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EFFECTS OF STORM-WATER RUNOFF 
ON LOCAL GROUND-WATER QUALITY, 

CLARKSVILLE, TENNESSEE 

By Anne B. Hoos 

ABSTRACT 

Storm-related water-quality data were col- 
lected at a drainage-well site and at a spring site in 
Clarksville, Tennessee, to define the effects of 
storm-water runoff on the quality of ground water 
in the area. A dye-trace test verified the direct 
hydraulic connection between the drainage well and 
Mobley Spring. Samples of storm runofland spring 
flow were collected at these sites for nine storms 
during the period February to October 1988. Water 
samples were collected also from Mobley Spring 
and two other springs and two observation welki in 
the area during dry-weather conditions to assess the 
general quality of ground water in an urban karst 
terrain. 

Evaluation of the effect of storm-water runoff 
on the quality of local ground water is complicated 
by the presence of other sources of contaminants in 
the area Concentrations and loadr for most major 
constituents were much smaller in storm-water run- 
off at the drainage well than in the discharge of 
Mobley Spring, indicating that much of the chemi- 
cal constituent load discharged from the spring 
comes from sources other than the drainage well. 
However, for some of the minor constituents as- 
sociated with roadway runoff (arsenic, copper, lead, 
organic carbon, and oil and grease), the drainage 
well contributed relatively large amounts of these 

constituents to local ground water during storms. 
The ‘close correlation between concentrations of 
total organic carbon and concentrations of most 
trace metals at the drainage-well and Mobley Spring 
sites indicates that these constituents are trans- 
ported together. Many trace metals were flushed 
early during each runoff event. 

Mean storm loads for copper, lead, zinc, and 
four nutrient species (total nitrogen, ammonia 
nitrogen, total phosphorus, and orthophosphorus) 
in storm-water runoff at the drainage-well site were 
lower than mean storm loadr predicted from an 
existing regression model. The overprediction by the 
model may be a result of the small size of the 
drainage area relative to the range of drainage areas 
used in the development of the models, or to the 
below-normal amounts of rainfall during theperiod 
of sampling for this investigation. Loa& in storm- 
water runoff for 22 constituents were extrapolated 
from sampled storms to total loaa!s for the period 
February to October 1988. Calculated loads for 
trace metals for the period ranged from 
0.030pound.s for cadmium to 12pound.s for stron- 
tium. Loads of the primary nutrients ranged from 
0.97pounds for nitrite as nitrogen to 34pounds of 
organic nitrogen. 

Storm-water quality at the drainage-well and 
Mobley Spring sites was compared to background 
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water quality of the local aquifer; as characterized 
by dry-weather samples from three springs and two 
observation wells in the Clarhsville area. Concen- 
trations of total-recoverable cadmium, chromium, 
copper, lead, and nickel were higher in many storm- 
water samples from both the drainage-well and 
Mobley Spring sites than in samples from any other 
site. In addition, concentrations of total organic 
carbon, methylene blue active substances, and 
total-recoverable oil and grease were generally 
higher in storm-water samples from the drainage- 
well site than in any ground-water sample. 

Densities of fecal colijorrn and fecal strepto- 
coccus bacteria and concentrations of total- 
recoverable iron, manganese, and methylene blue 
active substances in storm samples from the 
drainage-well site exceeded the maximum con- 
taminant levels listed in Tennessee’s drinking-water 
standards (1988) by as much as 2,500 and 5,500 
colonies per 100 milliliters, and 2.7, 0.29, and 
0.05 milligrams per liter, respectively. Densities of 
fecal colifoma and fecal streptococcus bacteria and 
concentrations of total-recoverable iron, manga- 
nese, and lead in storm samples from Mobley Spring 
exceeded the maximum contaminant levels by as 
much as 500 and 4,500 colonies per 100 milliliters, 
and 18.7,0.65, and 0.02 milligrams per liter, respec- 
tively. For iron, manganese, and bacteria, these 
undesirable levels are not necessarily attributable to 
storm-water recharge, because concentrations of 
these constituents also exceeded drinking-water 
standards in one or more of the dry-weather 
samples from selected springs and observation wells 
in the area. 

INTRODUCTION 

Storm-water runoff from urban areas has 
been recognized as a source of contamination to 
receiving surface- and ground-water bodies (U.S. 
Environmental Protection Agency, 1984). In 
karst areas, the direct entry of surface runoff to 
the underlying aquifer through surface features 
such as sinkholes and sinking streams, and the 

rapid movement of ground water through well- 
developed subsurface solution channels cause 
pulse transport of contaminants through the 
aquifer, which in turn may create periodic water- 
quality problems. These problems are com- 
pounded by the practice of constructing drainage 
wells to reduce flooding in areas with insufficient 
surface drainage. Removal of the unconsolidated 
material from the mouth of the sinkhole increases 
the peak contaminant levels in ground water fol- 
lowing storms, and may actually increase the over- 
all contaminant load to the system by reducing the 
degree to which suspended contaminants are 
removed, by adsorption to soil particles, from the 
storm water. 

In November 1987, the U.S. Geological Sur- 
vey, in cooperation with the Tennessee Depart- 
ment of Health and Environment, Division of 
Construction Grants and Loans, began a 
B-month investigation of the effects of diverting 
urban storm-water runoff to drainage wells on 
ground-water quality. The rapidly urbanizing 
area of Clarksville, Tennessee (fig. l), was 
selected as the site for this investigation, because 
of its location in a well-developed karst terrain 
and because a number of drainage wells are cur- 
rently used in this area to reduce surface flooding. 

Purpose and Scope 

The purpose of this report is to document 
the results of an investigation to characterize the 
effects of urban storm-water runoff entering a 
drainage well in Clarksville, Tennessee, on the 
quality of ground water in the area. A description 
of the data-collection program initiated for the 
investigation, and preliminary data collected 
during February and March 1988 have been pub- 
lished in an earlier report (Hoos, 1988). This 
report includes a summary and analysis of all 
hydrologic data collected between February and 
October 1988, and estimates of loads of selected 
inorganic and organic constituents for the period 
of investigation. 
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Figure 1.-Location of study area, sampling sites, and rainfall
stations in Clarksville, Tennessee.
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DESCRIPTION OF AREA AND 
SELECTION OF STUDY SITE 

The city of Clarksville is located in the 
Western Highland Rim physiographic province, 
near the Tennessee-Kentucky border (fig. 1). 
Most of the city is situated on a moderately dis- 
sected upland surface, interrupted by the bottom- 
land areas adjacent to the Cumberland and Red 
Rivers. The area is underlain by Upper Mississip- 
pian carbonate rocks; from youngest to oldest, 
these are the Ste. Genevieve, St. Louis and War- 
saw Limestones (fig. 2), which dip gently to the 
west-northwest. The residual soil is a clay matrix 
with nodules of dense chert, ranging in thickness 
from 0 to 30 feet. The bedrock is deeply 
weathered, with numerous openings developed 
by solution along bedding planes (Kernmerly, 
1980). The contact between the St. Louis and 

Warsaw Limestones is exposed in some of the 
tributary valleys adjacent to the Red River (fig. 2) 
and is the origin of several springs in the area. 

Karst topography is well developed in this 
area, particularly in areas underlain by the St. 
Louis and Ste. Genevieve Limestones, and in- 
cludes such features as sinkholes, disappearing 
streams, springs, and caves of modest dimensions 
(Kemmerly, 1988, p. 114). Sinkholes, or topo- 
graphic depressions, result from settlement of 
surface materials into solution openings beneath 
the surface (Kernmerly, 1980). Sinkhole density 
is estimated to range between 5 and 40 per square 
mile (Kemmerly, 1980). 

