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MOVEMENT AND FATE OF FECAL-COLIFORM
BACTERIA THROUGH A SHALLOW AQUIFER
SYSTEM IN SOUTHEASTERN LOUISIANA, 1991

By Keith J. Halford, Otha L. Benton, and Dennis K. Demcheck

Abstract

In 1991, two experiments were conducted to determine the rate and direction of movement
and fate of viable fecal-coliform bacteria in a shallow aguifer system in an area of dairy-farm
pastureland in southeastern Louisiana. A ground-water recharge pit was constructed and filled
with an effluent containing high concentrations of fecal-coliform bacteria and chloride and
rhodamine-WT tracers. Two 30-gallon control tanks were placed next to the recharge pit, to
determine fecal-coliform half-lives and assess the potential effects of chloride and rhodamine-WT
tracers on bacterial viability. The movement of this effluent through the shallow aquifer system
was monitored by collecting water samples from observation wells, remote wells, and nearby
Bonner Creek, and samples of field runoff.

In spring 1991, during a period of maximum ground-water flow in the shallow aquifer sys-
tem, concentrations of fecal-coliform bacteria in the initial effluent in the recharge pit and a sepa-
rate control tank decreased from 12,000,000 cols/100 mL. (colonies per 100 milliliters) in the
control tank to less than 200 cols/100 mL in 34 days as a result of the combined effects of dilu-
tion, sorption, and filtration. The maximum concentration of fecal-coliform bacteria, 2,100
cols/100 mL., measured in an observation well near the recharge pit was only 0.04 percent of the
concentration of 5,900,000 cols/100 mL measured in the control tank at the same time. No con-
centrations of fecal-coliform bacteria greater than the State’s standard of 200 cols/100 mL for pri-
mary contact were detected beyond a distance of 40 feet from the recharge pit, although
concentrations of bacteria greater than 50 cols/100 mL were detected more than 50 feet from the
recharge pit.

In fall 1991, during a period of minimum ground-water flow in the shallow aquifer system,
concentrations of fecal-coliform bacteria in the initial effluent decreased in the control tank from
700,000 cols/100 mL to less than 200 cols/100 mL in 42 days. The maximum concentration of
bacteria, 95 cols/100 mL, was detected in an observation well 7 days after the pit was filled. No
concentrations of fecal-coliform bacteria greater than 95 cols/100 mL were detected in the shal-
low aquifer system during the fall experiment.
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The effect of fecal-coliform bacteria on ground-water qualiry decreases as the distance of
the source above the water table increases. In the shallow aquifer system, filtration and adsorp-
tion of fecal-coliform bacteria was greater in the unsaturated zone than in the saturated zone
because the effluent was dispersed over a larger volume of the aquifer and was exposed to more
surface area. The rapid decrease in fecal-coliform bacteria concentrations compared to the rela-
tively slow rate of ground-water movement substantially limited the extent of contamination of
water in the shallow aquifer system,

INTRODUCTION

Bacteria in shallow aquifer systems can pose a health threat to humans through the direct consump-
tion of ground water and contact with surface water contaminated through ground-water seepage. Bacteria
can survive long enough to move through shallow aquifer systems that recharge surface waters, and bacte-
ria have been traced more than 1,5 mi from a contaminant source (Harvey and others, 1987). Previous
studies (Nyman and Fayard, 1978, Childers and others, 1984; Janes, 1987; Louisiana Department of Envi-
ronmental Quality, 1988, p. 20-21; 1989, p. 268-276) have shown contamination of surface water with
fecal-coliform bacteria to be a persistent problem in southeastem Louisiana, where dairy cattle are the pri-
mary agricultural source of fecal-coliform bacteria.

Discharge of agricultural waste to local rivers and streams is being abated by encouraging farmers to
install and use no-discharge lagoons that capture waste runoff from milking pens (William Branch,
Louisiana State University Agricultural Extension Service, oral commun., 1990). Although the farmers
prevent the lagoons from discharging by applying excess effluent to nearby fields, the lagoons may be
ground-water-recharge sites. Because little is known about the effect of efffuent contaminated with
bacteria on ground-water quality in southeastern Louisiana, the U.S. Geological Survey (USGS), in
cooperation with the Louisiana Department of Transportation and Development, began a study in 1990 to
monitor the movement of fecal-coliform bacteria through a shallow aquifer system in that area.

Purpose and Scope

This report presents the results of a study to determine the rate and direction of movement and fate
of viable fecal-coliform bacteria moving through a typical shallow aquifer system in southeastern Louisi-
ana. The study was limited to one 20-acre site on which a recharge pit was constructed and filled twice
(spring and fall 1991) with effluent containing high concentrations of fecal-coliform bacteria. Two 30-gal-
lon control tanks were placed next to the recharge pit, to determine fecal-coliform half-lives and assess the
poiential effects of chioride and rhodamine-WT tracers on bacterial viability. Water-quality data from 35
shallow observation wells in the area around the recharge pit are presented.

Due to the different rates at which effluent moves from the pit into the unsaturated zone, a cross-sec-
tional computer model of the unsaturated zone was construcied using the VS2D (Lappala and others, 1987)
computer program. This model will aid in understanding how effluent moves through the unsaturated
zone.

Description of Study Area

The study area consists of 20 acres on the Louisiana State University Southeast Agricultural
Research Station in Washington Parish (fig.1). The topography consists of gently rolling hills, with alti-
tudes ranging from 170 to 220 ft above sea level. Topographic troughs and the creek valley are forested.
The area near the pit is pastureland (fig. 1). A fence restricts cattle to an area at least 100 ft from Bonner
Creek.
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The study area encompasses four remote wells (R-1, R-2, R-3, and R-4), two streamflow-gaging
sites (S-3 and S-5), and the recharge-pit area (fig. 1). Water in the recharge pit and in 31 wells was sampled
to monitor effluent movement in the immediate vicinity of the pit (fig. 2). The effluent used in the experi-
ment was placed in the recharge pit and two control tanks simultaneously (fig. 2).
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APPROACH AND METHOD OF STUDY

The general approach followed in this study is described below:

1. A representative dairy-farm pasture in southeastern Louisiana was selected as the
study site.

2. Arecharge pit (hereafier referred to as “the pit”) was constructed on the study site
so that effluent in the pit would be discharged into the underlying shallow aquifer
system.

3. Observation wells (hereafter referred to as “the wells”) were installed around the pit
to monitor ground-water movement from the pit through the shallow aquifer system.

4. Two 30-gallon plastic control tanks were installed adjacent to the recharge pit to
determine fecal-coliform (FC) bacteria half-lives under field conditions and assess
the potential effects of the chloride and rhodamine-WT tracers on fecal-bacterial
viability. One tank contained the same effluent that was added to the recharge pit,
The other tank contained effluent, chloride, and rhodamine WT.

5. Two experiments were conducted during spring and fall by filling the pit with
effiuent containing high concentrations of FC bacteria and other tracers and
sampling the wells to monitor the rate and direction of movement and fate of viable
FC bacteria in the shallow aquifer system.

6. A cross-sectional computer model was constructed to determine how and at what
rate effluent moved from the pit into the unsaturated zone.

The study was designed to examine movement of FC bacteria under periods of wet and dry weather
conditions. The pit was built in a topographic trough (fig. 1) to minimize the distance the effluent would
travel through the unsaturated zone and, therefore, the dispersive effects of the unsaturated zone on effluent
movement. The pit was located near Bonner Creek to achieve rapid movement within the saturated zone,
as hydraulic gradients in unconfined aquifers generally become steeper as one approaches a stream.

