silica than did

Indian Hole Spring.
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Figure 18 Calcium versus Mg^* concentrations in water samples

from Indian Hole (dashed line) and Collier Springs (solid line)

showing two distinct trends.
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Figure 19 Temporal changes in Mn concentrations in spring and

surface water samples showing seasonally elevated concentrations

of Mn at the bridge site during spring.

Atmospheric deposition is a potentially

significant contributor of N to ground-

water and surface v^ater in this area,

both as ammonium (NH^*) and NO3"

(figs. Al and A2) . The seasonality of

the data (fig. A3) presented by the

National Atmospheric Deposition Pro-

gram (NADP) (1998) suggests that a

significant percentage of the N is

derived from fertilizers applied during

the spring. The Clean Air Status and
Trends Network (CASTNet)/NADP sta-

tion closest to the study area is in

Alhambra, Illinois, about 80 km to the

north. In 1997 and 1998, the average

annual atmospheric deposition of inor-

ganic N (wet and dry) at Alhambra was
8.5 kg/ha (4.6 lb/acre) (USEPA 2001);

deposition in the basins of approxi-

mately 32,000 kg (71,000 lb) of N/yr and
for the entire area was approximately

41,000 kg (90,000 lb) of N/yr. Organic N
is not measured at NADP sites but

may be a significant component of

atmospheric N (Scudlark et al. 1998).

Conversely, a significant percentage of

the atmospheric N within the basins

may be derived from fertilizers applied

during the spring; thus, there may be

some overlap between atmospheric N
and the fertilizer N values (NADP 2000).

Other potential atmospheric sources of

N include industrial waste gases (Tis-

dale et al. 1993) and other combustion-

related sources (e.g., automobile

exhaust), such as those from the St.

Louis area, located about 48 km (30 mi)

to the northwest.

Because of their relatively low concen-

trations in spring and surface water,

ammonium concentrations in the

water samples were not determined.

For example, iNfH/ concentrations in

samples from nearby Kelly Spring

during and following a rainstorm

immediately after application of anhy-

drous ammonia to the croplands

should represent a "worst-case sce-

nario" for NH^^ contamination (table

A5). Kelly Spring is located 3 km (2 mi)

north of the study area and is the dis-

charge point for the Krueger Dry Run
Cave groundwater basin. Because of the

nature of this rain event, and because

the maximum NH/-N concentration in
4

this spring was 0.56 mg/L and normal

concentrations were <0.10 mg/L, we
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Figure 20 Seasonal trends in nitrate and herbicide concentrations

in water samples collected at the bridge site.
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Figure 21 Loading of nitrate, atrazine, and alachlor; stream stage; and

precipitation.

reasoned that NH/ would not contrib-

ute significantly to the total N discharg-

ing from the groundwater basins. The
lower NH/ values found are similar to

background for stream water in pristine

watersheds in the United States (O.I

mg/L) (USGS 2002). At this concentra-

tion, the total mass of NH/ discharging

at the bridge was estimated to be about

3,220 kg (7,100 lb) of N/yr.

Loehr (1974) determined that the rate

of nitrogen loading per hectare of land

receiving manure was between 4 and 13

kg (9 to 29 lb) of N/yr. A per-head esti-

mate was not possible because of the

uncertainty associated with the number
of cows per hectare in the pastures in

the groundwater basins. Using Loehr's

estimates, the mass of N on land receiv-

ing manure from cattle ranged from

3,260 to 10,600 kg (7,190 to 23,400 lb)

of N/yr in the groundwater basins and
4,510 to 14,700 kg (1,940 to 32,400 lb)

of N/yr at the bridge. Thus, N loading

by cattle in the Collier Spring and Fogel-

pole Cave groundwater basins could

contribute a maximum of 10,600 kg/yr

(23,400 lb) at the springs, assuming that

all N produced enters groundwater as

NO, . However, this value is certainly

a gross overestimate. The actual mass
would be much lower because of

the likelihood of volatilization of NH,,

uptake by vegetation, conversion to soil

organic matter, and denitrification of

NO, in the soil zone. Isotopic analyses

of the spring waters suggested that

livestock manure was not a significant

source of NO3- (Panno et al. 2001).

Private septic systems also are a source

of N in the sinkhole plain. Septic efflu-

ent, containing concentrations ranging

from 2.9 to 67 mgof N/L (median =

24 mg of N/L; n = 19) from NH/ and

NO3 (Panno et al., 2002), is discharged

onto or into the ground and directly

into sinkholes in many places. There

are approximately 154 houses within

the Collier Spring and Fogelpole Cave

groundwater basins (determined from

USGS topographic maps updated in

1993). If it is assumed that the average

household is three people and that each

person uses about 380 L (100 gal) of

water/day (USEPA 2000), the annual

N mass from septic systems (predom-

inantly from human waste) would be

approximately 1,600 kg (3,500 lb), dis-

tributed uniformly over time, for all

households. Again, the actual N mass
reaching the aquifer would be lower

because of the likelihood of uptake by

vegetation and denitrification of NO, in

the soil zone. Thus, the sum of animal

waste and septic effluent represents a

minor contribution to the total N mass

in the study area, which is less than 4%
of the amount of N applied as fertilizer.

Finally, there was a net loss of NO/
from the springs to the bridge (table 3,

fig. 22). The average concentration of

NO/-N in water samples from Indian

Hole and Collier Springs (at a 1:1 ratio)

was significantly different (P = 0.024; by

Student's r-test)from the average con-

centration of NOj'-N in water samples

from the bridge site. Because the flow

path to the bridge from the spring is

2.4 km (1.5 mi), biological uptake of

NO/ by benthic algae and planktonic

materials could reasonably account for

the loss (e.g., Burt et al. 1993). We spec-

ulate that biological uptake, possibly

coupled with denitrification of water
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Figure 22 Nitrate concentrations in combined spring water (1:1

ratio) and in streann water at \he bridge site. The consistently

lower concentration of the stream water supports the loss of NO3"

compared with those concentrations found in stream water at the

bridge site.
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Figure 24 Cumulative probability plot of NO3" concentrations in

water samples from drilled and dug wells in southwestern Illinois.