A sinkhole on the grounds of the Clarks- 
ville Memorial Hospital was selected as the site 
of this study. Two drainage wells have been in- 
stalled at the bottom of the sinkhole to accelerate 
drainage of storm-water runoff. This site was 
selected on the basis of the following criteria: 

. The watershed for the sinkhole is a high- 
density commercial and residential area. 

. Watershed boundaries for the sinkhole 
are well defined, so that all influences to 
the quality of runoff can be identified. 

l A spring was found downgradient from 
the drainage wells, which provided a sam- 
pling point for the ground water. 

. Travel time of ground-water flow 
between the drainage wells and the 
ground-water sampling point was long 
enough to permit observation of any 
physical or chemical reactions modifying 
concentration of contaminants. How- 
ever, the distance between the drainage 
wells and the ground-water sampling 
point was not so large as to allow a sig- 
nificant volume of recharge to enter the 
aquifer along the flow path and dilute the 
system. 
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Figure 2.-Geology of the Clarksville area, Tennessee.



The selected study site and its watershed 
boundary are shown in figure 3. The watershed 
boundary was delineated by the U.S. Department 
of Agriculture, Soil Conservation Service 
(1986a). The 12-acre watershed consists of 
approximately 90 percent paved parking lots and 
rooftops of the Clarksville Memorial Hospital 
complex, with the remaining area residential. 
Two drainage wells, approximately 5 feet apart, 
were installed in the early 1980’s at the bottom of 
a depression (fig. 4) and are the only outlet for 
runoff from the drainage area. The wells are 6 
and 22 feet in depth, with corrugated-steel casing 
to depth and raised metal grates. Because of the 
proximity of the two drainage wells to each other, 
they can be considered to function hydraulically 
as a single unit, and will be referred to collectively 
as a single drainage well. 

HYDROLOGIC SETTING 

Average annual precipitation for the 
Clarksville area, recorded at the National 
Weather Service station at the Clarksville Sewage 
Treatment Plant (fig. l), is 49.6 inches. The range 
of average monthly precipitation is from 
5.92 inches in March to 2.83 inches in October. 

The surface-drainage network in the 
Clarksville area is sparse. Network density for 
drainage basins in the area, calculated as the ratio 
of total channel length to drainage area, was esti- 
mated as 0.48 mi/mi2. This value is low as com- 
pared to the estimated average of 2.1 mi/mi2 for 
15 drainage basins in the Highland Rim physio- 
graphic province of Tennessee (Hoos, U.S. 
Geological Survey, unpublished data, 1989). 
Drainage is principally in the subsurface through 
well-developed solution channels along bedding 
planes, joints, and fractures in the bedrock. The 
Cumberland and Red Rivers are the major drains 
in the area (Kemmerly, 1988). 

The water-table aquifer is recharged 
through precipitation. Net annual recharge to the 

carbonate aquifer in the Clarksville area is esti- 
mated to range from 3 to 12 inches, with an 
average value of 6 inches (Hoos, U.S. Geological 
Survey, unpublished data, 1989). Movement of 
ground water through the subsurface-drainage 
system appears to be quite rapid. Velocities 
measured from dye-trace tests in the Clarksville 
area ranged from 600 to 3,500 feet per day (ft/d) 
(Kemmerly, 1984). The general direction of 
ground-water movement appears to be westward 
(Kemmerly, 1988). 

Flow direction and velocities from the 
drainage-well site were determined through a 
series of fluorescein dye-trace tests. For each test, 
about 0.8 pound of fluorescein dye (Acid Yellow 
73) was mixed with 5 gallons of water and poured 
into the deep 22-foot drainage well. Just prior to 
injection, the sinkhole was dosed with several 
thousands of gallons of water (the amount varied 
for each test, fig. 5), in order to wet the subsurface 
conduit surfaces (Mull and others, 1988). This 
dosing volume was provided either by a release 
from a nearby fire hydrant, at a flow rate of 480 
gal/mm, or, for the July 13 and 30 tests, by storm 
runoff. Dye-monitoring apparatus for a spring 
consisted of a nylon mesh bag containing acti- 
vated coconut charcoal suspended in the flow 
below the resurgence. For an observation well, 
the apparatus was submerged in borehole water 
opposite a known water-bearing opening. The 
wells were not pumped during the dye-trace tests, 
because the objective of the tests was to deter- 
mine the direction and velocity of ground-water 
flow in the aquifer during a storm under natural, 
unpumped, conditions. Dye recovery was tested 
by placing the exposed charcoal in a basic alcohol 
solution (Mull and others, 1988). 

For the test conducted on January 21,1988, 
three springs (Mobley, Chip’n’Dale Road, and 
Gary Court Springs, fig. 3) were monitored for a 
7-day period for the presence of dye. These three 
springs were judged to be possible resurgent 
points for ground water flowing downgradient 
from the drainage-well site. Two of the springs 
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Figure 3.-Locations of drainage wells and other surface- and ground-water sites in the Mobley Spring area .



Figure 4.-Section from west to east through the Mobley Spring area showing location of wells,
water-bearing openings, and elevation of water table on June 1, 1988.



Figure 5.-Relation between travel time and dye injection volume.



(Mobley and Chip’n’Dale Road Spring) issue 
from the contact between the St. Louis and War- 
saw Limestones. Dye was recovered below 
Mobley Spring, located approximately 2,400 feet 
west of the drainage-well site, but because the dye 
cloud passed this site during the night following 
the injection, the time of travel between the 
drainage-well site and Mobley Spring was esti- 
mated to range from 6.7 to 18.5 hours. No dye was 
detected at the other monitoring sites (Gary 
Court and Chip’n’Dale Road) during the 7-day 
period following injection. 

For the three additional tests, conducted on 
June 9, July 13, and July 29,1988, Mobley Spring 
and the observation wells Mt:M-13 and Mt:M-14 
(fig. 3) were monitored for dye. Well Mt:M-13 is 
an abandoned domesticwater-supply well located 
approximately 1,200 feet east of the drainage-well 
site, in the part of the aquifer that was initially 
believed to be in anupgradient direction from the 
drainage-well site. Well Mt:M-14 is an observa- 
tion well drilled for this project with the objective 
of providing a downgradient ground-water sam- 
pling point between the drainage-well site and 
Mobley Spring. 

The observed travel time between the 
drainage-well site and Mobley Spring varied for 
each dye-trace test, ranging from about 2 hours 
for the July 13 test, to more than 7 hours for the 
January 21 test. Travel time appeared to be 
strongly dependent on the dosing volume (fig. 5). 
This range in travel time corresponds to a range 
in ground-water velocity of less than 8,000 to 
30,000 ft/d. Ground-water velocities measured in 
other dye-trace tests in the area range from 600 to 
3,500 ft./d (Kemmerly, 1988). 

The dye-trace test conducted on June 9 did 
not indicate that the two observations wells were 
connected hydraulically to the drainage-well site. 
However, during the storm dye-trace test con- 

ducted on July 13, dye was recovered at Mt:M-13 
between 9 and 33 hours after injection at the 
drainage well. This hydraulic connection could 
not be confirmed in the July 30 test. This indi- 
cates that the connection between the drainage 
well and Mt:M-13 is tenuous and depends on the 
duration and intensity of the storm. No dye was 
detected at Mt:M-14 during any of the dye-trace 
tests. Both Mt:M-14 and Mt:M-13 were therefore 
judged unsuitable as storm-monitoring points. 
The direction of ground-water movement in the 
vicinity of the drainage well, as inferred from the 
dye-trace tests, is shown in figure 3. 