Effluent from a no-discharge lagoon that contained high concentrations of bacteria and low concen-
trations of dissolved solids was used as the source of FC bacteria. Concentrations of FC bacteria from
no-discharge lagoons typically range from 500,000 to 13,000,000 cols/100 mL (Allen and others, 1973,

p. 21).
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Construction of Recharge Pit

The recharge pit was formed by excavating a trench 16 ft long, 6 ft wide, and 3 ft deep. In this
trench, a 15-ft by 5-ft by 3-ft box, open on the top and bottom, was constructed of treated wooden planks to
provide straight-sided retaining walls. The space between the trench sides and retaining walls was filled
with a concrete slurry to reduce lateral migration of the effluent around the pit sides. The pit was covered
with an elevated 20-fi by 8-ft tin roof to prevent dilution of the effluent with rainfall, and to reduce the
effects of evaporation and exposure to sunlight. The interior of the pit measured 14.8 fi long, 4.6 ft wide,
and 3.0 ft deep, with a floor area of 68 fi% and a total volume of 204 fi* (fig. 3). After construction, the pit
was filled with about 200 ft> of effluent,

Instailation of Observation Wells and Control Tanks

Thirty-one 2-in. diameter plastic wells with 0.01-in. slotted screens were completed in the shallow
aquifer system near the pit. All wells were screened over 10-ft intervals except well 108, which, as a result
of construction problems, was screened over a 5-ft interval, Near the pit, 27 wells were screened from the
water table 1o 10 ft below the water table and were assigned three-digit numbers beginning with 1 (fig. 2).
Two wells screened from 10 to 20 fi below the water table were assigned three-digit numbers beginning
with 2, and two wells screened from 20 to 30 ft below the water table were assigned three-digit numbers
beginning with 3 (fig. 2).

Four additional wells, referred to as remote wells, of similar construction to the wells described
above, were installed about 250 to 460 ft from the pit. These wells were screened in the saturated zone to
determine area-wide ground-water levels and gradients.

All wells were completed in 6-in. diameter, augered boreholes. Afier the 2-in. screen and pipe were
assembled and inserted, the annulus was filled with coarse sand to a depth of 1 to 2 ft above the screened
interval. The remaining annular space was cemented up to land surface. The conceptual diagram in
figure 3 shows a typical well.

The observation-well network near the pit was designed on the basis of the following assumptions:

1. FCbacteria could persist for 90 days in an aquatic environment (Guthrie and others,
1986),

2. Lateral movement would be most rapid along shallow flow paths.
3. Ground-water flow would be accelerated locally by recharge from the pit.

Assuming that the FC bacteria persisted up to 90 days in an aquatic environment, the horizontal
hydraulic conductivity was 10 fi/d, the porosity was 0.3, and the gradient was 0.015 ft/ft, the maximum lat-
eral travel expected was 45 ft. Twenty-seven wells were located within 45 ft of the pit. Most wells were
screened near the water table 1o intercept the shallowest flow paths. Four deeper wells were located down-
gradient from the pit to confirm the presence of FC bacteria if the movement of effluent was primarily ver-
tical. Only four deep wells were used because the lateral component of flow was expected to decrease with
depth.

Two control tanks were used to test the mortality rate of FC bacteria in separate effluents, one efflu-
ent containing sodium chioride and rhodamine WT and a second effluent without these additives. The
effluent with sodium chloride and rhodamine WT was kept in one control tank (30-gal plastic trash can
with 1id) and the unaltered effluent was kept in the other control tank (fig. 4). The control tanks were par-
tially buried to keep the effluent temperature close to the ground-water temperature. The lidded tanks were
then covered with plywood to prevent changes in concentration due to rainfall, evaporation, and exposure
to sunlight,
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Data Coliection

The specific conductance, temperature, rhodamine WT, and pH were measured in situ or in water
sampies from wells, control tanks filled with effluent, and the recharge pit. These constituents and physical
properties were measured in accordance with standard USGS procedures (Fishman and Friedman, 1989).
Specific conductance and temperature were measured in situ after the wells had been bailed and samples
collected for FC-bacteria, rhodamine WT, and pH determinations. During the fall experiment, pH was
measured and additional sampies were collected for nitrate, phosphorus, and sodium determinations.

All samples analyzed for FC bacteria, rhodamine WT, and pH were collected with 3-ft plastic bail-
ers. A bailer and pitcher was used for each well to prevent cross-contamination. Only one to two well-cas-
ing volumes were removed prior to sample collection to minimize the effects of pumping on the flow
system. The presence of silt and clay hindered FC-bacteria measurements in all wells. This problem was
mitigated by collecting the bailed water in 2-L pitchers and allowing the water to stand for 20 minutes.
Each sample was decanted from the pitcher into an autoclaved 250-mL glass bottle. Water samples for
FC-bacteria determination were stored in sterilized glass containers and packed in ice. Bacteriological
determinations were initiated within 4 hours of sample coliection; the membrane-filter method was used as
described by Britton and Greeson (1988).



DESCRIPTION OF SHALLOW AQUIFER SYSTEM

The shaliow aquifer system in southeastern Louisiana is composed of gravel, sand, silt, and clay
deposits that range in thickness from 200 to 400 ft. Locally horizontal hydraulic conductivities are highly
variable as a result of variations in silt and clay content (Nyman and Fayard, 1978, p. 13). Sieve analysis
of core samples from wells 106 and 121 substantiated the high degree of grain-size variability (fig. 5).
Bedding structures on the scale of an inch were observed in some core samples.

Ground water throughout the study area is unconfined. The depth to the water table ranged from 0 ft
at Bonner Creek to about 50 ft below the ridge crest (fig. 6) in the spring. The depth to the water table in
the vicinity of the pit was about 10 ft below land surface in the spring.

Flow Paths and Water Levels

Ground water in the study area flows from the ridge crest near Louisiana Highway 16 (La. 16) to
Bonner Creek, the lowest topographic feature (fig. 6). Flow is generally eastward due south of La. 16 and
becomes northeastward near Bonner Creek. Near the pit, lateral ground-water flow is from the southwest
to the northeast. The area near the pit is an area of ground-water recharge throughout the year.

A comparison of the hydrographs in figure 7 indicates that water levels in the shallow well 112 con-
sistently were higher than those in the deeper well 313. Water levels in wells 112 and 313 varied less than
3 ft throughout 1991 (fig. 7). Case (1979) reported a similar range from 1976 to 1978 in a shallow well
completed 0.5 mi from the study site. Variations in water levels during the year are controlled generally by
the net recharge (infiltration minus evapotranspiration). Net recharge is less in summer and early fall than
in spring as a result of decreased rainfall and increased evapotranspiration.

Flow Raies

Ground-water-flow rates were estimated from water-level measurements in well 313 and stream-dis-
charge measurements at sites S-3 and S-5 (fig. 8). Stream-discharge measurements were made after a
week or more of no rainfall and while the water levels in well 313 were declining. The area bordering
Bonner Creek is forested, and no additional surface-water sources are between sites S-3 and S-5. If evapo-
ration from Bonner Creek is assumed to be negligible, the difference in stream-discharge measurements
between sites S-3 and S-5 is an estimate of the ground-water-discharge rate.

A series of estimates of ground-water-flow rates were made at the beginning of the study, and obser-
vation wells (fig. 9) were placed near the pit. The lateral ground-water-flow rate near the pit was estimated
from the water-table surface map (fig. 6) and stream-discharge measurements for Aprit 1, 1991. If half of
the ground-water discharge is assumed 10 come from south of Bonner Creek, the net fiow rate through the
shallow aquifer system (fig. 6) is 0.07 ft’/s, or 6,000 ft*/d. From the driller’s log of a nearby private well
3,000 ft west of the pit, aquifer thickness near the pit was estimated to be 200 ft. The cross-sectional arca
of the ground-water-flow path is about 750 ft wide by 200 ft deep, or 150,000 ft2. Using a gradient of
0.004 fi/fi, the average hydraulic conductivity of the area near the pit is about 10 fi/d. The lateral ground-
water velocity near the pit is about 0.2 fi/d, assuming a gradient of 0.005 ft/ft and a porosity of 30 percent.
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2.2

OBSERVATION WELL AND HYDRAULIC CONDUCTIVITY,
L IN FEET PER DAY

Figure 9. Lines of equal hydraulic conductivity in the shallow aquifer system, April 25, 1991,
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Hydraulic Properties

Hydraulic conductivity and specific yield near the pit were determined by means of slug tests of all
the wells in the study area on April 25, 1991, Slug-test data for each well were collected by dropping a
pressure transducer 6 10 8 ft below the water level in the well and recording the initial water level, A slug
displacing 0.057 ft*, which produced a 2.6-ft water-level change, was then submerged in the well. After
the water level returned to its initial level, the slug was removed over a 1-second interval. Water levels
were recorded every second for 3 minutes after the slug was removed.