Threshold concentrations are 0.18, 1.8, and 18 mg of N/L (n = 76).
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Figure 23 Cumulative probability plot of NO3" concentrations in

water samples from springs, caves, and spring-fed surface water

from southwestern Illinois. Threshold concentrations are 2.0 and

7.1 mgof N/L (n = 219).

350

300

250

200

55 150

100

50 -

Jan 97

Li ^4>UJivf
1

40

30

20

- 10

m^
Apr 97 Jul 97 Oct 97 Jan 98 Apr 98 Jul 98 Oct 98

Date

Figure 25 Atrazine concentrations (dots) in surface water at the

South Fork Creek bridge and stream stage (lines) during the sam-

pling period. The close relationship between periods of high stage

and elevated atrazine concentrations in May and June reflect the

loss of this pesticide during and following rainfall events subse-

quent to field application.

between the springs and the bridge site

during the warmest months of the year,

probably caused the decreased NO3-N
concentrations in water samples col-

lected at the bridge site.

The sources of NO3-N in water sam-
ples from Collier and Indian Hole

Springs and eight other large springs in

the sinkhole plain, determined using

the isotopes of NO,", (5'«0 vs 8'^N),

were found to be dominated by N fer-

tilizers and soil organic matter (Panno

et al. 200 1 ; Hackley et al. 200 1 ; Hackley,

unpublished data). Samples collected

for those studies over six consecutive

seasons also showed the effects of

atmospheric contributions when
NO3-N concentrations approached

background concentrations.

Nitrate Background The technique

used for calculating background con-

centrations of NO3 -N was borrowed

from the field of mineral exploration

where geochemical indicators are used

to locate mineral deposits. Indicators,

such as metal concentrations in rock,

soil, or water, are divided into two cat-

egories, background and anomalies, and

are separated by a threshold concentra-

tion. Tens to hundreds of samples are

collected and analyzed for an indicator .

element or ion. The data are then plot-

ted on a cumulative probability plot,

which groups the data into various pop-

ulations (if there is more than one) (Sin-

clair 1974). The inflection points along

the plots indicate the threshold between

two or more populations. In this context,

background is used as the baseline con-

centration; anything above the thresh-

old concentration is interpreted as an

anomaly and is indicative of the pres-

ence or influence of a mineral deposit.

Adapting this technique to ground-

water contamination problems, the
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threshold between background and
anomalous concentrations for NO3-N
was identified. Because of the ubiq-

uitous nature of NO3 in the envi-

ronment from a variety of human-
related sources, background could not

be defined as being derived from only

natural sources (e.g., natural atmo-

spheric sources, wildlife, and degrada-

tion of naturally derived soil organic

matter). Background now includes

these natural sources, plus soil organic

matter from the residue from fertilized

and unfertilized crops, products of

combustion (e.g., from nearby St.

Louis and East St. Louis), and evapo-

ration of NH3 from fertilizer and live-

stock waste. These sources typically

provide slow but constant inputs of N
into the karst aquifer. Anomalies are

defined as NO, derived from human-
related sources that include N fertiliz-

ers, livestock waste, and septic efflu-

ent, all of which are subject to rapid

influx into the karst aquifer.

The threshold concentration was cal-

culated using two cumulative probabil-

ity plots, one with 219 spring samples

from 19 springs, caves, and spring-fed

streams (fig. 23), and one with 76 from

15 wells (fig. 24). All samples were col-

lected in the sinkhole plain of south-

western Illinois by Panno et al. (1996).

The threshold between water contami-

nated with N fertilizer and background,

for the spring water and water-well

sample plots, was 2.0 and 1.8 mg/L,

respectively. Above this concentration,

altrazine and alachlor are detected in

spring water samples. Spring water

samples revealed the presence of three

populations (fig. 23). The third pop-

ulation had NO3 -N concentrations

of >7.1 mg/L and was interpreted as

containing NO^ from livestock and/or

septic effluent in addition to N fertil-

izer. The water-well samples revealed

four populations (fig. 24): a livestock/

septic system component for samples
s 18 mg/L and another at 0.18 mg/L.

Interpretation of the latter threshold is

uncertain, but is probably related to

reduction of NO3" within the aquifer.

On the basis of these plots, 1.9 mg/L
was chosen as the threshold for NO, -N

concentrations between background
values and concentrations in samples

affected by the addition of N fertilizers.

This threshold is slightly larger than

the 1.4-mg/L background determined

by Panno et al. (1996) who used

about half as many data for their cal-

culation. The 1.9-mg/L threshold falls

within the range determined by Cha-

pelle (1993) who found that it was
unusual for groundwater in a pristine

flow system to have more than 1 to

2 mg/L NO, -N. The threshold is also

consistent with background values

determined by the USGS for shallow

groundwater (2.0 mg/L) (USGS 2002)

and is about three times that of the

background for NO^ -N in streams in

the United States (0.6 mg/L). Our
background value for wells in the

study area ( 1 .8 mg/L) is almost

identical to that of the USGS value

for shallow groundwater (2.0 mg/L)

(USGS 2002). Because the springs and
streams in this study are fed directly

by conduits, there is no riparian

zone where denitrification can remove
NO, . Background concentrations for

their shallow groundwater are similar

to those for the springs and streams of

this investigation.

Phosphate Phosphate is used as a

soil amendment in the study area

at the recommended average annual

rate of about 67 kgof P/ha (60

lb/acre) (Anderson et al. 1989; R Krem-
mell, personal communication 2001).

The application rate may vary depend-

ing on crop type and expected yield.

Other potential sources of PO,'-P
include effluent from private septic

systems (in concentrations as high

as 9.0 mg/L (Panno et al. 20021),

livestock, and natural sources (e.g.,

waterfowl and bats). Concentrations of

PO^' -P in stream water samples rarely

exceeded the detection limit of 0.01

mg/L throughout the year (tables 3.