Following verification of the direct connec- 
tion between the drainage-well site and Mobley 
Spring, the two sites were instrumented to collect 
storm-related data to define the type and quantity 
of contaminants in storm-water runoff and in the 
receiving ground-water basin. Water samples 
were collected during dry-weather conditions 
from both observation wells, to characterize 
ground-water quality in parts of the aquifer not 
believed to be directly affected by the storm- 
water runoff entering the drainage well. 

Water samples were collected during dry- 
weather conditions from Seven Springs (figs. 1,6) 
and Porters Bluff Cave Spring (figs. 1,7), to assess 
the general quality of ground water in an urban, 
karst terrain. The geologic setting of both spring 
sites is similar to the Mobley Spring site. At the 
Seven Springs site, ground water issues from 
several small caves near the regolith-bedrock 
contact close to the contact between the Warsaw 
and St. Louis Limestones. The spring drains a 
ground-water basin (as inferred from surface 
topography) that underlies a low-density residen- 
tial area. The entrance to Porters Bluff Cave is a 
large opening in the bedrock near the contact 
between the Warsaw and St. Louis Limestones. 
The spring drains a ground-water basin that 
underlies a medium- to high-density residential 
and commercial area. 
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Figure 6.-Location of Seven Springs sample-collection site .



Figure 7.--Location of Porters Bluff Cave Spring sample-collection site.



DATA-COLLECTION METHODS 

Stage Measurement and Discharge Rating 

A continuous record of stage at the 
drainage-well site (station 03436138) was col- 
lected during the period February 21 to Octo- 
ber 31, 1988. Construction of a small weir 
(16 feet in cross-channel width, averaging 0.5 foot 
in height) near the drainage well provided for 
interception and ponding of the sheet flow as 
runoff began, permitting collection of samples 
and measurement of stage at the beginning of the 
hydrograph. Discharge through the drainage 
wells was estimated from the stage data through a 
stage-discharge rating developed as follows. The 
sinkhole is assumed to act as a reservoir of stand- 
ing water, from which water discharges through a 
constricted opening (the drainage well) into a 
conduit with either open-channel flow or full 
flowing without backwater influence. Under 
these assumptions, the discharge through the 
drainage well is dependent only on the stage in the 
sinkhole. Observed stage data were used to 
develop an empirical relation between stage in 
the sinkhole basin and discharge through the 
sinkhole outlet (drainage wells), by pairing each 
stage value on the receding limb of the stage 
hydrograph with the corresponding incremental 
volume change calculated from a stage-volume 
relation (Larry Hasty, U.S. Department of 
Agriculture, Soil Conservation Service, written 
commun., 1988). Only data from the receding 
limb, when inflow to the sinkhole from the water- 
shed is assumed to have ceased, are used; in this 
way, the incremental volume change calculated by 
the stage-volume relation can be equated to dis- 
charge through the drainage wells. 

The empirical relation (fig. 8) was fitted 
using a least-squares regression to the equation 

Q = 0.5 * ho*‘, (1) 

where 
Q is discharge through the sinkhole outlet, 

in cubic feet per second; and 
h is stage of the sinkhole, in feet. 

Dimensions for this equation are not consistent. 
The model for discharge, given the assumptions 
described above, however, is in the form 

Q = C * (2e*g)o.5* hos5, (2) 
where 

Cis a constant related to the cross- 
sectional area of the constricted open- 
ing, in the case of discharge into the 
atmosphere, or to the dimensions and 
roughness of the conduit, in the case of 
discharge into a full-flowing conduit, in 
feet squared; and 

g is gravitational acceleration, in feet per 
second squared. 

In the empirical model, discharge varies 
almost in proportion to stage in the sinkhole, 
whereas in the theoretical model, discharge varies 
in proportion to the square root of stage. This 
difference in predicted discharge variation 
between models indicates that the model of a 
static reservoir discharging to atmospheric condi- 
tions or to a full-flowing conduit is not valid. Flow 
through the sinkhole outlet therefore may be con- 
trolled by the hydraulics of saturated ground- 
water flow. Water-table control of discharge 
through the sinkhole outlet would invalidate the 
development of a single-valued stage-discharge 
relation; however, the empirical relation is used 
as the best approximation. 

A continuous record of stage in the channel 
immediately downstream of Mobley Spring (sta- 
tion 03436139), was collected for the period 
February 9 to October 31,1988. Discharge from 
the spring was estimated from stage data through 
a stage-discharge rating developed from 12 dis- 
charge measurements, using methods described 
by Kennedy (1984). 
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Figure 8.-Relation between stage and discharge at the drainage-well site .



Water-Quality Samples 

Sample collection at the drainage-well and 
Mobley Spring sites was automated to permit col- 
lection of samples at the beginning of storm 
runoff, before monitoring personnel could reach 
the site. Water-quality samplers were installed at 
these stations to collect discrete samples at 5- and 
lOminute intervals, respectively, after a specific 
stage was reached. 

The number of samples collected and the 
types of analyses performed for each of the nine 
storms sampled are given in table 1. Samples 
from the storm of February 2, 1988, which pre- 
dated installation of the automated sampling 
equipment, were collected as a single-grab 
sample at each site. The objective of operating 
the automated sampling equipment is to collect 
samples before, during, and after the storm- 
hydrograph peak at both sites. The sample sets 
from storms of February 14 and 19,1988, are not 
complete, however, because of initial difficulty in 
establishing proper settings of equipment con- 
trols. At least one sample from each storm was 
analyzed for selected major inorganic constitu- 
ents and trace metals. Analyses for total organic 
carbon, oil and grease, nutrients, methylene blue 
active substances (representing the anionic sur- 
factant groups alkyl benzene sulfonates and linear 
alkyl sulfonates), fecal coliform and fecal strep- 
tococcus bacteria, priority pollutants, and scans 
for presence of nonpurgeable organic compounds 
were included for selected storms and samples. 
Concentrations for metals and oil and grease are 
reported as total recoverable, meaning that the 
constituents were determined from unfiltered 
samples that were digested by a method that 
results in dissolution of readily soluble sub- 
stances. 

Samples were retrieved from the automatic 
samplers and placed in insulated containers as 
soon as monitoring personnel could reach the site 
following the storm, then transported to the U.S. 
Geological Survey office in Nashville. Specific 

conductance was measured for all samples, either 
at the sampling site or shortly after transport to 
the field office. Samples were composited for 
laboratory analysis of all constituents except total 
organic carbon. Levels of total organic carbon 
were profiled through the entire hydrograph by 
analyzing every second or third discrete sample. 
The samples were packed with ice and sent to the 
U.S. Geological Survey laboratories in Arvada, 
Colorado, and Ocala, Florida, for analysis in 
accordance with procedures outlined by 
Skougstad and others (1979) and Wershaw and 
others (1987). 

Samples were composited on a time- 
weighted basis; that is, equal volumes of samples 
collected at discrete times, separated by equal 
time increments, were composited to represent 
the total volume of storm water over a given time 
period. For the purpose of characterizing the 
quality of this volume of storm water, and par- 
ticularly for the purpose of estimating loads, a 
flow-weighted composite is more appropriate. 
However, because the stage-discharge relation at 
the sinkhole was not developed until after several 
months of stage record had been collected, the 
discharge hydrograph was not available at the 
time the samples were collected; consequently, 
flow weighting of the composites could not be 
done. 

Grab samples from Mobley Spring, Porters 
Bluff Cave Spring, Seven Springs stations, and 
wells Mt:M-13 and Mt:M-14 were collected 
during dry-weather conditions to obtain informa- 
tion on background levels of constituents in 
ground water (table 1). Samples were analyzed 
for major inorganic constituents, selected trace 
metals, total organic carbon, nutrients, methylene 
blue active substances, and volatile organic com- 
pounds. Scans for presence of nonpurgeable 
organic compounds were also included. Field 
measurements of alkalinity, pH, dissolved oxygen 
(for springs), and bacteriological analysis for fecal 
coliform and fecal streptococcus bacteria were 
conducted for these samples. 