Horizontal hydraulic-conductivity values ranged from 0.1 to 9.5 fi/d and averaged 1.9 ft/d (table 1).
A zone in the upper 8 fi of saturated material near the pit and extending 1o the northeast demonstrated a
lower hydraulic conductivity compared to surrounding wells (fig. 9). Hydraulic conductivity varies verti-
cally as shown by wells 117, 217, and 317 in figure 10. The large range of hydraulic-conductivity values
agreed with those determined from cores from wells 106 and 122, indicating bedding features on the scale
of inches. Specific yield ranged from 0.06 to 0.13 and averaged 0.08 (table 1).

ANALYSIS OF CONTROL DATA

Background specific-conductance vatues, FC-bacteria concentrations, and information on the viabil-
ity of FC bacteria were used 1o evaluate the effectiveness of the method of study and for quality control of
the experiments. Water samples were collected from the wells near the pit in spring and fall before each
experiment, Before the spring experiment, background specific-conductance values and FC-bacteria con-
centrations also were determined at sites located farther from the pit; water samples were collected from
Bonner Creek and remote wells. Samples of field runoff also were collected.

Background Conditions

In the spring experiment, all the observation wells were sampled for FC bacteria 1 day prior to fill-
ing the recharge pit with effluent (table 2). The ungrouted wells located in the coarser-grained material at
the bottom of the same topographic trough as the recharge pit (wells 103, 109, 114, 115, 117, and 317)
(fig. 2) had substantially higher FC-bacteria concentrations than the ungrouted observation wells installed
into finer-grained material. This is likely due to percolation of field runoff containing FC bacteria (table 3)
along the outer casing of the recently installed wells down to the screened interval.

Background specific-conductance values varied among the samples from Bonner Creek, those from
the remote wells, and those of field runoff, but were highest in the field runoff. Specific-conductance val-
ues for Bonner Creek were consistently less than 40 S/cm, whereas those for samples from remote wells
ranged from 40 to 84 uS/cm (table 3). Specific-conductance values measured in samples of field runoff
ranged from 79 to 159 uS/cm.

Background concentrations of FC bacteria varied but were highest in samples of field runoff and
lowest in sampies from the remote wells. Concentrations of FC bacteria measured in samples from Bonner
Creek ranged from 50 to 300 cols/100 mL, whereas those in samples from the remote wells ranged from
less than 1 to 2 cols/100 mL (table 3). Concentrations of FC bacteria measured in field runoff ranged from
20 to 28,000 cols/100 mL. with a standard deviation of 10,000 cols/100 mL. These unweighted measure-
ments of bacteria concentrations in field runoff were higher than the flow-averaged values reported by
Boyer and Perry (1987). The FC-bacteria concentrations in sampies from Bonner Creek, those from the
remote wells, and those of field runoff indicate that the source of the bacteria in Bonner Creek is field rmn-
off,
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Table 1. Locations and results of siug tests for observation welis in the study area in Washington Parish,
southeastern Louisiana

Altitude of
screen center, Hydrauiie

Well in feet above conductivity, Specific yield

no. Latitude Longitude sea level In feet per day  (dimensionless)
R-1 30°47'36.528™ N 90°12" 3.340" W 165.61 10 0.07
R-2 30°47°40.689” N 90°12" 2.736" W 162.99 N .08
R-3 30°47°41.581" N 90°11°58.176" W 165.53 8 08
R4 30°47'37.475" N 90°11'58.231” W 162.02 3 .08
101 30°47°39.315" N 90°12° 0.703" W 168.06 1.6 06
102 30°47'39.412" N 90°12’ 0.758" W 168.62 1.6 06
163 30°47'39384" N 90°12" 0.648" W 167.3% 8 .07
105 30°47'39.315" N 90°12' 0.538” W 167.92 20 .06
106 30°47°39.439" N 90°12' 0.648" W 167.90 9.5 A1
107 30°47°39.521" N 90°12° 0.703" W 168.73 22 06
109 30°47'39.453" N 90°12' 0.538" W 168.05 9 07
110 30°47°39.425" N 90°12" 0483 W 167.62 9 .08
1 30°47'39.576” N 90°12" 0,648 W 168.21 1.1 07
112 30°47°39.521" N 90°12' 0.593" W 166.82 8 07
113 30°47°39.563" N 90°12° 0.539" W 167.23 1.2 07
213 30°47'39.564" N 90°12° 0538 W 158.50 1.0 06
313 30°47739.563" N 90°12° 0.537" W 147.06 .8 08
114 30°47'39.549" N 90°12' 0.483" W 166.60 22 .08
115 30°47°39480" N 90°12* 0374" W 167.60 25 07
116 30°47'39.686" N 90°12" 0.538" W 167.37 1.6 .08
117 30°47'39.631" N 90°12° 0428" W 166.09 12 08
217 30°47'39.632" N 90°12’ 0.429" W 156,11 1 09
317 30°47'39.632” N 90°12" 0427 W 143.69 2.1 07
i18 30°47'39.590" N 90°12' 0374" W 166.84 6 07
119 30°47°39.535" N 90°12" 0.264" W 167.55 9 .08
120 30°47°39.823" N 90°12' 0.488" W 168.13 22 07
121 30°47'39.741" N 90°12" 0374 W 166.46 1.1 07
122 30°47°39.645" N 90°12' 0.264" W 166.60 08
123 30°47°39.851" N 90°12’ 031" W 166.89 29 06
124 30°47°39.311" N 90°12° 0.333" W 164.45 1.0 13
125 30°47'39.410" N 9G°12 0.233" W 164.64 57 a1
126 30°47'39.334" N 90°12" 0.086" W 166.36 3.0 12
127 30°47°39469" N 90°12" 0.091" W 164,42 2.6 10
128 30°47'39.587" N 90°12’ 0.085" W 164.13 67 .09
Maximumy: 169.61 9.5 A3
Mean: 164.93 1.9 08
Minimum: 145.69 1 .06
Standard deviation; 540 19 .02
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Table 2. Concentrations of fecal-coliform bacteria in observation wells measured during the spring experiment, 1991,
Washington Parish, Louisiana

[cols/10{ mL, colonies per 100 milliliters; <, less than]

Fecal-coliform Fecat-coliform Fecal-coliform Fecal-coliform
bacterls, In bacteria, in bacteria, in bacteris, in
Well no. cols/100 ml. Wall no. cols/100 mL. Weil no. cols/160 mL Well no. cois/100 mbL
101 <1 110 3 116 <] 122 <1
102 <l 111 <l 117 30 123 <l
103 50 112 <1 217 <1 124 1
105 <] 113 <1 317 15 125 <1
106 <1 213 <1 118 <l 126 <1
107 <1 313 3 119 <l 127 <1
108 <1 114 3 120 <1 128 8
109 60 115 9 121 <]

Table 3. Background spacific-conductance values and fecal-coliform-bacteria concentrations in Bonner Creek, ramote
wells, and field runoft measured during the spring experiment, 1991, Washington Parish, Louisiana

[, less than]
Number
of Standard
Sample observations Minimum Median Maxlmum deviation

Specific conductance, in microsiemens per centimeter at 25 degrees Celsius

Bonner Creek 5 31 36 38 2

Remote wells 23 40 63 84 17

Field runoff 7 79 108 159 31
Fecal-coliform-bacteria concentration, in colonies per 100 milliliters

Bonner Creek 10 50 140 300 110

Remote wells 8 <l 1 2 1

Field runoff 7 20 5,900 28,000 10,000

Halt-Life of Fecal-Coliform Bacteria

The concentration of FC bacteria changes as a function of time as a result of predation and mortality
rate. The decrease in the population of FC bacteria limits the distance from the source over which the bac-
teria could be detected. An estimate of this rate of decline is needed to differentiate concentration changes
due to population mortality from changes due to diffusion, dispersion, sorption, and filtration.