Al, A2, and A3). These low concentra-

tions were expected because POy' is

readily adsorbed in the soil zone by

metal oxyhydroxides that have a posi-

tive surface charge under pH ranges

typical for the study area (Hem 1989,

Goldberg and Sposito 1984). In addi-

tion, phosphate-bearing minerals pre-

cipitate within the soil zone on the

surfaces of calcium carbonate when
concentrations of applied inorganic P

are relatively high. In contrast, organic

P (i.e., animal wastes) is more mobile

than inorganic P in the soil zone (Tis-

dale et al. 1993) and may enter a con-

duit of the shallow karst aquifer. Once
in stream water, PO^' can be readily

taken up by aquatic vegetation (Hem
1989). Goolsby et al. (1999) deter-

mined that >75% of P in the entire

Mississippi River basin and >90% for

some of the Mississippi River sub-

basins were in particulate form. Thus,

dissolved PO, ' would not be expected

to be present in significant concentra-

tions in spring or surface water in the

study area.

Because only 1 1% of our water sam-
ples contained measurable concentra-

tions of PO,' -P (all occurring in early

1997), the mass loading of PO^' -P

could not be calculated. On the basis

of low detection rates, the loading

of PO^' -P in the Collier Spring and
Fogelpole Cave groundwater basins

as a dissolved phase does not sig-

nificantly contribute to the aquatic

environment. However, the presence

of PO^^" as a component sorbed

onto inorganic and organic suspended
solids may be significant (e.g., Goolsby

etal. 1999).

Pesticides The herbicides atrazine

and alachlor were chosen because

they were the dominant row crop her-

bicides used in southwestern Illinois

at the time of this investigation (Panno

et al. 1996). However, recent modifi-

cations to herbicide formulations now
include less alachlor (P. Kremmell,

personal communication 1998). Atra-

zine is the most environmentally per-

sistent pesticide in the midcontinental

United States (Goolsby 1991); as such,

atrazine was assumed to be represen-

tative of pesticide contamination in

the study area. Because pesticides are

not naturally occurring, and because

no pesticide dealerships are located

within the groundwater basins, detec-

tions were assumed to be due to her-

bicide application to croplands. Atra-

zine and alachlor are pre-emergence

and early post-emergence pesticides

and are used primarily on corn; ala-

chlor is also used on soybeans. They
are applied as commercially available,

premixed herbicides. Premixed herbi-

cides are used to control a wider vari-

ety of species of annual grasses and

broadleaf weeds and to reduce carry-

over and crop injury (Anderson et al.

1989). At the time of this investigation,

atrazine and alachlor were applied in

linois State Geological Survey Environmental Geology 156 19



the spring at rates of 1.1 to 1.7 kg/ha

(1.0 to 1.5 lb/acre) and 2.7 to 4.4

kg/ha (2.4 to 3.9 lb/acre), respectively

(P. Kremmell, personal communica-
tion 1997).

Concentrations of atrazine in all water

samples were typically above detection

limits (0.1 pg/L); the median con-

centration for all sites was 0.52 pg/L

(tables Al, A2, A3). Concentrations of

alachlor were lower: the median con-

centration for all sites was 0.12 pg/L.

Elevated concentrations of pesticides

were expected during periods of storm

runoff in the spring and early summer
and following application of pesticides

to fields (e.g., Thurman et al. 1992,

Kimbrough and Litke 1996). Relatively

large concentrations of atrazine, as

great as 34 pg/L, were detected in water

samples following the first significant

rainfall after local crops were planted

and pesticides were applied (fig. 25).

Alachlor appeared to be more erratic

during the fall and the beginning of

1997; however, the maximum concen-

tration for alachlor was only 0.98 pg/L.

Concentrations of atrazine in water

samples from the study area were sim-

ilar to those from other karst springs

in the sinkhole plain (as reported by

Panno et al. 1996), and concentrations

of alachlor were typically much lower

than those of atrazine.

Mass Loading Calculations—
Stream Flow To calculate the total

mass loading of selected agrichemi-

cals in groundwater issuing from Col-

lier and Indian Hole Springs, we ini-

tially calculated the total volume of

water that flowed under the bridge at

our sampling site during a one-year

period. The techniques used,

described in the Methods section

(equations 2 and 4), yielded a total

water volume of 3.22 x 10'° L/yr flow-

ing out of the groundwater basins

and to the bridge. The total volume
of water that fell on the groundwater

basins and on the total study area

including that between the springs

and the bridge (given an average pre-

cipitation of 103 cm/yr) was 3.88 x

10'" L/yr and 5.00 x 10'° L/yr, respec-

tively. The difference represents a 36%
loss from the total recharge within the

study area, probably from evaporation

and evapotranspiration.

Mass Loading Calculations—
Agrichemicals Sampling data for

NOj'-N and pesticides were used to cal-

culate an average daily concentration

and a mass for agrichemicals (equation

4). Approximately 90,000 kg/yr (198,000

Ib/yr) of NO3--N, 39 kg/yr (86 Ib/yr) of

atrazine, and 2.8 kg/yr (6.2 Ib/yr) of ala-

chlor were discharged from the 48.6 km^

(18.8 mi^) recharge area (the two ground-

water basins and the surface drainage

area from the springs to the bridge)

during the monitoring period between

1996 and 1998. Using the median con-

centration of NO3-N in groundwater that

discharged from the springs, we cal-

culated that a somewhat greater mass
of approximately 100,000 kg/yr (220,000

Ib/yr) should have passed under the

bridge. That is, the mass of N03"-N dis-

charging from Indian Hole and Collier

Springs, calculated from their median
concentration (3.60 mg/L), was greater

than that measured at the bridge (3.16

mg/L). This difference reflects the loss

of NO3-N between the springs and the

bridge that was discussed earlier. We
chose to use the median concentration of

NO3-N discharging from the springs for

our mass balance calculations because it

yielded a mass loading that eliminated

the effects of the surface-water processes

reducing the concentration of NO3-N in

the spring water as it flowed to the bridge.