15 



Table 1 . -Hydrologic conditions and types ofanalyses performedfor each sampling event

[S, standard analysis - major constituents (see Supplement B) ; C, total organic carbon (see Supple-
ment B); T, selected trace-metal analysis (see Supplement B); O, oil and grease analysis (see Supple-
ment B); G, gas chromatograph flame ionization screening of nonpurgeable organic compounds ;
GM, gas chromatograph mass spectrometric analysis of nonpurgeable organic compounds (see tables 4
and 5); V, analysis of volatile organic compounds (see tables 5 and 6); N, major nutrient analysis (see
SupplementB); M, analysis ofmethylene blue active substances ; B, bacteriological analysis ; --, no record]

Water



RAINFALL 

Rainfall for the Cumberland River at 
Clarksville, Tenn. (station 03436500, fig. 1) for 
the period February to October 1988, is shown in 
figure 9, along with stormflow stage and spring- 
flow hydrographs for the drainage-well and 
Mobley Spring sites, respectively. The magni- 
tude of sampled storms is compared with that of 
all storms occurring during this period. Storm 
and antecedent rainfall data for all storms during 
the period February to October 1988 from the 
Cumberland River at Clarksville station are sum- 
marized in the “Supplemental Information” sec- 
tion at the back of this report. 

Rainfall at the Clarksville Sewage Treat- 
ment Plant, about 2.5 miles northwest of the 
drainage well, was about 25 percent below normal 
for the period February to October 1988 
(National Oceanic and Atmospheric Administra- 
tion, 1988). Rainfall during the months May and 
July at this site totaled 2.56 and 3.24 inches, 
respectively, and was significantly below the 
30-year standard normals for these months of 4.14 
and 3.81 inches, respectively. 

QUANTIN OF STORM-WATER 
RUNOFF AND SPRING DISCHARGE 

The estimated volume of storm-water run- 
off, peak discharge, peak water level, and other 
storm-related data for all storms, sampled or un- 
sampled, during the period February to October 
1988, are summarized in the “Supplemental Infor- 
mation” section at the back of this report. The 
volume of storm-water runoff and spring dis- 
charge at the drainage-well and Mobley Spring 
sites, respectively, during sampled storms was es- 
timated by integrating the discharge hydrograph 
at each site. Runoff volume at the drainage-well 
site during unsampled storms was estimatedusing 
the rational formula, 

V= C*I*DA, (3) 

where 
V is volume of runoff, in acre-feet; 
I is total storm rainfall, in feet; 

DA is drainage area, in acres; and 
C is the coefficient modeling the ratio of 

rainfall converted to runoff. 

Because of the large area of impervious surfaces 
in the drainage basin (90 percent of the total 
area), it was assumed that all of the rainfall would 
be converted to runoff, so that C was assigned a 
value of 1. This selection was verified by compar- 
ing the volume estimated using the rational for- 
mula to the volume calculated by integrating the 
discharge hydrograph for several storms. 

The flow regime present during sampled 
storms was summarized by comparison with the 
flood-depth frequency relation for the Hospital 
Sinkhole station. This relation was furnished by 
the U.S. Department of Agriculture, Soil Conser- 
vation Service (Larry Hasty, written commun., 
1988), and was obtained from rainfall-runoff 
modeling (using runoff curve number 95) of 
type II 24-hour storms. The procedure is 
described in Technical Release 55 of the U.S. 
Department of Agriculture, Soil Conservation 
Service (1986b). The relation is shown on an 
extreme log data plot in figure 10. The maximum 
flood depth for the period of data collection, 
5.7 feet, occurred during the storm of 
July 19, 1988. This depth is considerably lower 
than the calculated flood depth (6.9 feet) having 
a l-year recurrence interval. 

QUALIN OF STORM-WATER 
RUNOFF AND SPRING 

DISCHARGE 

Water-quality data for storm samples col- 
lected from the drainage-well and Mobley Spring 
sites are listed in the “Supplemental Information” 
section at the back of this report. Water-quality 
data for dry-weather samples collected from 
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Figure 9.--Graphs showing instantaneous rainfall at Cumberland River at Clarksville, Tennessee
(station 03436500), instantaneous gage height at the drainage-well site at Clarksville, Tennessee
(station 03436138), and instantaneous discharge at Mobley Spring at Clarksville, Tennessee
(station 03436139), February to October 1988. Rain gage (station 03436500) is a 30-minute-interval
tipping-bucket rain gage operated by the U.S . Army Corps of Engineers



-Frequency of flood depth at the drainage-well site .



additional ground-water monitoring sites in the 
Clarksville area are also listed in the “Supplemen- 
taZ Information” section. 

The storm hydrograph, concentrations for 
selected constituents, and values for selected 
properties for the storms of March 25, and Octo- 
ber 16, 1988, are presented in the “Supplemental 
Information” section and are discussed in sub- 
sequent sections. The values and concentrations 
are from composite samples collected during 
periods separated by the dashed vertical lines 
below the hydrograph. Periods represented by 
samples for which no laboratory analyses (except 
for total organic carbon) were done are indicated 
by hachured lines. The properties and con- 
stituents included in this figure were selected to 
indicate as much information about the total 
water quality as possible. Specific-conductance 
values and total-organic-carbon concentrations 
show the timing of transport of the bulk of the 
dissolved, ionized constituents and organic com- 
pounds, respectively. 

The variation in concentrations of all the 
major cations during each sampled storm were 
strongly and positively correlated to each other: 
concentrations increase and decrease concur- 
rently during the storm hydrograph, with the 
correlation coefficient r2 for an individual storm 
generally greater than 0.8. The pattern of varia- 
tion for concentrations of each major cation is 
represented by concentrations of total- 
recoverable magnesium (Supplements E and F). 
The variation in concentration of most trace me- 
tals during each sampled storm were strongly and 
positively correlated to each other, with r for an 
individual storm generally greater than 0.95. The 
pattern of variation for concentrations of most 
trace metals is represented by concentrations of 
total-recoverable iron (Supplements E and F). 
Concentrations of total-recoverable zinc are also 
shown, because transport of zinc did not always 
correlate positively with transport of the other 
trace metals. The relations among the various 

constituents shown in Supplements E and F were 
typical of all sampled storms. 

Storm-water-runoff and spring-flow 
volumes, concentrations, and loads of nine 
selected constituents for each composite sample 
for the storms of March 25, July 4, and July 13, 
1988, are shown for the drainage-well and Mobley 
Spring sites (table 2). Loading rates for the 
periods for which analytical results were not avail- 
able were estimated by averaging concentrations 
in samples collected immediately before and after 
the unsampled period. The volumes and loads 
represented by each composite sample (or 
inferred for each unsampled period) are 
expressed as a percentage of total storm volumes 
and loads. 

Totals of storm-water-runoff and spring- 
flow volumes and loads of selected constituents 
for all sampled storms from March to October 
1988, are given for the drainage-well and Mobley 
Spring sites (table 3). Loads of the trace metals 
cadmium, chromium, copper, iron, lead, nickel, 
and zinc are of particular interest, because these 
metals are associated with automobile traffic, 
roadway maintenance, street litter, and fuel and 
oil additives (Dan&, 1974; Shaheen, 1975; Har- 
rison and Lonen, 1977; Gupta and others, 1981). 
Nutrients are also commonly associated with 
roadway runoff. 