Dissolved tracers (chloride and a fluorescent dye) were used to differentiate among diffusion, dis-
persion, sorption, and filiration. These physical processes control the transport distance of the viable bac-
terial population. Chloride, a conservative dissolved constituent, was used to estimate the rate of
attenuation of FC bacteria from diffusive and dispersive effects. Sodium chloride was used because it is
readily available. Chloride movement was tracked indirectly by measuring the specific conductance of the
water in situ after each well had been bailed. When the specific conductance of the water in a well varied,
a depth-integrated average was reported.
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A fluorescent dye, an adsorptive dissolved tracer that can be detected in very small concentrations,
was used to obtain a rough estimate of the rate of attenuation of FC bacteria due to sorption. Rhodamine
WT was chosen rather than fluorescein because fluorescein adsorbs more readily to alluvial aquifer mate-
rial (Sabatini and Austin, 1991, p. 341-349),

Fecal-coliform bacteria naturally inhabit the intestines of warm-blooded animals. Thus, when the
bacteria are placed into another environment, population mortality begins at a rate which depends on envi-
ronmental conditions. For effluent and other aquatic environments, the FC-bacteria population at a given
time, FCPy, can be approximated by the following equation (Rinaldi and others, 1979, p. 96);

FCPt - FCP06—0.693 74 3

(1)
where,
FCPy is the population of FC bacteria at time zero, in colonies per 100 milliliters;
tis time, in days; and
117 1s the haif-life of FC-bacteria population, in days.

‘The spring and fall experiments were performed to determine the half-life of FC bacteria in the two
control tanks. One iank contained effluent with added sodium chloride and rhodamine WT, and the other
tank contained unattered effluent (fig. 11). The presence of sodium chloride and rhodamine WT in the
effluent had no discernible effect on the half-life in either experiment. The half-life of FC bacteria during
the fall experiment was 3.6 days, 64 percent longer than the half-life of 2.2 days determined during the
spring experiment. The specific-conductance and temperature values, rhodamine-WT concenirations, and
half-life values for FC bacteria in the control tanks are listed in table 4.

The FFC-bacteria concentrations in the conirol tanks decreased to the State's standard of 200 cols/100
mL more rapidly during the spring experiment than during the fall experiment. The initial FC-bacteria
concentration in the spring experiment, 12,000,000 cols/100 mL, decreased to 200 cols/100 mL in 34 days.
The initial FC-bactetia concentration for the fall experiment, 700,000 cols/100 mL, decreased to the stan-
dard in 42 days.

Table 4. Average specific-conductance and temparature values, rhodamine-WT concentrations, and half-life of
fecal-coliform bacteria in the control tanks during the spring and fall experiments, 1991, Washington Parish, Louisiana

Speciflc
conductance,
in microsiemens Rhodamine-WT  Half-life of
per centimeter at Temperature, concentration, fecal-coliform
25 degrees in degrees in milligrams bacterla,
Type of effluent Ceisius Celsius pet liter in days
Spring experiment
Effluent containing sodium chioride and thodamine WT 3,300 22.6 410 22
Unaliered effluent 2,200 226 0 22
Fail experiment
Effluent containing sodium chloride and rhodamine WT 2,200 18.5 22,000 3.6
Unaliered effluent 1,100 18.7 o 3.5

19



20,000,000

A T T LENNAN S I N R B R BN S R E LIRS It IR A N RO RN REaS M
S
10,000,000 F SPRING EXPERIMENT E
E 2.16=HALF-UFE_OF FECAL-COUFORM BACTERIA IN EFFLUENT 3
r WITH ADDED SODIUM CHLORIDE ANG RHODAMINE WT =
R 2.47=HALF-LIFE_OF FEGAL-COLIFORM BACTERIA IN UNALTERED a
EFFLUENT
1,000,000 | 3
» C 3
ol o 3
= [ ]
=
S 100,000 .
o - .
&
= L 3
% i ]
& i ]
A 10,000 [ .
Z : :
8 N A MEASURED CONGENTRATION OF FEGAL-COLIFORM BACTERIA N ]
8 EFFLUENT WITH ADDED SODIUM CHLORIDE AND RHODAMINE WT
[1) MEASURED CONCENTRATION OF FECAL-COLIFORM BAGTERIA IN i
Z UNALTERED EFFLUENT
< 1,000 [ e CALCULATED CONCENTRATION OF FECAL-COLIFORM BACTERIA IN ]
< - EFFLLUENT WITH ADDED SODIUM GHLORIDE AND RHODAMINE WT .
2 L . . .. CAGULATED GONGENTRATION OF FECAL-COLUFORM BACTERIA IN ]
= i UNALTERED EFFLUENT ]
%:) 200 UV SUIN TSN SN W N S | TR TS SR N TR S SN TSN FUUVED NUUIUE ESUNS TOUNUUN SUSIINY TR CUUS U A S | [ i 11
e
E 3.000.000 k] T T T T | T T T T T T | T 1 L 1 T T | T T T T T T l T T 3 T T T
o4 r i
g FALL EXPERIMENT
= 1000000 k 2.59=HALF-UIFE OF FECAL-GOUFORM BACTERIA IN EFFLUENT o
5 R E WITH ADDED SODIUM CHLORIDE AND RHODAMINE WT g
) 3.53=HALF-LIFE OF FECAL-COLIFORM BAGTERIA IN UNALTERED 1
2] EFFLUENT _
E’ i
LL 100,000 =
O o 3
Z. - 3
Q F R
= - ]
- L 4
5 -
g 10,000 F /0 3
) - ]
Z i ]
Q i ]
o L
1,000 | .
N A‘ -~
L S
200 [ PR SUVUT SR YOUUY WV TR N N S SNNUS TN W AU DU M S NN N U SUN NN SN NN S S N S NN SR ST SN R S i
0 7 14 21 28 as
TIME,IN DAYS
Figure 11, Change in concentration of fecal-coliform bacteria with time in the control tanks during
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MOVEMENT AND FATE OF FECAL-COLIFORM BACTERIA

The spring and fall experiments were conducted to characterize FC-bacteria movement during peri-
ods of maximum and minimum flow in a shallow aquifer system. The spring experiment was conducted
during maximum flow rate through the system, whereas the fall experiment was conducted during a mini-
mum flow rate. Time was measured in consecutive days for each experiment. Filling the pit with effftuent
marked time zero.

Effects of Rainfali on Effluent Movement

During the spring and fall experiments, fluctuations in ground-water levels in the shallow aquifer system
corresponded closely with seasonal rainfall. The spring experiment was dominated by heavy and frequent
rainfall (fig. 7). A typical configuration of the water table in the shallow aquifer system near the pit during
the spring experiment is shown in figure 12. Field runoff periodically ponded south of the pit during the
first week of the spring experiment. Recharge from ponding produced a rise in the water table near the pit
(fig. 12). Lateral gradients as large as 0.1 fi/ft were associated with this rise but decreased 1o 0.006 fi/ft a
short distance northwest of the rise.

The fall experiment was conducted when the water table was fairly uniform with little or no mound-
ing (fig. 12). Ground-water flow generally was uniform from the west-southwest {o the east-northeast.
The average lateral gradient near the pit was 0.005 fi/ft.

Recharge Pit

The rate of effluent movement through the floor of the recharge pit into the unsaturated zone
depended on the recharge-pit discharge rate, Qq. For purposes of discharge computation, the pit was con-
ceptualized as a bucket with a leaky bottom (Ross, 1974, p. 87) and the discharge rate was approximated
by:

Qg = —B(h=m) A, @)

where,
B is the average leakance from the recharge pit, in 1/day;
his the effluent level in the recharge pit, in feet;
Tt is the average apparent pressure head just below the leaky bottom (outlet head), in
feet; and
Ap; 1s the floor area of the recharge pit, in square feet.

Average leakance from the recharge pit, B, quantifies the resistance of the pit bottom 10 effiuent
movement. Most of the resistance resulted from suspended particles that settled on the bottom of the pit
and formed a thin, fine-grained layer. The outlet head, 1y, is a function of the soil type and satyration
beneath the pit. Both variables, §§ and 1, controlled the rate of effluent movement from the pit.
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The coefficients B and 1| were not measured, but the effluent level was measured (fig. 13). The mea-
sured effluent level, b, in the pit was approximated by:

Ao (3)

where, .
h is the calculated effluent level, in feet:
o is the head difference at t, (initial time) between effluent level and the pit bottom;
tis the time, in days;
1o i8 initial time;
7 is the average apparent pressure head just below the leaky bottom (outlet head), in
feet; and
hto is the initial condition.