Thus, the calculated mass of NO3 -N was
consistent with that discharging from the

springs. The median concentrations of

pesticides discharging from the springs

were the same as those at the bridge.

Based on previous research on Collier and
Indian Hole Springs and on other springs

in the sinkhole plain (Panno et al. 2001;

Hackley et al. 2001; Hackley, unpublished

data), a significant portion of the NO3'

in groundwater discharging from these

springs was assumed to be N fertilizers.

Taking into consideration the local appli-

cation rate for these chemicals and the

area of land used for corn and grains,

we estimated that between 135,000 and
168,000 kg of N/yr (298,000 and 370,000

lb of N/yr) was applied to the croplands

in the study area. The total mass of N
from background (1.9 mg/L for NO^-N)
was 53,000 kg/yr (1 17,000 Ib/yr), which

was assumed to be from all atmospheric

sources and leaching of soil organic

matter from both fertilized and unfertil-

ized soils. The remaining 47,000 kg/yr

(104,000 Ib/yr) of NO3 -N was
assumed to be derived from N
fertilizer and animal waste (live-

stock and septic effluent). Subtract-

ing the N derived from livestock

and septic effluent (12,220 kg/yr

[26,950 Ib/yr]), the final mass of

N fertilizer is approximately 34,780

kg/yr [76,690 Ib/yr] and represents

a 2 1 to 3 1% loss of N applied to

the croplands of the study area. This

value is slightly greater than an esti-

mate by Howarth et al. (1996) of 20

to 25% of agricultural N lost (region-

ally to globally) to coastal areas.

The total annual NO3-N losses from

the groundwater basins represent

about 27 kg of N03--N/ha (24

lb /acre); slightly less than 50% of the

land use is row-crop agriculture. This

loss level is similar to annual NOj'-N
losses from other karst basins in

Iowa and Kentucky. The Big Spring

Basin in Iowa lost between 2.7 and
24.2 kg of N03--N/ha (2.4 and 21

lb/acre) annually, averaging 11.8 kg

of N03--N/ha (10 lb/acre) per year

over a 12-year period (Liu et al. 1997).

The Big Spring Basin also has 50%
of its land use as row-crop agricul-

ture. The Pleasant Grove Spring Basin

in Kentucky had an annual loss of

12.6 to 45.1 kg of N03--N/ha (11 to 40

lb /acre) (Currens 1999). That basin

had a somewhat greater agricultural

land use: 70% was in row crops.

Non-karst basins in Illinois had simi-

lar losses: 8 to 44 kg of NOj-N/ha
(7.1 to 391 lb /acre) annually for the

Lake Decatur watershed (Keefer and

Demissie 1999) and 20 to 46 kg of

N03--N/ha (18 to 41 lb /acre) annu-

ally for the upper Embarras River

watershed (David et al. 1997). Both

of these watersheds are drained by

tiles, and 90% of land use was row-

crop agriculture. Thus, the suscepti-

bility of NO3-N loss from the study

area appears to be similar to that of

other karst and tile-drained areas of

the central United States.

The total applied atrazine and ala-

chlor ranged from 670 to 1,030

kg/yr (1,480 to 2,270 Ib/yr) and

3,280 to 5,340 kg/yr (7,230 to 1 1,780

Ib/yr), respectively. These numbers
are based on the median concentra-

tions of the two herbicides and the

area used for row-crop agriculture
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(table 2). Corn and soybeans received

most of the application (Kolpin 1997).

The amount of applied herbicides lost

from the groundwater basins ranged

from 3.8 to 5.8% of the applied atra-

zine and 0.05 to 0.08% of the applied

alachlor, representing an annual loss

of 3.28 g/ha (0.02 lb/acre) of atrazine

and 0.74 g/ha (0.004 lb/acre)of ala-

chlor basin wide. Atrazine loss for

other karst basins ranged from 0.31

to 4.5 g/ha (0.002 to 0.02 lb/acre)

from the Big Spring Basin (Liu et al.

1997) and 7.6 to 12.3 g/ha (0.04 to

0.07 lb/acre) from the Pleasant Grove

Spring Basin in Kentucky (Currens

1999). As with NO3", atrazine losses

from the study area were similar.

Water-borne Bacteria Bacterial col-

onies present in water samples from

Collier and Indian Hole Springs and
at the bridge included coliforms, fecal

conforms, fecal enterococci, and soil

bacteria. The bacterial counts were

>3,000,000 colony-forming units

(cfu) / 1 00 mL of water for total aerobic

bacteria, typically >4,000 cfu/ 100 mL of

water for coliform bacteria, and about

15 cfu/ml to >4,000 cfu/ 100 mL of

water for fecal coliform and fecal strep-

tococci (tables 3 and A6). Many of the

species isolated from the spring water

are opportunistic pathogens that are

typical of those found in other springs

throughout the sinkhole plain (Panno

et al. 1996). For comparison, Illinois

water quality regulations require that

fecal coliforms present in waters suit-

able for "primary contact" (intimate

contact with water such as swimming)
must not exceed 200 cfu/ 100 mL for a

geometric mean of a minimum of five

samples collected during a period of

30 days or less between May and Octo-

ber. Ten percent of the samples cannot

exceed 400 cfu/ 100 mL (Illinois Envi-

ronmental Protection Agency, Illinois

Pollution Control Board 1999). If the

latter limit can be applied to our sam-

ples (approximately two samples per

30-day period were collected), then the

water in Collier Spring, Indian Hole

Spring, and at the bridge site exceeded

the state limit for fecal coliforms 46%,

31%, and 60% of the time, respectively.

Fortunately, the springs and stream are

probably rarely used for swimming.

The bacterial species isolated from water

samples collected from the two springs

and the stream at the bridge were almost

identical and included 17 species. Some
of the bacterial species showed seasonal

variation in their relative abundance.