The seasonal variation in storm loads and 
mean concentrations (calculated as the quotient 
of storm load and runoff volume) of selected con- 
stituents at the drainage-well site is illustrated in 
figure 11. The pattern of seasonal variation of 
storm loads for total-recoverable iron, mag- 
nesium, and zinc is representative of the pattern 
for total-recoverable calcium, sodium, barium, 
and manganese. The highest storm load occurred 
during the July 13,1988, storm. It is not possible, 
however, to conclude that loadings for these con- 
stituents would generally be higher for summer 
storms, because loads for the July 4, 1988, storm 
were low. In contrast, mean concentrations of 
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Table 2. -Percentages of total storm-water-runoff volume andloads ofselected constituents
represented by each composite sample at the drainage-well and Mobley Spring sites

[NCS = no composite sample analyzed for this period - concentrations and loads, for all constituents (except total organic
carbon) during this period were estimated by averaging concentrations in samples collected immediately before and after
the unsampled period (discrete samples for total organic carbon were analyzed for all periods) ; site number: 1, Drainage
well ; 2, Mobley Spring; --, no data; BD, concentration in all samples below analytical detection limit]

N



Table 3. -Storm-water runoffand springflow volume and loads ofselected constituents at the drainage-
well and Mobley Spring sites during theperiod February to October 1988

[Constituents shown in capital letters are the most common highway contaminants : Values
are in tons x 10-6 , except where noted ; site number: 1, Drainage well ; 2, Mobley Spring ; --,
no data ; BD, concentration in all samples below analytical detection limit]

-----------------------------------------------------------------------------------------------------------------------

.

22



Table 3. - Storm-water runoff andspring-flow volume andloads ofselected constituents at the drainage-
well andMobley Spring sites during the period February to October1988-Continued

Several climatological variables may medi-
ate seasonal influence on loading rates. The time
distribution of rainfall, both during the period
preceding the storm as well as during the storm,
may influence loading rates. The variation in
storm loads and mean concentrations of selected
constituents at the drainage-well site with varia-
tion in amount of antecedent rainfall and in rain-
fall intensity during the storm is shown in fig-
ure 12 . Correlation of storm loads of total-
recoverable metals and total organic carbon with
amount of antecedent rainfall (represented by the
amount of rainfall during the 7-day period
preceding the storm) was low, with r2 less than
0.70 for all constituents except total-recoverable
sodium and copper . In contrast, a strong positive
correlation of storm loads with rainfall intensity
during the storm (represented by the maximum
amount of rain fallin~ within a 30-minute period)
was observed, with r greater than 0.70 for almost
all constituents . Mean concentrations of con-
stituents did not correlate well (r2 less than 0.70)
with either antecedent rainfall or rainfall inten-
sity .
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Storm of March 25, 1988

The 0.12 inch of rainfall for this storm fell
over a 2-hourperiod, with a maximum intensity of
0.06 inch in a 30-minute period . Antecedent rain
fall amounts in the area were small : 0.11 inch of
rain had fallen in the preceding 12-day period .
The volume of runoff at the drainage-well site,
1,172 ft3, was approximately half of the storm-
water volume at the Mobley Spring site, 2,637 ft3,
and about one-tenth the total volume of spring
flow, 9,165 ft3. Runoff quality at the drainage-
well site was represented by two time-weighted
composite samples, and at the Mobley Spring site
by four composite samples.

Specific-conductance values were high at
the beginning of runoff at the drainage-well site
then decreased sharply as runoff increased, prob
ably as a result of dilution of the first flush of
dissolved, ionized constituents (Supplement B).
Concentrations of total organic carbon followed
the same pattern (but increased slightly at the
end), indicating that timing of transport of organic
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Figure 11 .-Seasonal variation in storm loads and mean concentrations of selected
constitutents in storm-water runoff at the drainage-well site .
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Figure 12.-Variation in storm loads and mean concentrations of selected constitutents in storm-water

runoff at the drainage-well site with antecedent rainfall and storm rainfall intensity .
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material was similar to that of ionized consti- 
tuents. The concentration of most of the major 
inorganic constituents (represented by magnes- 
ium in Supplement E> and all of the trace metals 
(represented by iron in Supplement E), with the 
exception of zinc, is higher in the first composite 
sample than the second. Although it is difJicult to 
correlate levels in two composite samples with the 
several discrete samples collected over the same 
period, for total organic carbon and specific con- 
ductance, the overall pattern of variation of levels 
of all these constituents and properties appear 
similar. 

Although samples were not available from 
the rising stages at the beginning of the storm 
hydrograph at Mobley Spring, it is presumed from 
the trend that specific conductance values fall 
throughout the rising limb of the hydrograph, as 
the more mineralized base flow is diluted with less 
mineralized storm recharge. Specific- 
conductance values then steadily increase as dis- 
charge decreases to the base-flow level. The 
change in concentration of total organic carbon 
with discharge at Mobley Spring is the reverse of 
this pattern: levels are highest during the peak of 
discharge and fall in concert with discharge. The 
pattern of variation of total-organic-carbon levels 
is almost identical at Mobley Spring and the 
drainage-well site, with the time lag increasing 
throughout the duration of the hydrograph, from 
0.5 to 2 hours. Whereas variation in concentra- 
tion of major inorganic constituents at Mobley 
Spring was correlated with specific-conductance 
values, the variation in concentration of the trace 
metals was strongly correlated with the con- 
centration of total organic carbon. Concentra- 
tions of all analyzed inorganic constituents 
decreased throughout the hydrograph, with the 
exception of total-recoverable zinc, which in- 
creased at the end of the hydrograph (Supple- 
ment E). 

Analytical determinations for U.S. Envi- 
ronmental Protection Agency priority pollutants 
(table 4) were made for one sample each for the 

drainage-well and Mobley Spring sites. The com- 
posite sample from the beginning of the 
hydrograph at each site was selected for analysis. 
Results are listed in table 5. Two of these com- 
pounds were detected in the sample from the 
drainage-well site, isophorone [40 micrograms 
per liter @g/L)] and bis(Zethy1 hexyl) phthalate 
(9.0 pg./L); none of the priority pollutants were 
detected at the Mobley Spring site. 

Comparison of distribution of loading of 
various constituents throughout the hydrograph 
(table 2) at Mobley Spring also illustrates that 
trace metals and total organic carbon are 
transported together. Over 40 percent of the 
loads of total organic carbon, total-recoverable 
zinc, lead, iron, and copper was flushed by the first 
one-fourth of the runoff volume. Total- 
recoverable lead and iron showed the most 
notable flushing pattern. By comparison, the 
loading rates of the major metals and barium 
remain relatively constant throughout runoff, 

Loadings of 14 constituents for this storm 
are given in table 3. Although runoff volume was 
smaller for this storm than for all other sampled 
storms (with the exception of the storm of 
October 23), the estimated load of total- 
recoverable copper at both the drainage-well and 
Mobley Spring sites was highest for this storm 
(table 3). Estimated loads for almost all con- 
stituents are one to two orders of magnitude 
higher at the spring than at the drainage well, with 
the exception of total-recoverable copper, lead, 
zinc, oil and grease, and total organic carbon, for 
which loads at the spring are only as much as three 
times greater than loads at the drainage well. 