@ =h -n ,in feet, 4)

which was derived by separating the variables in equation 4, integrating each side, and using hta as the
initial condition. The coefficients B and 1| were evaluated by fitting the calculated effluent levelS, &, to the
measured effluent levels, h. The coefficients were determined for both the spring and the fall experiments
(fig. 13). Two curve fits were done for the spring experiment, because the pit was refilled by runoff 10 days
after the initial pit filling. The relatively constant value of B during the spring experiment indicated most of
the suspended particles in the effluent had settled quickly after the pit was filled. The lower pit-leakance
value in the fali experiment than in the spring experiment is consistent with the increase in efffuent and,
therefore, particulate matter.

During the spring experiment, the outlet head, 1}, was above the pit floor for the first 3 weeks of the
experiment (fig. 13) because the ground was almost saturated as a result of the high recharge rates around
the pit produced by ponding of runoff from heavy and frequent rainfall (fig. 7). The highest water level
measured during the spring was 175.5 fi above sea level, which is only 2 fi below the bottom of the pit. In
the fall experiment, the water table was 2 to 4 ft lower than it was in the spring (fig. 12) and the unsaturated
zone had been draining for 2 months. The outlet head was 0.4 ft below the pit floor and 151 £ of effluent
was discharged to the unsaturated zone in about 6 days (fig. 13).

Unsaturated Zohe

The rate of effluent movement from the pit is not directly proportional to the rate at which effluent
enters the unsaturated zone. The two rates differ in both magnitude and areal distribution. A cross-sec-
tional flow model of the unsaturated zone was constructed by using computer program VS2D (Lappala and
others, 1987) to aid in further understanding the mechanics of effluent movement through the unsaturated
zone. The model is not a calibrated flow model.

The model area extends laterally from the pit center to a distance of 20 ft perpendicularly from the
long centerline and downward 7.25 ft from the pit bottom. Laterally, the model was uniformly discretized
to a distance of 5 ft from the centerline in 20 columns and exponentially discretized to a distance of 20 ft in
20 additional columns. Vertically, the model was uniformly discretized into 29 rows, each 0.25 ft wide,
The lateral boundaries and upper boundary were defined as no-flow boundaries, The lower boundary was
defined as a specified-pressure-head boundary such that water-table conditions occurred 7 ft below the bot-
tom of the pit. The initial conditions were specified as a -2.0-ft pressure head everywhere except from the
water table to a height at which the system was in equilibrium with a pressure head of -2.0 fi.
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The medium was assumed to be a homogeneous fine sand with an average horizontal hydraulic con-
ductivity of 3.0 ft/d, a vertical hydraulic conductivity of 1.5 fi/d, and a porosity of (.34, Volumetric mois-
ture content, specific moisture capacity, and relative hydrautic conductivity were approximated by using
Van Genuchien relations with the fitting parameters for residual moisture content, 8, scaling length, o,
and pore-size distribution, p', set 10 0.07, -3.0 ft, and 5.0, respectively (L.appala and others, 1987, p. 20).

Two 81-day simulations were performed from day -60 to day 21. The first simulation was per-
formed to establish the distribution and amount of drainage from the unsaturated zone to the saturated zone
without additional stresses. The second simulation differed from the first at day O when recharge was
applied to the unsaturated zone. The recharge was uniform from the centerline to the pit edge and was cal-
culated by using equation 4 with the fitting parameters from the fall experiment (fig. 14). The equation
was applied step-wise in 40 stress periods over a 6.3-day interval. The effect of this siug-like recharge on
discharge from the unsaturated zone was calculated by subtracting the base discharge (first simulation)
value from the discharge value obtained from the second simulation (fig. 14).

Slug movement of effluent in the unsaturated zone attenuated the peak-recharge rate of effiuent into
the saturated zone. The lag between the time that effluent first entered the unsaturated zone and the time it
first left was primarily the resuit of storage (filling of the pore space). As effluent drained from the unsat-
urated zone into the saturated zone, the saturation of effluent in the unsaturated zone decreased. As efflu-
ent saturation in the unsaturated zone decreased, the rate at which effluent drained from the unsaturated
zone decreased. After 21 days from day 0, 96 percent of the effluent infroduced into the unsaturated zone
had drained. This percentage was obtained by dividing the area under the dashed curve by the area under
the solid curve (fig. 14).

The effluent recharge velocity into the unsaturated zone was evenly distributed across the pit bot-
tom. As time passed, the effluent drainage becarne evenly distributed by dispersion and diffusion within
the unsaturated zone.

This dispersion resulted in the dilution of the effluent and decreased the concentrations of fecal-
coliform bacteria, chloride, and thodamine WT in the unsaturated and saturated zones. For slug movement
of effluent, dilution first occurred as the effluent mixed with in situ water in the unsaturated zone. The
effluent was diluted further by the prolonged drainage from the unsaturated zone, which allowed more
water in the saturated zone to pass beneath the drainage area. Effiuent was effectively diluted by diffusion
and dispersion of effluent as it moved from the pit into the unsaturated zone (fig. 14). The effluent was dis-
persed over a larger area as it moved from the unsaturated zone to the saturated zone. This indicates that
the effect of drainage from a recharge pit on ground-water quality at a given site decreases with increasing
distance of the pit above the water tabie,

During the fall experiment, filling the pit with effluent had a discernible effect on water levels near
the pit because no rain had fallen for 2 months. The spatial and temporal distribution of effluent movement
to the saturated zone during the fall experiment was determined by comparing measured and estimated
water levels,

Before the pit was filled for the fall experiment, the rate of water-level change in the shallow wells
near the pit averaged -0.015 ft/d from September 12 to October 16, 1991, with a standard deviation of
0.0014 fi/d (table 5). This small variation indicated that the rate of water-level change in all of the shallow
wells would be similar in an undisturbed system. The average water-level change in wells not influenced
by recharge from the pit, wells 120 through 128, was used as an estimate of water-level changes in an
undisturbed system in wells that were influenced by recharge from the pit.
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Table 5. Average variation of rate of water-level change among shallow wells near the recharge pit
during the fall experiment, 1991, Washington Parish, Louisiana

Elapsed ime before and after filling .05 standard deviation of rate

Date the pit with effivent, in days of water-level change,
From To From To in feet per day
9-12 10-16 -34.82 -0.90 0.0014
10-16 10-24 -90 7.09 06129
10-24 11-01 7.09 15.09 0058
11.01 11-19 15.09 33.09 0015

The difference between measured water-level change in a well and its estimated water-level change
in an undisturbed system at a given time, d,., is calculated by:

d, = h,~h, (href b, (5)
where,
hy, is the water level in the nth well at a given time; ,
h, is the average water level in the nth well from 35 days prior to filling the pit;
hrer is the average water level in wells 120 through 128 at a given time; and
h,r is the average water level in wells 120 through 128, from 35 days prior to filling the pit.

The effects of recharge were most pronounced in wells 103 and 109 (fig. 15), near the southern end
of the pit, indicating that the recharge between these wells was routed through a zone of high permeability.
A time series of water-level differences between wells 103, 106, and 109 calculated by using equation 7 and
discharge rates from the unsaturated zone during the fall experiment is shown in figure 15.

Discharge from the unsaturated zone was approximated by assuming that discharge in any location
was proportional to the water-level difference, d(x,y), and the medium was homogeneous. This implied
that dh/dx and oh/dy were zero at the water table and all effluent movement in the saturated zone near the
water table was vertical. This was not the case, but because the vertical components of flow probably were
much greater than the lateral components, ignoring their effects was acceptable. The discharge rate, Q,
from the unsaturated zone, uz, at any time can be calculated by:

Q. =V, 6

where,
A is the proportionality constant that is a function of the average vertical leakance near the water
table, in 1/day, and

ym ax xm ax

V= j j 9 {(x,y) 3xdy, in cubic feet. (7)
Ymin Xmin
The volume (V) associated with water-level differences was evaluated at the times shown in
figure 16. Only water-level differences greater than 0,02 ft were used because these were considered direct
results of effluent movement. The 0.02-ft threshold was twice the 0.01-ft standard deviation of water-level
differences calculated for wells 120 through 128 from October 17 to November 7, 1991.
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Figure 15, Water-level differences between selected wells and well 125 during the fall experiment,
1991, and discharge rates for the unsaturated zone.
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By assuming that 96 percent of the effluent, 145 ft®, had drained from the unsaturated zone after 21
days, the proportionality constant was calculated by:

3
145 ft
A= o, ®

jv ot
0

and was equal to 2.0/day. Selected water-level-difference maps and their associated rates of discharge from
the unsaturated zone are shown in figure 16,

A quantitative analysis of effluent movement from the unsaturated zone to the saturated zone was not
feasible for the spring experiment. Extreme rainfall and recharge rates masked the effects of the pit during
the spring experiment.