Based on their mean rankings, the four

bacterial species most commonly pres-

ent in the spring waters included K.

pneumoniae, Pseudomonas spp., E. coli,

and Bacillus spp.; these species were

present almost 100% of the time (table

5). Mean ranking is simply the arithme-

tic mean of the most dominant bacterial

species or genera (rank of 1) to the least

dominant (rank of 17) for all water sam-
ples at each sampling site. The mean
ranks were calculated by summing the

scores (1 being most dominant) for each

bacterial genus or species for all the

samples at particular sampling site. A
score one higher than the highest score

was used for water samples uith no
detection; finally, the sum of the scores

was divided by the total number of sam-

ples collected at each site.

Pseudomonas spp. and K. pneumoniae
are widely distributed in soil and water,

and the latter is commonly found in

the intestinal tracts of animals (includ-

ing humans). Escherichia coli is a fecal

coliform bacteria that thrives in the

intestines of warm-blooded animals.

Table 5 Bacterial species isolated from water samples collected from Indian Hole and Collier Springs and the bridge site

from January 1997 to August 1998.

Indian Hole Colliier Bridge

Bacterial Mean Percent Mean Percent Mean Percent

species ranking present ranking present ranking present

Klebsiella pneumoniae 2.1 100 2.1 100 2.1 100

Pseudomonas spp. 2.8 100 2.8 100 3 97

Escherichia coli 4.3 97 4.1 100 4 97

Bacillus spp. 4.9 97 4.8 94 5.3 92

Serratia spp. 5.7 85 5.5 83 5.2 89

Enterococcus faecalis 7.6 82 7.1 91 6.9 94

Enterococcus faecium 7.5 85 7.3 88 6.4 94

Aeromonas hydrophila 8.3 61 9.3 55 10 36

Pseudomonas aeruginosa 9.5 33 10.3 24 10.3 44

Staphylococcus spp. 10.9 39 10.3 45 11.6 2.8

Staphylococcus aureus 11.2 30 10.9 39 9.4 53

Proteus mirabilis 11.5 24 10.1 42 10 36

Proventia stuartii 11.9 21 11.8 18 11.5 14

Micrococcus spp. 12.6 9.1 12.9 3 11.8 8.3

Enterococcus spp. 12.6 6.1 12.1 15 11.3 14

Staphylococcus saprophyticus 12.7 6.1 12.9 3 11.8 8.3

Flavobacterium spp. 12.7 3 ND ND ND ND
Enterococcus cloacae ND^ ND 12.3 9.1 11.7 5.6

Citrobacter freundii ND ND ND ND 11.3 14

Flavobacter spp. ND ND ND ND 11.8 5.6

'ND, Not detected.
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Both K. pneumoniae and E. coli are

classified as opportunistic pathogens

(Geldreich 1996). Panno et al. (1997b)

found that these three bacteria were

the dominant species present in the

effluent from 19 private aeration-type

septic systems in the study area. Pseu-

domonas, Bacillus, and Serratia spp.

—

ranked 2, 4, and 5, respectively—are

typically associated with soils and are

ubiquitous in the environment. The E.

coli was dominant over Ent. faecalis

and Ent. faecium (ranked 6 and 7,

respectively), but all three are enteric

bacteria (associated with fecal materi-

als) whose presence suggests the influ-

ence of private septic systems or live-

stock waste on the microflora of the

springs. The abundance oiE. coli indi-

cates that the movement of these bacte-

ria to the springs was relatively rapid,

given the 15-day half life off", coli once

it is out of the host animal's body (Burks

and Minnis I'dM) . Aeromonas hydroph-

ila commonly is associated with cold-

blooded vertebrates (e.g., amphibians)

(Freeman 1985) and is frequently found

in cave water (Panno et al. 1999). We
suggest that the presence of yl. hydroph-

ila is an indicator of the relatively large

conduit systems of the sinkhole plain

and probably other karst regions in the

central United States. Specifically, these

systems are typically >1 cm (0.4 in) in

width and even larger in height, contain

an air-water interface, are connected to

the surface at some point, and are large

enough to provide amphibian habitats.

The bacterial composition and bacte-

rial indicator counts for the stream

water collected at the bridge site are

similar to those of water samples col-

lected at the spring heads, which indi-

cates that the bacterial isolates are

surviving, although not all are thriv-

ing, in the stream water after being

discharged from the springs.

Dissolved Organic Carbon The
DOC that is derived from soil is domi-

nated by humic and fulvic acids, which

are the products of bacterial degrada-

tion of vegetation (Clark and Fritz 1997).

Concentrations ofDOC in groundwater

typically are greater in agricultural areas

than in natural and urban areas (Cane

and Clark 1999). The concentrations of

DOC present in the water of the springs

and at the bridge ranged from 1 1.5 to

16.0 mg/L; the median was 14.4 mg/L

(tables Al , A2, and A3). These concen-

trations exceed the 1 to 2 mg/L and the

1 to 12 mg/L normally found in ground-

water and surface streams, respectively

(Drever 1997,Wassenaaret al. 1990),

but are typical for springs throughout

the sinkhole plain (Panno et al. 1999).

We suggest that the relatively high con-

centrations ofDOC result from periodic

rapid infiltration of cropland runoff and

the infiltration of soil water directly into

the conduit systems of the shallow karst

aquifer.

Soil Erosion Rate Most soils in the

Collier Spring and Fogelpole Cave

groundwater basins are predominantly

in the Alford association. This soil asso-

ciation is described as "gently sloping

to very steep, well-drained, moderately

permeable, silty soil: formed in loess

in areas of karst topography" with a

moist bulk density of 1.25 to 1.50 g/cm^

(U.S. Department of Agriculture 1987).