Storm of July 13, 1988 

Rainfall during this storm totaled 0.40 inch 
over a 3.5-hour period, with a maximum intensity 
of 0.21 inch in a 30-minute period. Less than two 
dry days preceded this event; a 0.16-inch rain- 
storm occurred on July 11. Runoff volume at the 
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Table 4. -U.S. Environmental Protection Agency
prioritypollutants analyzed in storm-water
samplesfrom the drainage-well and Mobley
Spring sites, March 25, 1988

[All units in micrograms per liter.
Analytical detection limit for all com-
pounds is 5.0, except where indicated]

27

drainage-well site, 23,015 ft3 , was almost three-
fourths of the storm-water volume at Mobley
Spring, 30,933 ft3 . Because preceding base flow
was so low, storm-water volume approximately
equaled total-flow volume at the spring. Runoff
quality at the drainage-well and Mobley Spring
sites was represented by three time-weighted
composite samples from each site .

Specific-conductance values were high at
the beginning of runoff at the drainage-well site,
decreased sharply as runoff increased, then
recovered to a level higher than the initial values
(Supplement B). Concentrations of total organic
carbon were not determined from these storm
samples, because of anticipated interference from
the fluorescein dye used in a concurrent storm
dye-trace investigation. The concentrations of
each of the major inorganic constituents, repre-
sented by magnesium in Supplement B, was posi-
tively correlated with specific conductance,
whereas concentrations of most of the trace
metals were not . Comparison of distribution of
loading of the various constituents throughout the
hydrograph (table 2) illustrates this as well .
About 40 percent of the loads of many trace
metals was flushed by the first one-third of runoff
volume . Total-recoverable copper showed the
most notable flushing pattern, with all of the
detectable load flushed by the first 9 percent of
volume . By comparison, only about 25 percent of
the loads of major constituents and zinc were
transported by the first half of runoff volume .

Although samples were not available from
the rising stages at the beginning of the storm
hydrograph at Mobley Spring, specific
conductance values fell during the sampled part
of rising limb of the hydrograph, as the more
mineralized base flowwas diluted with less miner-
alized storm recharge . Specific-conductance
values then steadily increased as discharge
decreased to the base-flow level . Concentrations
of the major metals, represented by magnesium
(Supplement C), was correlated positively with
specific conductance values. Concentrations of



Table 5. - Concentrations oforganic compounds in water samples from test sites in the study area

[ug/L, micrograms per liter . Storm samples were analyzed for compounds listed in table 4 .
Dry-weather samples were analyzed for compounds listed in table 7. Compounds detected
are those that exceeded the analytical detection limit : for compounds analyzed in storm
samples, detection limits are shown in table 5 ; for compounds analyzed in dry-weather
samples, detection limit is 0.2,ug/L)

trace metals, represented by iron and zinc (Sup-
plement B), decreased throughout the hydro-
graph . Between 40 and 50 percent of the loads of
the trace metals were flushed by the first one-
fourth of storm-water volume, whereas loading
rates of the major metals remained relatively con-
stant throughout stormflow (table 3).

Loadings of 14 constituents for this storm
are given in table 3. Estimated loads for almost
all constituents were one to two orders of mag
nitude higher at the Mobley Spring site than at the
drainage-well site, with the exceptions of total-
recoverable copper and sodium, for which the

loads were greater at the drainage-well site, and
total-recoverable zinc, for which load was only
two times higher at the Mobley Spring site . Loads
for many constituents were several orders of mag-
nitude higher during this storm than for any other
sampled storms : sodium loading at the drainage-
well site was about 100 times higher than for all
other sampled storms, and iron and lead loads at
the Mobley Spring site were about 20 times
higher . The greater volume of runoff and spring
flow did not account for all of these differences .
Furthermore, wet antecedent conditions contra-
indicate the accumulation of contaminants in the
watershed as a plausible explanation for these
high loads .



ESTIMATED CONSTITUENT LOADS 
IN STORM-WATER RUNOFF 

Regression models have been developed by 
several investigators to estimate storm loads and 
annual loads for various constituents in storm- 
water runoff. The models developed by Tasker 
and Driver (1988) predict the mean runoff load 
for an individual storm event for 10 constituents, 
based on physical and land-use characteristics of 
the watershed and climate, for drainage areas 
ranging from 0.015 to 1 mi2. These models were 
applied to the watershed for the drainage-well site 
to predict a mean-runoff load for total copper, 
lead, zinc, and various nutrient species (table 6). 
Prediction error for each model is also presented 
in table 6. These estimates are compared to the 
observed mean loads, calculated as the average 
load for all sampled storms, for each constituent 
(table 6). 

The difference between predicted and 
observed loads for all constituents, with the 
exception of dissolved orthophosphorus, are out- 
side the range of the average prediction error. 
Predicted loads for the trace metals are one to two 
orders of magnitude higher than observed loads, 
whereas predicted loads for total nitrogen, total 
phosphorus, and dissolved orthophosphorus are 
within an order of magnitude of observed loads. 
One reason for overprediction may be that the 
size of the watershed, 0.019 mi2, is near the low 
end of the range of drainage-area sizes considered 
suitable for application of the equations. Another 
possible explanation is that the sampled runoff 
events do not constitute a representative sample 
of hydrologic conditions, due to below-normal- 
rainfall amounts during the sampling period. In 
particular, the observed loads for nutrients may 
be low because they are calculated from only one 
runoff event, October 16,1988. 

Total loading of constituents for the period 
February to October 1988, can be estimated by 
extrapolating loading rates calculated for the 
sampled volumes of runoff, as the quotient of 

storm load and runoff volume, to the total volume 
of runoff that occurred during this period. 
Several techniques can be used for the extrapola- 
tion, ranging in sophistication from regression 
models, developed from data for sampled storms, 
to a flow-weighting procedure. The latter techni- 
que was used in this investigation, because the 
number of sampled storms (nine) was not a large 
enough data set for the development of a regres- 
sion model. Seasonal differences in loading rates 
were incorporated by calculating two average 
loading rates for each constituent, representing 
cool-season (October to March) and warm- 
season (April to September) storms (table 6). For 
those constituents for which sampling was done in 
only one season, the same loading rate was used 
for both seasons. Constituent loads for storms for 
which constituent concentrations were below the 
detection limit (indicated by the entry ‘BD’ in 
table 3) were assumed to be zero. 

The product of the average-seasonal- 
loading rate and the total-runoff volume during 
that season is the seasonal load. Total-runoff 
volume was calculated by summing the volume 
from each runoff event that occurred during the 
period (Supplemental Information). The total 
cool-season and warm-season loads and the total 
load of 22 constituents at the drainage-well site 
during the study period are given in table 6. Total 
loads for trace metals ranged from 0.030 pound 
for cadmium to 12 pounds for strontium. Total 
loads of the primary nutrients ranged from 
0.97 pound for nitrite, as N, to 34 pounds for 
organic nitrogen, as N. 

Total loads for five constituents (calcium, 
magnesium, sodium, ammonia nitrogen, as N, and 
nitrate, as N) in rain falling on the watershed for 
the drainage well were estimated using 
precipitation-chemistry data collected at the rain 
gage operated by the Tennessee Valley Authority 
at Land-Between-the-Lakes, Kentucky, approxi- 
mately 50 miles northwest of the study area. Con- 
centration data for weekly rainfall samples 
collected during the period February to June 1988 
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Table 6 . -Observedandpredicted mean storm loads and estimated total loads ofselected constituents in storm-water runoff at the
drainage-well site, and estimated total loads ofselected constituents in rainfall during theperiod February to October 1988

[Constituents shown in capital letters are the most common highway contaminants; Predicted mean storm loads com-
puted from regression models of Tasker and Driver (1988) ; Observed mean storm loads computed as average of all
sampled storms ; NM, constituent not modeled ; --, precipitation-chemistry data not available]



were provided by the National Atmospheric 
Deposition Program (1989). These data were 
applied to rainfall amounts recorded during these 
same weekly intervals at the Cumberland River at 
Clarksville station (03436500) to obtain loads. 
Loads for the entire study period (February to 
October 1988) were estimated by multiplying the 
volume-weighted mean concentrations for con- 
stituents for the period February to June by the 
total volume of rainfall for the study period. The 
total rainfall loads are compared to the total 
storm-water-runoff loads for the five constituents 
(table 6). The estimated loads contributed by 
rainfall were between one to two orders of mag- 
nitude lower than the estimated load in storm- 
water runoff for sodium, calcium, and magne- 
sium. The estimated loads contributed by rainfall 
for the ammonia nitrogen, as N, and nitrate, as N, 
were equal to and greater than, respectively, the 
corresponding estimated load in storm-water run- 
off. This may be due to inaccuracies in the es- 
timates of storm-water-runoff load, which were 
obtained by extrapolating data from only one 
sampled storm. It is also possible that the water- 
shed is acting as a sink for the nitrate; however, 
this is unlikely. 