Saturated Zone

During the spring and fall experiments, movement of effluent through the saturated zone was
tracked laterally and vertically by measuring FC-bacteria concentrations, specific conductance, rhodamine-
WT concentrations, and water levels. Because the data collected were for experimental purposes and rep-
resent artificial conditions, the data were not stored in the USGS’s computerized data base.

The relation between chioride concentrations and specific conductance was investigated to determine
mass-balance estimates. The chloride concentrations and specific-conductance values were determined for
186 samples collected from wells completed in the study area. Chloride concentrations ranged from 3 to
210mg/L, with amean of 18 mg/L.. Specific-conductance values ranged from 44 to 698 uS/cm, with a mean
of 94 uS/cm. The slope of the regression line is 0.305 :’Sg//c ; and its intercept is -10.5 mg/L.. Chloride
concentration was positively correlated to specific conductance, with a regression coefficient, r2, of 0.97.

Mass-balance estimates were determined for rhodamine-WT and chloride concentrations to account
for the effluent and compare the overall attenuation of tracers relative to one another. Cumulative tracer
masses discharged from the pit and total tracer masses measured in the shallow part of the saturated zone
were estimated at selected times during both experiments. The total tracer mass, M, in the shallow part
of the saturated zone was calculated by:

Aby¢ I
[ 2
MSZ = Cn — Z (ctj-coj) rj , ©)
WRR
J
j=1
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where,
Cn is the constant used to convert units (varies for each tracer);
A, is the area accounted by the observation wells, 3,245 fi? (table 6);
b is the average thickness of shallow saturated zone, in feet;
¢ i the average effective porosity, 0.30;
¢ is the concentration of tracer in the nzh well at time zero, in mass per liter;
¢, is the concentration of tracer in the nth well after a period of time, 1, in days, in mass per
liter;
1 is the average distance between nearest wells, in feet; and
m is the number of shallow wells, 27.

This method is an areally weighted scheme, which was used rather than polygonal approximation to
retain the full area monitored.

Table 6. Area accounted by each observation well, Washington Parish, Louisiana

Radius-square-weighted

Weli no. Average radius, in feet Area, in square feet Percent of total area

101 50 78 24

102 5.6 98 3.0

103 4.2 55 1.7

105 6.4 129 4.0

106 33 34 1.0

107 4.0 50 1.5

108 3.8 45 14

109 57 102 3.1

110 6.6 137 42

111 6.3 125 3.8

112 38 45 14

113 4.7 69 2.1

114 4.5 64 2.0

115 60 1,123 35

116 6.6 137 4.2

117 4.8 72 2.2

118 52 85 2.6

119 6.1 117 36

120 9.0 254 7.8

121 6.5 133 4.1

122 6.6 137 4.2

123 7.6 181 5.6

124 83 216 6.6

125 6.7 141 4.3

126 8.6 232 7.1

127 7.1 158 4.9

128 8.7 238 7.3
Minimum i3 34
Average 6.0 120
Maximum 9.0 254
Standard deviation 1.5 62
Total: 3,245
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Spring Experiment, 1991

Differences in ground-water levels among the observation wells varied during the spring experiment
(fig. 17). The areal extent of FC-bacteria contamination is shown in figure 18, Changes in FC-bacteria
concentrations and specific-conductance values in more than 70 percent of the wells near the pit were
greater than background levels (figs. 18 and 19).

Effluent movement during the first few days of the experiment was rapid. All three tracers were
clearly present in samples from wells 109 and 119 (figs. 20 and 21) 2 days after the pit was filled. The trac-
ers were present a day later in well 128 (fig. 22) and at depth in well 313 (fig. 23). The FC-bacteria
(fig. 18) and specific-conductance distributions (fig. 19) coupled with responses of deeper wells to FC bac-
teria, specific conductance, and rhodamine WT (fig. 23) indicated that most of the effluent moved laterally.
Chloride mass-balance estimates indicated that the effluent introduced to the shaliow part of the saturated
zone moved through the saturated zone quickly during the first 7 days (table 7), as indicated by the percent-
age decrease from 0.2 to 2,2 days and percentage increase after 7 days.

Migration of FC bacteria was attenuated more than rhodamine-WT and chloride migration. The dis-
charged FC bacteria in the shallow part of the saturated zone averaged 0.47 percent. This is 1/60 of the
average chloride response (29 percent).

Unlike chloride migration, FC-bacteria migration was retarded by sorption and filtration, A dispar-
ity existed between FC-bacteria (fig. 18) and specific-conductance (fig. 19) distributions around the north-
ern end of the pit, which was also a region of low hydraulic conductivity, as compared to the surrounding
area (fig. 9), indicating that FC-bacteria migration was attenuated more by filtration or sorption than chlo-
ride.

Throughout the spring experiment, the tracer concentrations in samples from well 119 (fig. 21) were
anomalously greater than those in samples from well 109 (fig. 20), partly because water levels in well 109
were more than 2 ft above the top of the screened interval on May 10 (fig. 24), and because most of the
effiuent probably entered the saturated zone somewhere between wells 103 and 109. The lateral effluent
velocity near the pit in the satrated zone probably was greater than the vertical effluent velocity through-
out most of the spring experiment, causing the effluent to move as a thin sheet above most of the screened
interval of well 109. A possible hydraulic-conductivity distribution agreed with this hypothesis. Slug-test
results and the tracer concentrations measured indicated that the most likely explanation for the lower
tracer concentrations at well 109 compared to concentrations at well 119 is an area of lower hydraulic con-
ductivities across the lower parts of wells 103 and 109 than the hydraulic conductivities in the upper parts
of these wells (fig. 24). The lateral velocity of the effluent decreased with increasing distance from the pit,
as the effluent approached well 119, and the effluent stream expanded vertically to cover the entire screen.,
Consequently, greater tracer concentrations were measured in samples from well 119 than in those from
well 109.

The combined effects of dilution, sorption, and filtration greatly attenuated FC-bacteria concentra-
tions in the shallow aquifer system. The maximum FC-bacteria concentration measured,

2,100 cols/100 mL in well 119, was only 0.04 percent of the control-tank concentration of

5,900,000 cols/100 mL at the same time. Concentrations of FC bacteria greater than the State’s standard,
200 cols/100 mL, for primary contact were not detected beyond 40 ft from the pit during the spring exper-
iment (fig. 18), although FC bacteria in concentrations greater than 50 cols/100 ml. did migrate more than
50 ft from the pit.
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Table 7. Net movement of chioride and fecal-coliform bacteria from the recharge pit into
the shallow part of the saturated zone during the spring experiment, 1991, Washington Parish, Louisiana

[Initial volume of effluent, 170 cubic feetl; initial specific conductance, 3,300 microsiemens per centimeter a1 25 degrees Celsius; initial chloride
concentration, 1,000 milligrams per liter; initial fecal-coliform bacteria concentration, 12,000,000 colonjes per 100 milliliters)