Suspended solids in spring and surface

water ranged from <25 mg/L to 1,860

mg/L; the median concentration was
34 mg/L. Concentrations of suspended
solids were inversely proportional to

specific conductance, and their semi-

logarithmic relationship is described

by least squares equation 18 (r^ = 0.71)

in table 4 (fig. 26). Values below detec-

tion limits were censored; as a result,

the calculated erosion rate should be

considered as semi-quantitative. The
relationship between suspended solids

and specific conductance is a function

of the close association of runoff (rain-

fall and snowmelt initially have specific

conductance values in the tens of

micro-Siemens per centimeter) with

the entrainment of soil during the ero-

sion process. However, there was no
discernible relationship between sus-

pended solids and discharge owing

to the differences between surface

streams and karst springs, their

response to recharge events, and the

timing of sampling. For example, the

initial pulse of groundwater from

Indian Hole Spring during a flood event

contained suspended solids that were

below detection limits at a flow rate of

904 L/s (14,330 gpm) (Table A2).

Using the data from the monitoring sta-

tion at the bridge and the regression

equation in table 4 that describes the

relationship between suspended solids

and specific conductance, the total

annual mass of suspended solids mea-
sured at the bridge was approximately

100,000,000 kg (2.2 x 10** lb). Assuming
a moist bulk density for the soil of

1.25 to 1.50 mg/cm' and a groundwa-

ter-surface water drainage area of 48.6

km^ (18.8 mi^), the annual erosion rate

for both basins, including that portion

between the springs and the bridge,

was approximately 20.6 tonnes/ha (55.6

tons/acre) or 0.14 to 0.16 cm (about

0.06 in). This amount exceeds the Illi-

nois Department ofAgriculture's "toler-

able soil loss level," which is equal to

the amount of soil that is replaced by

soil-forming processes. For most soils

in Illinois, the tolerable soil loss level is

defined as 3 to 5 tons/acre per year (1

to 2 tonnes/ha per year). About 86% of

the land in Illinois meets the tolerable

soil loss level, which is based on esti-

mates using the revised universal soil

loss equation (Illinois Department of

Agriculture 2000). Erosion rates in the

study area are about 8.4 tons/acre per

year (3.1 tonnes/ha) and exceed the tol-

erable soil loss level by a factor of 1.7 to

2.8. Further, the erosion rate of the study

area is almost an order of magnitude

higher than the erosion rates of 0.02

to 0.04 cm/yr (0.01 to 0.02 in/yr) cal-

culated by others for the karst Shenan-

doah region ofVirginia (Kastning 1995).

Atrazine on Suspended Solids

Eight samples of suspended solids were

collected between January and July

1998 (table 6) using materials collected

within the pipe that protected the elec-

trodes. These data, although too few for

mass loading calculations, showed the

presence of atrazine adsorbed to three

of the eight samples of fine-grained sed-

iment. In addition, the highest concen-

trations occurred in January, February,

and early July 1998, suggesting that the

occurrence of the atrazine-bearing sedi-

ment in the stream may be out of phase

with the occurrence of large concentra-

tions of atrazine dissolved in water by

up to 6 months. That is, atrazine may be

stored in sediments wdthin the cave sys-

tems, along the stream channel, or both,

and not undergo degradation. However,

based on our limited data, the mass

of atrazine adsorbed onto the sediment

suggests that the contributions of atra-

zine in suspended solids were very

small relative to the dissolved phase.

For example, if it is assumed that the
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Figure 26 Relationship between specific conductance and the log of

suspended solids. This relationship (table 4) shows that suspended
solids could be estimated from specific conductance for this area (r^ =

0.71).

mass of atrazine carried on the solid

phases totaled 20 pg/L (an overesti-

mate based on our limited data), this

mass would add only about 2 kg/ (4

Ib/yr) of atrazine/yr to the total of

39 kg/yr (86 Ib/yr) (about a 5.13%

increase). These results agree with

findings by Blum et al. (1993) and Seta

and Karathanasis (1997), who found
the solid phase transport of atrazine to

be insignificant in nonkarst settings.

Summary and
Conclusions
Because of the susceptibility of karst

terrain to contamination of ground-
water and surface water, the potential

for the loss of applied agrichemicals

to surface waterways in Illinois' sink-

hole plain is often regarded as a worst-

case situation for the state and the

central and midwestern United States.

In order to estimate the percentage

of loss of agrichemicals from a row-

crop-dominated area of the sinkhole

plain, the water quality and agrichemi-

cal loading of the discharge from two

groundwater basins were monitored for

almost 2 years. The results provided

the basis for estimates of the mass load-

ing of nutrients and pesticides to sur-

face water in a karst region that eventu-

ally discharges to the Mississippi River.

From these estimates, we attempted

to determine the dominant source of

NO3" discharging from the groundwater
basins and entering surface waters. A

secondary objective was to estimate the

erosion rate and the mass of pesticides

associated with suspended sediments.

A monitoring station was set up just

downstream of the two springs that

drain the Collier Spring and Fogelpole

Cave and/or conduit groundwater

basins. The geology, results of ongoing
work, previous tracer studies by

others, and chemical compositions of

the spring waters suggest that the

springs discharge from two cave sys-

tems occupying adjacent and slightly

overlapping geographic areas that are

vertically separated where they over-

lap. Land use in the groundwater
basins is mostly row-crop agriculture,

which our investigation shows to have

a negative impact on the water quality

of the springs and stream.

Water-quality data and discharge

measurements from the monitoring

station allowed the annual mass load-

ing of agrichemicals from the basin to

be estimated. Using estimates of back-

ground NO, -N concentrations and
results from NO3" isotope studies, the

threshold for background concentra-

tions for NO, -N was determined

to be approximately 1.9 mg/L, and
slightly over one third of the NO, -N

discharging from the springs was
N fertilizer. Using these estimates,

we determined that approximately

100,000 kg/yr (220,000 Ib/yr) of

NO3--N, 39 kg/yr (86 Ib/yr) of atrazine,

and 2.8 kg/yr (6.2 Ib/yr) of alachlor

Table 6 Atrazine In aqueous and solid

phases in stream-water and sediment
samples collected in 1998 at the bridge
site.