EFFECTS OF STORM-WATER 
RUNOFF ON GROUND-WATER 

QUALITY 

Storm-water quality and water quality of the 
water in the local aquifer, as characterized by 
dry-weather samples from three springs and two 
observation wells in the Clarksville area, are 
shown in figure 13. Concentrations of the total- 
recoverable trace metals cadmium, chromium, 
copper, lead, and nickel were higher in many 
storm-water samples from both the drainage-well 
and Mobley Spring sites than in samples from any 
other site. In addition, concentrations of total 
organic carbon, methylene blue active substances, 
and total-recoverable oil and grease were higher 
in many storm-water samples from the drainage- 
well site than in any ground-water samples. All of 

the constituents listed above, with the exception 
of lithium, are constituents commonly associated 
with roadway runoff, indicating that the water- 
shed for the drainage well may be contributing 
relatively large amounts of these constituents to 
local ground water during storms. 

The skewed concentration-frequency dis- 
tribution of certain constituents in the storm- 
sample sets from the drainage-well and Mobley 
Spring sites are illustrated in figure 13. Of the 20 
constituents (19 metals and total organic carbon) 
for which the number of analyzed samples from 
the sinkhole was larger than 10, the frequency 
distributions for 16 were skewed to the right 
(mean value greater than median value). For the 
metals sodium, barium, and iron, skewness was 
pronounced (mean value greater then two times 
the median value). In the case of iron, the skew- 
ness can be attributed to the “first-flush” effect: 
high concentrations of constituents near the 
beginning of the hydrograph. In the case of 
sodium and barium, the distribution is skewed by 
the extremely high concentrations (140 and 
0.48 mg/L, respectively) in the sample from the 
February 14,1988 storm. 

Of the 20 constituents for which the number 
of analyzed samples from Mobley Spring was 
larger than 10, the frequency distributions for 14 
were skewed to the right. For two metals, iron 
and cobalt, the skewness was pronounced and can 
be attributed to the “first-flush” effect. 

The highest concentrations of total- 
recoverable zinc (430 lug/L) and dissolved 
chloride (35 mg/L) occurred in the sample from 
well Mt:M-13. The chemistry of the sample from 
well Mt:M-14 was different from that of all other 
samples. Values of hardness and specific conduc- 
tance and concentrations of total-recoverable 
strontium, magnesium, and dissolved fluoride 
were much higher in this sample. 

Analytical determinations for volatile 
organic compounds (table 7) were made for each 
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EXPLANATION

[Use this explanation for figure 13 (pages 33 through 40).]



Figure 13.-Selected water-quality constituents and properties in storm-water runoff and
spring discharge as compared to ground water in dry-weather periods.



Figure 13.-Selected water-quality constituents and properties In storm-water runoff and
spring discharge as compared to ground water In dry-weather periods--Continued .
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spring discharge as compared to ground water in dry-weather periods-Continued .
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Figure 13.-Selected water-quality constituents and properties in storm-water runoff and
spring discharge as compared to ground water in dry-weather periods-Continued .



Figure 13.-Selected water-quality constituents and properties in storm-water runoff and
spring discharge as compared to ground water in dry-weather periods-Continued .



of the dry-weather ground-water samples from
each site. Results are listed in table 5 . Three
compounds were detected at Mobley Spring in
low concentrations : chloroform (0.7 ug/L),
dichloroethane (0 .3 ug/L), and tetrachloro-
ethylene (0.2,ug/L) . Samples from Porters Bluff
Cave Spring, Mt:M-13, and Mt:M-14 contained
low concentrations of chloroform (0.4,ug/L), tri-
chloroethane (0.4 ug/L), and benzene (0.3 ,ug/L) .

Water quality varied markedly in the dry-
weather samples collected from Mobley Spring,
Porters Bluff Cave Spring, and Seven Springs .
The constituents with the most pronounced vari-
ation in concentration among sites (greater than
50-percent difference) were total-recoverable
sodium, iron, lead, zinc, manganese, dissolved
chloride, fluoride, sulfate, nitrite (as N), total
phosphorus (as P), ammonia nitrogen (as N),
organic nitrogen (as N), fecal coliform, and fecal
streptococcus bacteria . With the exception of
iron and magnesium, for which concentrations
were higher at Seven Springs, concentrations of
all these constituents were highest at either
Porters Bluff Cave or Mobley Springs, and lowest
at Seven Springs.

The contrast in land use in the inferred
ground-water basin for each spring site may con-

Table 7.-Volatile organic compounds analyzed in dry-weatherground-water samples
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tribute to differences in water quality between the
sites . Land use in the area of both Porters Bluff
and Mobley Springs is medium- to high-density
residential, with commercial activity related to
shopping centers, gasoline service stations, and,
for Mobley Spring, the Memorial Hospital com-
plex . Land use in the area of Seven Springs is
low-density residential .

Concentrations of selected constituents in
the storm-water and dry-weather samples at all
sites are shown in figure 13 along with established
drinking-water maximum-contaminant levels
(MCL) (Tennessee Department of Health and
Environment, 1988) . Several wells and at least
one spring in the Clarksville area have been
reported to be in use for domestic water supply,
even in areas serviced by the municipal water
system (Phillip Kemmerly, Austin Peay State
University, oral commun., 1989).

Densities of fecal coliform and fecal strep-
tococcus bacteria and total-recoverable con-
centrations of iron, manganese, and methylene
blue active substances in storm samples from the
drainage-well site exceeded the MCLby as much
as 2,500 and 5,500 colonies per 100 ml, and 2.7,
0.29, and 0.05 mg/L, respectively. Densities of



fecal coliform and fecal streptococcus bacteria 
and total-recoverable concentrations of iron, 
manganese, and lead in storm samples from 
Mobley Spring exceeded the MCL by as much as 
500 and 4,500 colonies per 100 rnL, and 18.7,0.65, 
and 0.021 mg/L, respectively. 

For iron, manganese, and bacteria, these 
undesirable levels are not necessarily attribu- 
table to storm-water recharge, because concen- 
trations of these constituents also exceeded 
drinking-water standards in one or more of the 
dry-weather samples from springs and observa- 
tion wells in the area. The concentration of total- 
recoverable iron in dry-weather samples from 
Seven Springs and the observation wells Mt:M-13 
and Mt:M-14 exceeded the MCL by 0.25,2.3, and 
0.8 mg/L, respectively. The concentration of 
total-recoverable manganese in dry-weather 
samples from Mobley Spring and Mt:M-13 
exceeded the MCL by 0.05 and 0.02 mg/L, respec- 
tively. Densities of fecal coliform and fecal strep- 
tococcus bacteria in all samples exceeded the 
MCL of less than 1 colony per 100 mL, in fact, in 
all samples except the dry-weather sample from 
Mobley Spring, densities were over 200 colonies 
per 100 mL for both species of bacteria. 