Cumulative
chioride Discharged
Initial Cumuiative Initial discharge Net chioride in  chioride detected
Elapsed eftluent In discharge, effluent from gshallow in shaliow
time, recharge in cubic discharged, recharge pit, satursted zone, saturated zone,
Date in days pit, percent feet percent In grams in grams percent
5-7 0.2 160 12 7 350 100 29
59 2.2 79 86 46 2,200 500 23
5-10 2 79 106 55 2,600 670 26
5-14 . 7.2 79 140 70 3,400 900 27
5-21 14.2 15 210 88 4,200 1,700 41
5-24 17.2 15 290 9G 4,300 1,600 37
5-30 23.2 15 310 9t 4,400 1,300 29
6- 5 29.2 15 320 92 4,400 960 22
Average percent: 29
Net fecal-coliform-bacteria colonies
Bacteria
Bacterla detected in Discharged
discharge from shaltow bacterla
Bacteria In recharge pit, saturated zone, detected in
Elapsed contro] tank, in milions of in millions of shallow Bacteria percent
time, in colonies per 100 colonies par colonies per saturated divided by
Date In days mittiliters 100 mililiters 100 millititers zone, percent chioride percent
5-7 0.2 11,000,000 39,000 8.7 0.02 0.08
5-9 22 6,000,000 130,000 240 18 .81
5-10 32 4,300,000 110,000 170 a5 59
5-14 12 1,206,000 40,000 39 10 36
5-21 14.2 130,000 5,300 6.2 12 29
5-24 17.2 48,000 2,100 33 16 A4
5.30 232 7,600 300 2.3 74 2.6
6- 5 29.2 1,660 45 i0 2.3 10.7
Average percent: 0.47

1l?techmge pit was overiopped twice during the spring experiment. See figure 13, 1= 1.0 day and t == 10.26 days.
Percentage caleulated as final specific conductance divided by initial specific conductance. Assumed concentrations of chloride,
fecal-coliform bacieria, thodamine W, and salt (sodium chloride) in added water were negligible relative to initial concentrations in the recharge

pit.

The fecal-cotiform-bacteria response was }/g, of the chloride response, as derived by dividing the average percentage of fecal-coliform

bacteria discharged in the shaliow part of the saiurated zone by the average percentage of chloride discharged in the shallow part of the saturated

ZOng.
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Fall Experiment, 1991

Ground-water levels were somewhat stable during the fall experiment because water movement was
slow (fig. 25). A lateral ground-water gradient of 0,005 ft/ft that dipped 1o the east-northeast was maintained
throughout the fall experiment. Residual effiuent from the spring experiment was still present when the fall
experiment began. A map of specific-conductance values measured 14 days prior to filling the pit with
effluent during the fall experiment clearly shows a faint plume emanating from the pit (fig. 26).

Only a small volume of water in the shallow part of the saturated zone near well 103 (fig. 27) was
contaminated by effluent during the fall experiment; therefore, a map showing the areal extent of contami-
nation was not prepared. FC-bacteria concentrations, rhodamine-WT concentrations, and specific conduc-
tance increased rapidly in well 103 (fig. 27) within a few hours after the pit was filled. A weak response in
these variables was apparent at depth in well 313 (fig. 28) in comparison to the response in well 103,
Water in most of the other shallow wells, such as well 128 (fig. 29), was not substantially affected by the
effiuent movement. Specific-conductance maps (fig. 26) show slow lateral dispersion of the effluent com-
pared to that observed during the spring experiment (fig. 19). The volume of water in the aquifer that was
contaminated by effluent was greater during the spring experiment than during the fall experiment,

Chloride mass-balance estimates indicated that effluent movement through the shallow part of the
saturated zone was slower during the fall experiment than during the spring experiment (table 8). The dis-
charged chloride detected in the shallow part of the saturated zone averaged 24 percent of the cumulative
chloride discharged from the pit. The rhodamine-WT migration was about 5 percent of the chloride migra-
tion throughout the fall experiment (fig. 30). The discharged FC bacteria detected in the shallow part of the
saturated zone averaged 0.004 percent, This was 300 times less than the average rhodamine-WT response
and 6,000 times less than the average chloride response. The large difference between responses of chlo-
ride, thodamine WT, and FC bacteria indicates that filtration attenuated FC-bacteria concentrations more
than sorption. The greater attenuation of FC bacteria also resulted in part from the presence of a layer of
fine-grained suspended particles that settled on the bottom of the pit.

Concemtrations of FC bacteria greater than the State’s standard, 200 cols/100 mL, for primary con-
tact were not detected in the shallow aquifer system during the fall experiment. The maximum FC-bacteria
concentration detected was 95 cols/100 mL in well 103 (fig. 27), 7 days after filling the pit with effluent;
this concentration was 0.05 percent of the control-tank FC-bacteria concentration of 180,000 cols/100 mL
at that time

The effect of drainage from a recharge pit on ground-water quality at a given site decreases with
increasing distance of the pit above the water table. The unsaturated zone allowed for greater filtration and
adsorption of FC bacteria than the saturated zone by dispersing effluent over a larger volume of aquifer and
exposing the effluent to more surface area. The rapid decrease in concentrations of FC bacteria, compared
to relatively slow ground-water movement, substantially limited the extent of contamination of the shallow
aquifer during the fall experiment.
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fall experiment, 1991.
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Water-table configuration in the shallow aquifer system near the recharge pit during the
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Table 8. Net movement of chioride and fecal-coliform bacteria from the recharge pit into the shallow part
of the saturated zone during the fall expariment, 1991, Washington Parish, Louisiana

[Initiat volume of effluent, 151 cubic feet; initial specific conduciance, 2,300 microsiemens per centimeter at 25 degrees Celsius; initial chioride
concentration, 690 milligrams per liter; initial fecal-coliform-bacteria concentralion, 700,000 colonies per 100 milliliters)

Discharged
chloride
detected in
Cumulative Net chloride in shallow
Elapsed Cumulative Initial effiuent chloride shallow saturated
time, discharge, discharged, discharge from saturated zone, In1
Date in days in cubic feet in percent pit, in grams zone, in grams percent
10-17 0.2 8 5 160 27 17
10-17 4 20 14 400 131 33
10-18 1.1 49 33 950 570 59
10-19 2.1 83 55 1,600 550 34
10-20 32 110 73 2,100 670 31
10-21 4.1 126 83 2,400 450 19
10.22 5.1 139 92 2,700 480 18
10-24 7.1 151 100 2,900 490 17
10-28 11.1 151 100 2,900 340 12
11- 1 15.1 151 100 2,500 300 10
1i- 7 21.1 151 100 2,900 300 10
Average percent: 24
Net fecal-coliform-bacteria colonies
Bacterla
Bacteria detected in Discharged
discharge from shallow bacteria
Bacteria In recharge plt, saturated zones, detected in
Elapsed contral tank, in millions of in millions of ghallow Bacteria parcent
time, in colonies per colonles per colonles per saturated zone, divided by
Date in days 100 mililliters 100 milliliters 100 miltiliters in percent chloride percent
10-17 0.2 680,000 1,600 0.12 0.008 0.04
10-17 4 650,000 3,760 02 0N 00
10-18 1.1 570,000 7,900 30 004 .01
10-19 2.1 470,000 11,000 33 003 01
10-20 3.2 380,000 12,000 21 002 01
16-21 4.1 320,600 11,000 A1 001 01
10-22 3.1 260,000 10,000 02 006 .00
10-24 7.1 . 180,000 7,600 75 010 .06
10-28 11.1 83,000 3,500 035 O 01
11- 1 15.1 38,000 1,600 Jz2 007 07
11- 7 21.1 12,600 508 04 008 08
Average percent: 0.004

l'i‘he fecal-coliform-bacteria response is 6,000 times less than the chioride response, as derived by dividing the average percent of
fecal-coliform bacteria discharged in the shallow samrated zone by the average percentage of chioride discharged in the shallow part of the
saturated zone.
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SUMMARY AND CONCLUSIONS

In 1991, two experiments were conducted to determine the rate and direction of movement, and fate
of viable FC (fecal coliform) bacteria in a shallow aquifer system typical of southeastern Louisiana,
Dairy-farm pastureland was selected for the experiments as dairy cattle are the primary source of FC
bacteria in this area. A ground-water recharge pit was constructed and shallow observation wells were
installed around the pit. The pit was filled with an effluent containing high concentrations of FC bacteria
and chloride and rhodamine-WT tracers during the spring and fall experiments. Two 30-gallon control tanks
were placed next to the recharge pit, to determine fecal-coliform half-lives and assess the potential effects
of chloride and rhodamine-WT tracers on bacterial viability. The movement of effluent through the shallow
aquifer system was monitored by collecting water samples from the observation wells, Bonner Creek, and
remote wells, and samples of field runoff. The spring experiment was conducted during a maximum flow
rate through the system, whereas the fall experiment was conducted during 2 minimum flow rate.