Atrazi ne^

Date Aqueous Solid

sampled (ixg/L) (^^g/kg)

01/06/98 0.33 28.0

02/17/98 0.24 18.0

05/12/98 1.42 <15.0

05/26/98 8.20 <15.0

06/09/98 8.90 <15.0

07/01/98 1.76 26.1

07/14/98 2.77 <15.0

07/28/98 3.61 <15.0

'Includes colloidally transported atrazine.

were discharged from the groundwa-
ter basins. These rates represent a 21

to 31% loss of applied N, a 3.8 to 5.8%
loss of applied atrazine, and a 0.05 to

0.08% loss of applied alachlor. The loss

of atrazine adsorbed to suspended
solids was relatively low, amounting
to only about 2 kg/yr (4 lb) (5.1% of

the total lost atrazine). The loss of dis-

solved P from the Collier Spring and
Fogelpole Cave groundwater basins

was insignificant, and concentrations

in the water rarely exceeded our

detection limits of 0.01 mg/L.

Bacteria isolated from spring water

samples included up to 17 species that

were present in millions of colonies per

100 mL of water. These bacteria were

dominated by K. pneumoniae, Pseudo-

monas spp., E. coli, and Bacillus spp.,

the first and third of which are fecal

conforms. The presence off. coli and
fecal enterococci (in 97 to 100% and
82 to 94% of the water samples, respec-

tively) suggests the influence of private

septic systems and/or livestock wastes

within the basin.

Soil erosion rates for the Collier Spring

and Fogelpole Cave groundwater

basins were based on samples of sus-

pended solids collected every 2 to

3 weeks from the two springs and
at the bridge site over a 22-month
period. Because of a strong correlation

between the concentration of sus-

pended solids and the specific conduc-

tance of spring and stream water (r^ =

0.71), and because the specific con-

ductance was continually monitored,

we were able to estimate the annual
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erosion rate from the groundwater

basins. The erosion rate for the Collier

Spring and Fogelpole Cave ground-

water basins was calculated to be

approximately 0.15 cm/yr (0.06 in/yr),

which is about twice the rate at which

soil is being produced by natural soil-

forming processes and about twice the

rate of soil losses for most of Illinois.
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Table A4 Nitrate and herbicide samples collected at the bridge site using the

automated ISCO sampler.

NO3--N Alachlor Atrazine

Date (mg/L) (^JLg/L) (^Jlg/L)

<0.01 0.16

<0.01 0.16

<0.01 0.22

<0.01 0.23

<0.01 0.32

0.24 2.72

0.16 2.60

<0.01 0.69

<0.01 0.95

<0.01 0.65

0.17 0.41

<0.01 0.31

<0.01 0.36

<0.01 0.46

0.11 6.60

0.50 17.3

ND^ 13.1

ND 11.4

ND 14.7

ND 14.8

ND 13.3

ND 11.1

ND 10.7

ND 3.65

0.40 4.66

0.22 4.12

0.30 3.83

0.35 4.19

0.11 2.54

<0.01 0.33

<0.01 0.37

<0.01 0.33

0.10 0.35

<0.01 1.52

<0.01 3.06

<0.01 8.00

<0.01 3.27

<0.01 2.73

<0.01 0.88

0.59 34.0

0.12 4.01

0.30 4.30

0.24 2.31

0.34 2.31

^ND, not determined.

04/18/97 3.04

04/19/97 3.02

04/20/97 2.58

04/21/97 2.42

04/22/97 2.06

04/26/97 2.19

05/02/97 1.94

05/04/97 1.76

05/06/97 1.69

05/09/97 2.44

05/11/97 2.56

05/17/97 2.20

05/21/97 2.51

05/25/97 2.05

05/26/97 1.87

05/27/97 2.92

05/30/97 4.17

05/31/97 1.51

06/01/97 1.49

06/02/97 2.90

06/03/97 2.45

06/05/97 2.89

06/07/97 1.82

06/10/97 2.27

06/15/97 2.17

06/17/97 2.23

06/18/97 1.06

06/19/97 1.05

06/21/97 1.02

04/17/98 0.54

04/18/98 0.98

04/20/98 1.64

04/23/98 4.73

04/29/98 4.95

04/30/98 5.08

05/03/98 4.41

05/04/98 3.54

05/07/98 3.40

05/21/98 2.93

05/22/98 . 3.44

05/27/98 5.04

05/28/98 4.64

06/29/98 2.72

06/30/98 2.81
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Table A5 Ammonium, nitrate, and herbicide concentrations in spring water samples
from Kelly Spring, southwestern Illinois, collected at the peak of flooding just after

a 5.0-cm rainfall event.

^

Time from

start of storm NH/-N
4

NO3--N Alachlor Atrazine Cyanazine

(min) (mg/L) (mg/L) (Mg/L) (MQ/L) (MQ/L)

Prestorm^ 0.23 1.12 8.30 10.9 0.29

360 0.50 6.47 10.8 97.5 0.52

420 0.56 6.97 13.4 72.0 0.46

480 0.53 7.19 16,2 97.0 0.54

540 0.56 7.36 12.8 71.5 0.49

600 0.53 7.01 13.7 71.0 0.49

660 0.53 6.81 15.3 67.0 0.66

720 0.51 6.79 15.6 66.5 0.47

1,850 0.22 5.55 12.9 75.0 0.47

3,340 0.12 5.20 11.1 69.5 0.41

6,130 0.11 4.89 8.30 48.0 0.33

10,330 0.07 4.59 2.85 26.4 0.30

'This event was the first rainfall immediately following the application of agrichemicals to the

groundwater basin feeding Kelly Spring on June 2, 1994.

^Prestorm water sample from Kelly Spring collected during base flow conditions on May 2, 1994.