OTHER FACTORS AFFECTING 
GROUND-WATER QUALITY 

Early in the course of this investigation, it 
was discovered that the water-quality problems at 
Mobley Spring were chronic and apparently of 
diverse origin. Even during dry-weather flow, a 
strong odor of petroleum could be detected. In 
addition, a sewer line passing about 30 feet 
upslope from the spring was observed to leak 
intermittently throughout the period of data col- 
lection. It is evident that other sources of con- 
tamination exist within the ground-water basin for 
Mobley Spring, in addition to the potential source 
of storm-water runoff entering the drainage well. 
Consequently it is not possible to attribute 
degradation of water quality of the spring follow- 

ing recharge events solely to storm-water runoff 
entering the drainage well. Although concentra- 
tions of several constituents increase following 
storm recharge at Mobley Spring as compared to 
dry-weather conditions (fig. 13), the sources of 
these constituents are not known. Several con- 
stituents, such as iron and magnesium, may be 
derived from aquifer material that becomes 
mobilized by the increased ground-water veloc- 
ities resulting from increased hydraulic gradients 
following recharge. 

Comparison of storm loads of many con- 
stituents at the drainage-well site to the Mobley 
Spring site also indicates that the relative contri- 
bution of constituents in storm water from the 
drainage-well site is not significant. The 
exceptions to this are for constituents associated 
with roadway runoff: arsenic, copper, lead, 
organic carbon, and oil and grease. In addition, 
the marked similarity in the concentration-time 
data for total organic car-bon at the drainage-well 
site compared to the Mobley Spring site during 
the storm of March 25,1988 (Supplement B), also 
indicates that the drainage well may be contribut- 
ing relatively large amounts of total organic car- 
bon to local ground water during storms. 

SUMMARY AND CONCLUSIONS 

Storm-related water-quality data were col- 
lected at a drainage-well site and at a spring site 
in Clarksville, Tennessee, to define the effects of 
storm-water runoff on the quality of ground water 
in the area. A dye-trace test verified the direct 
hydraulic connection between the drainage well 
and Mobley Spring. Samples of storm runoff and 
spring flow were collected at these sites for nine 
storms during the period February to October 
1988. Water samples also were collected from 
two other springs and two observation wells in the 
area during dry-weather conditions to assess the 
general quality of ground water in an urban karst 
terrain. 

42 



Evaluation of the effect of storm-water 
runoff on the quality of local ground water is 
complicated by the presence of other sources of 
contaminants in the area. Concentrations and 
loads for most major constituents were much 
smaller in storm-water runoff at the drainage well 
than in the discharge of Mobley Spring, indicating 
that much of the chemical constituent load dis- 
charged from the spring comes from sources other 
than the drainage well. However, for some of the 
minor constituents associated with roadway 
runoff (arsenic, copper, lead, organic carbon, and 
oil and grease), the drainage well contributed 
relatively large amounts of these constituents to 
local ground water during storms. The close cor- 
relation between concentrations of total organic 
carbon and concentrations of most trace metals at 
the drainage-well and Mobley Spring sites indi- 
cates that these constituents are transported 
together. Many trace metals were flushed early 
during each runoff event. 

Mean storm loads for copper, lead, zinc, and 
four nutrient species (total nitrogen, ammonia 
nitrogen, total phosphorus, and orthophos- 
phorus) in storm-water runoff at the drainage- 
well site were lower than mean storm loads 
predicted from an existing regression model. The 
over-prediction by the model may be a result of the 
small size of the drainage area relative to the 
range of drainage areas used in the development 
of the models, or to the below-normal amounts of 
rainfall during the period of sampling for this 
investigation. Loads for trace metals for the 
period February to October 1988, calculated by 
extrapolating from sampled storms, ranged from 
0.030 pound for cadmium to 12 pounds for stron- 

tium. Loads of the primary nutrients ranged from 
0.97 pound for nitrite as nitrogen to 34 pounds for 
organic nitrogen. 

Concentrations of total;recoverable cad- 
mium, chromium, copper, lead, and nickel were 
higher in many storm-water samples from both 
the drainage-well and Mobley Spring sites than in 
samples from any other site in the local aquifer. 
In addition, concentrations of total organic car- 
bon, methylene blue active substances, and total- 
recoverable oil and grease were generally higher 
in storm-water samples from the drainage-well 
site than in any ground-water sample. 

Densities of fecal coliform and fecal strep- 
tococcus bacteria and total-recoverable concen- 
trations of iron, manganese, and methylene blue 
active substances in storm samples from the 
drainage-well site exceeded the maximum con- 
taminant levels listed in Tennessee’s drinking- 
water standards (1988) by as much as 2,500 and 
5,500 colonies per 100 milliliters, and 2.7, 0.29, 
and 0.05 milligrams per liter, respectively. Den- 
sities of fecal coliform and fecal streptococcus 
bacteria and total-recoverable concentrations of 
iron, manganese, and lead in storm samples from 
Mobley Spring exceeded the maximum con- 
taminant levels by as much as 500 and 4,500 
colonies per 100 milliliters, and 18.7, 0.65, and 
0.02 milligrams per liter, respectively. For iron, 
manganese and bacteria, these undesirable levels 
are not necessarily attributable to storm-water 
recharge, because concentrations of these con- 
stituents also exceeded drinking-water standards 
in one or more of the dry-weather samples from 
selected springs and observation wells in the area. 
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SUPPLEMENTAL INFORMATION 



Supplement A. - Storm characteristics and antecedent conditionsforsampled storms in Clarksville,
Tennessee, for theperiod February to October1988



Supplement B. - Water-quality and specific-conductance data for
storm-water runoffat the drainage-well sitefor selected storms
during the period February to October 1988

[,uS/cm, microsiemens per centimeter at 25° Celsius; mg/L,
milligrams per liter ; mL, milliliters ;,ug/L, micrograms per liter ;

E, value for a composite of discrete measured samples]



Supplement B. -Water-quality and specific-conductance datafor storm-water runoffat the
drainage-well sitefor selected storms during the period February to October 1988 - Continued
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Supplement B. - Water-quality and specific-conductance datafor storm-water runoffat the drainage-well
sitefor selected storms during theperiod February to October 1988- Continued



Supplement C. -Water-quality and specific-conductance data for
storm-water spring discharge at the Mobley Spring sitefor
selected storms during February to October 1988

[,uS/cm, microsiemens per centimeter at 25° Celsius; mg/L,
milligrams per liter ; mL, milliliters ; jAg/L, micrograms per liter ;

E, value for a composite of discrete measured samples]

,
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Supplement C. - Water-quality andspecific-conductance dataforstorm-waterspring discharge
at theMobley Spring site forselectedstorms during February to October 1988-Continued



Supplement D.-Water-quality and specific-conductance data forground water
during dry-weather conditions at selected sites in the study area

[uS/cm, microsiemens per centimeter at 25° Celsius ; mg/1' milligrams per liter ; ml, mil-
liliters;,ug/L micrograms per liter; E, value for a composite of discrete measured samples]
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Supplement D. -Water-quality and specific-conductance data forground water during dry-
weather conditions at selected sites in the study area - Continued



Supplement D. -Water-quality and specific-conductance data forground water
during dry-weather conditions at selectedsites in the study area - Continued



Supplement E.-Typical relation among selected water-quality constituents and properties in water samples
collected at the drainage-well and Mobley Spring sites, March 25, 1988 .
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Supplement F.-Typical relation among selected water-quality constitutents and properties in water samples
collected at the drainage-well site, October 16, 1988.
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