During the spring experiment, the initial FC-bacteria concentration in the effluent in the pit was
12,000,000 cols/100 mL , and decreased in a control tank to less than 200 cols/100 mL in 34 days. The
combined effects of dilution, sorption, and filtration greatly attenuated FC-bacteria concentrations in the
shallow aquifer system. The maximum FC-bacteria concentration measured in a well, 2,100 cols/100 mL,
was only 0.04 percent of the control-tank concentration of 5,900,000 cols/100 mL at the same time. Con-
centrations of FC bacieria greater than the State’s standard, 200 cols/100 ml., for primary contact were not
detected beyond 40 feet from the pit during the spring experiment, although FC bacteria in concentrations
greater than 50 cols/100 mL did migrate more than 50 feet from the pit.

During the fall experiment, the initial FC-bacteria concentration in the effluent in the pit was
700,000 cols/100 mL, and the FC-bacteria concentration in a control tank decreased to less than 200
cols/100 mL in 42 days. A large difference between responses of rthodamine WT and FC bacteria indicated
that filtration attenuated FC-bacteria concentrations more than sorption. Concentrations of FC bacteria
greater than the State's standard for primary contact were not detected in the shallow aquifer system during
the fall experiment. The maximum FC-bacteria concentration detected in a well was 95 cols/100 mL ,

7 days after filling the pit with effluent; this concentration was 0.05 percent of the control-tank FC-bacteria
concentration of 180,000 cols/100 mL at that time.

A greater volume of water in the shallow aquifer System was contaminated by efffuent during the
spring experiment than during the fall experiment. Specific conductance during the fall expetiment indi-
cated slower lateral dispersion of the effiuent than during the spring experiment. Also, chlotide mass-bal-
ance estimates indicated that effluent movement through the shallow part of the saturated zone was slower
than during the spring experiment. The discharged chioride detected in the shallow part of the saturated
zone in the fall experiment averaged 24 percent of the cumulative chloride discharged from the pit. This
response was similar to the chloride movement in the spring experiment. The detected FC bacteria in the
shallow part of the saturated zone averaged 0.004 percent of those discharged, about a hundredth of the FC
bacteria movement during the spring experiment.

The effect of drainage from a recharge pit on ground-water quality at a given site decreases with
increasing distance of the pit above the water table. The unsaturated zone allows greater filiration and
adsorption from FC bacteria than the saturated zone because effluent in the unsaturated zone is dispersed
over a larger volume of aquifer and is exposed to more surface area. The rapid decrease in concentrations
of FC bacteria, compared to relatively slow ground-water movement, substantially limits the extent of con-
tamination of shallow aquifers.

50



SELECTED REFERENCES

Allen, 1.B., Beatty, J.F., Crockett, S.P., and Arnold, B.L., 1973, The water budget and waste treatment at a modern
dairy: Water Resources Research Institate, Mississippi State University, 30 p.

Bitton, G., and Gerba, C.P., 1984, Groundwater pollution microbiology: New York, John Wiley and Sons, 377 p.

Brition, L.J., and Greeson, P.E., eds., 1988, Methods for collection and analysis of aguatic biological and
microbiological samples: .S, Geological Survey Open-File Report 88-0190, 685 p.

Boyer, D.G., and Perry, H.D., 1987, Fecal coliform concentrations in runoff from a grazed, reclaimed surface mine:
Water Resources Bulletin, v. 23, no. 5, p. 911-917.

Case, H.L., [I1, 1979, Ground-water resources of Washington Parish, Louisiana: Louisiana Department of
Transportation and Development, Office of Public Works Water Resources Technical Report no. 18, 33 p.

Chiiders, G.W., Bancroft, K., Nelson, E.T., and Heintz, O.M., 1984, Preliminary data on water quality in Lake
Maurepas; I1. Microbial parameters, v, 1: The Louisiana Environmental Professionals Association, p. 66-78.

Craun, G.F,, 1984, Health aspects of groundwater pollution, in Bitton, G., and Gerba, C.P., eds., Groundwater
pollution microbiology: New York, John Wiley and Sons, 147 p.

Dennehy, K.F., and McMahon, P.B., 1989, Water movement in the unsaturated zone at a low-level radioactive-waste
burial site near Barnwell, South Carolina: U.S. Geological Survey Water-Supply Paper 2345, 40 p.

Fishman, M.J., and Friedman, L..C., eds., 1989, Methods for determination of inorganic substances in water and fluvial
sediments: U.S. Geological Survey Techniques of Water Resources Investigations, book 5, chap. Al, 545 p-

Geldreich, E.E., 1986, The impact of water treatment alternatives on microbial barriers: American Water Resources
Association, Internatonal Symposinm on Water-Related Health Issues.

Guthrie, R.K., Cofie, D.Q., and Makututu, Caleb, 1986, Effects of aquatic environments on fecal coliform and
indicator bacteria: American Water Resources Association, International Symposium on Water-Related Health
Issues.

Harvey, R.W., and Garabedian, S.P., 1991, Use of colloid filtration theory in modeling movement of bacteria through
a contaminated sandy aquifer: Environmental Science and Technology, v. 25, p. 178-185.

- Harvey, RW., George, L.H., Smith, R L., LeBlanc, D.R., Garabedian, S.P., and Howes, B.L., 1987, Transport of
bacteria through a contaminated freshwater aquifer, ir Franks, B.J., U.S. Geological Survey program on toxic
waste--ground-water contamination--Proceedings of the Third Technical Meeting, March 23-27, 1987,
Pensacola, Florida: U.S. Geological Survey, Open-File Report 87-109, p. B-29 through B-31.

Heath, R.C., 1983, Basic ground-water hydrology: U.S. Geological Survey Water-Supply Paper 2220, 84 p.

51



Janes, L.S., 1987, An analysis of the sanitary water quality of the Tangipahoa River and a survey of selected
Tangipahoa Parish streams: Master’s Thesis, Hammond, La., Southeastern Louisiana University, 106 p.

Lappala, E.G., Healy, R. W., and Weeks, E.P., 1987, Documentation of computer program V52D to solve the equations
of fluid flow in variably satrated porous media: U.S. Geological Survey Water-Resources Investigations Report
83-4099, 184 p.

Louisiana Department of Environmental Quality, 1988, State of Louisiana water quality management plan, v. 5,
part A} Water quality inventory, sec. 305(b), P.L. 95-217: Louisiana Department of Environmental Quality,
184 p.

-~ 1989, State of Louisiana water quality management plan, v. 6, part B: Nonpoint source pollution marnagement
program: Louisiana Department of Environmental Quality, 276 p.

McDonald, M.G., and Harbaugh, A.W., 1984, A modular three-dimensional finite-difference ground-water flow
model: U.S. Geological Survey Open-File Report 83-875, 528 p.

Merkel, B.J., Schmitz, G., Haverkamp, R., and Czirwitzky, H.J., 1985, Temperature affected pollutant transport
phenomena in unsaturated soil, v. I, theme A: Subsurface flow, pollutant transport, and salinity, May 1985, p.
187-193.

Minkin, L1, Kutateladze, G.N., Kavmashvili, N.V., and Beselya, Zh.V., 1985, Transport equations of
nonconservative imparities in aquiferous layer and their solution, v. 1, theme A: Subsurface flow, pollutant
transport, and salinity, May 1985, p. 194-199,

Nyman, DD.J., and Fayard, L.D., 1978, Ground-water resources of Tangipahoa and St. Tammany Parishes, southeastern
Louisiana: Louisiana Department of Transportation and Development Water Resources Technical Report no. 15,
76 p.

Rinaldi, S., Soncini-Sessa, R., Stehfest, H,, and Tamura, H., 1979, Modeling and control of river quatity: New York,
McGraw-Hill, Inc., 380 p.

Ross, S.L., 1974, Introduction to ordinary differential equations: New York, John Wiley and Sons, 432 p.

Sabatini, D.A., and Austin, T.A., 1991, Characteristics of rhodamine WT and flyorescein as adsorbing ground-water
tracers: Groundwater, v. 29, no. 3, p. 341-349.

Wheatcraft, S.W., and Winterberg F., 1985, Steady state flow through a cylinder of permeability different from the
surrounding medium: Water Resources Research, v. 21, no, 12, p. 1923-1929,

52