Table A6 Bacterial data for Collier and Indian Hole Springs and the South Fork Creek bridge site.'
^

Collier Spnng Indian Hole Spring Bridge

Date

sampled Conforms FC FE Colonies Coliforms FC FE Colonies Coliforms FC FE Colonies

09/03/96 1,460 60 320 >3.0x 10^ 2.400 40 70 >3.0x 10^ ND' ND ND ND
10/15/96 >4,000 224 1,450 >3.0x 10= >4.000 522 >4,000 >3.0x 10= >4,000 580 1,840 >3.0x 10=

11/26/96 >4,000 >4,000 >4,000 >3.0'< 10^ >4,000 >4,000 >4,000 >3.0x 10= >4,000 >4,000 >4.000 >3.0x 10=

12/18/96 >4,000 1,034 >4,000 >3.0x 10* >4,000 126 >4,000 >3.0x 10= >4,000 730 >4,000 >3.0x 10=

01/07/97 432 20 20 >3 0x 10= 688 18 30 >3.0x 10= 1,632 74 90 >3.0x 10=

01/24/97 >2,419 488 >2,419 >3.0'< 10= >2,419 727 >2,419 >3.0x 10= >2,419 517 >2,419 >3.0x 10=

02/04/97 >4,000 1,374 >4,000 >3.0x 10= >4,000 614 >4,000 >3.0x 10= >4.000 870 >4,000 >3.0x 10=

02/20/97 >2,419 186 >2,419 >3.0x 10= >2.419 52 >2,419 >3.0x 10= >2.419 >2,419 >2,419 >3.0x 10=

03/05/97 >4,000 >4,000 102 >3.0'< 10= >4.000 3,960 154 >3.0x 10= >4.000 >4,000 162 >3.0x 10=

03/19/97 >4,000 196 288 >3.0x 10= >4.000 616 1,034 >3.0x 10= >4,000 334 388 >3.0 X 10=

04/01/97 >2,419 114 133 >3.0x 10= 1.553 15 21 >3.0x 10= >2,419 126 55 >3.0x 10=

04/16/97 >4,000 242 688 >3.0'< 10= >4,000 120 262 >3.0x 10= >4,000 208 330 >3.0x 10=

04/30/97 >4,000 62 90 >3.0x 10= >4,000 70 68 >3.0x 10= >4.000 64 162 >3.0x 10=

05/13/97 2,914 372 576 >3.0x 10= 2.914 96 154 >3 0x 10= 2.914 372 576 >3.0x 10=

05/28/97 >4,000 1,733 >4,000 >3.0x 10= >4,000 1,200 >4,000 >3.0x 10= >4,000 1,300 >4,000 >3.0x 10=

06/12/97 >4,000 730 2,092 >3.0x 10= >4,000 96 294 >3.0x 10= >4,000 336 1,034 >3.0x 10=

06/24/97 4,350 180 2,610 >3.0x 10= 3,650 230 390 >3.0x 10= 19,860 350 810 >3.0x 10=

07/28/97 >2,419 46 122 >3.0x 10= >2,419 37 244 >3.0x 10= >2,419 866 >2,419 >3.0x 10=

08/21/97 >4,000 1,632 >4,000 >3.0x 10= >4,000 3,466 >4,000 >3.0x 10= >4,000 >4,000 >4,000 >3.0x 10=

09/30/97 648 23 45 >3.0x 10= 648 18 29 >3.0x 10= >2,419 248 866 >3.0x 10=

10/29/97 >4,000 688 >4,000 >3.0x 10^ >4,000 314 >4,000 >3.0x 10= >4,000 1,300 976 >3.0x 10=

11/12/97 ND ND ND ND ND ND ND ND >4,000 132 584 >3.0x 10=

11/24/97 3,970 20 12 >3.0x lO'^ >4,000 16 40 >3.0x 10= >4,000 40 202 >3.0x 10=

12/15/97 ND ND ND ND ND ND ND ND >4,000 76 62 >3.0x 10=

12/29/97 >4,000 1,034 1.160 >3.0x 10= >4,000 >2,406 >4.000 >3.0x 10= >4,000 >2,406 >4,000 >3.0x 10=

01/06/98 >4,000 262 >4,000 >3.0x 10= >4,000 176 1,540 >3.0x 10= >4,000 372 2.828 >3.0x 10=

01/26/98 3,106 34 62 >3.0x 10= 870 24 24 >3.0x 10= >4,000 1,732 346 >3.0x 10=

02/17/98 >4,000 3,462 >4,000 >3.0x 10= >4,000 2,600 >4,000 >3.0x 10= >4,000 3,972 >4,000 >3.0x 10=

03/03/98 4,230 152 198 >3.0x 10= 3,962 92 116 >3.0.x 10= >4,000 110 100 >3.0x 10=

03/25/98 >4,000 36 108 >3.0x 10= >4,000 56 146 >3.0x 10= >4,000 48 96 >3.0x 10=

04/15/98 >4,838 496 412 >3.0x 10= 3,972 116 614 >3.0x 10= >4,838 614 2,238 >3.0x 10=

04/28/98 >4,000 118 108 >3.0x 10= 870 16 24 4.8 X 10= >4,000 296 274 >3.0x 10=

05/12/98 >4,000 46 174 7.6 X 10" 1,960 48 54 4.7 X 10" >4,000 108 278 1.8 X 10=

05/26/98 >4,838 1,732 870 >3.0x 10= 2,238 190 72 >3.0x 10= >4,838 1,226 730 >3.0x 10=

06/09/98 >4,000 324 3,972 >3.0x 10= >4,000 300 270 >3.0x 10= >4,000 2,092 >4,000 >3.0x 10=

07/01/98 >4,000 1,120 >4,000 >3.0x 10= >4,000 517 >4,000 >3.0x 10= >4,000 438 >4,000 >3.0x 10=

07/14/98 >4,000 284 1,373 >3.0x 10= >4,000 228 922 >3.0x 10= >4,000 262 >4.000 >3.0x 10=

07/28/98 >4,000 >4,000 3,972 >3.0x 10= >4,000 >4,000 1,732 >3.0x 10= >4.000 >4,000 >2,406 >3.0x 10=

08/18/98 >4,000 176 1.034 >3.0x 10= >4,000 198 288 >3.0x 10= >4,000 >4,000 >4,000 >3.0x 10=

'All data are reported in colony-forming units per milliliter

^FC, fecal coliforms; FE, fecal enterococci; ND, not determined.
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Figure A3 Nitrate and ammonium concentrations in rainfall samples collected at the NADP
sampling site nearest the study area from 1979 through 1993 showing a seasonal trend with

the highest concentrations during the spring and summer
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