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ABSTRACT

The Tennessee Valley Authority (TVA) is conducting a second large-scale 
groundwater research study. In this experiment, dissolved tracers are 
being injected into a shallow alluvium aquifer. This research is part of 
the Electric Power Research Institute's (EPRI) Solid Waste Environmental 
Studies Program and the research program of the United States Air Force 
(USAF) Engineering and Services Center. This study will support 
groundwater protection by making possible more effective design of waste 
storage facilities, improving monitoring systems, and designing better 
mitigation programs. The objectives of this study are to better 
understand the dominant physical and chemical factors affecting 
contaminant movement in groundwater. A data set will be provided for 
evaluating transport models and for assessing the reliability of 
laboratory measured parameters to predict transport. This paper 
describes initial laboratory tests and the design and implementation of 
the second natural gradient injection experiment.

Sponsored by the Electric Power Research Institute and the Headquarters 
Air Force Engineering and Services Center, Tyndall Air Force Base, FL



The natural-gradient experiment at Columbus Groundwater Research Test 
Site is being repeated using different tracers. Tritiated water was used 
as the conservative, nonreactive tracer to overcome problems experienced 
with the use of bromide in the first experiment. Four non-conservative 
tracers (naphthalene, carbon-14 labeled para-xylene, benzene, and 
othro-dichlorobenzene) have also been injected. The USAF scientists 
designed this part of the experiment in support of jet fuel contamination 
studies and problems associated with gasoline fuels. During the study, 
three-dimensional monitoring and moments analysis will be made.

Sampling events will consist of fenceline sampling for breakthrough 
analysis of the hydrocarbons. Fenceline sampling is used for the 
detection of the fast moving portion of the plume during the early phase 
of the experiment and is conducted every two to three weeks. 
Reconnaissance sampling will be used to define the plume boundary before 
the snapshots. Snapshots will serve as primary data base for modeling. 
Snapshot intervals will vary from 1 to 4 months. Three-dimensional 
monitoring is used with the updated MLS network and BarCad® samplers.

INTRODUCTION

The field experiment is being conducted at the Columbus Groundwater 
Research Test Site (CGRTS) at Columbus Air Force Base in Mississippi 
(Figure 1). TVA began research at the site in 1983 under EPRI's project 
entitled, "Macrodispersion Experiment (MADE)" as part of the Solid Waste 
Environmental Studies' project. This phase of the project is being 
co-funded by the groundwater research program of the United States Air 
Force Engineering and Services Center. The goal of this project is to 
improve methods for predicting the transport and fate of dissolved 
contaminants in groundwater. The specific objectives of the field 
research at CGRTS are to increase understanding of the dominant physical 
and chemical factors affecting contaminant movement in groundwater. 
Detailed information is being collected on macrodispersion processes in 
saturated groundwater systems for use in validating and improving 
mathematical models of solute transport. Field-scale observations are 
providing a basis for evaluating various laboratory procedures in 
determining the relative sorptive retardation of BNXO (benzene, 
naphthalene, para-xylene and othro-dichlorobenzene). Results from this 
research will aid the electric power industry and United States Air Force 
in the evaluation of processes that control contaminant movement. This 
work also will improve the design and use of monitoring networks and the 
design of better mitigation programs. This paper describes the design 
and implementation of the second natural gradient injection experiment at 
CGRTS.

BACKGROUND AND APPROACH

To understand the migration and attenuation processes of a contaminant in 
groundwater the hydrologie regime of the aquifer has to be sufficiently
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characterized. In addition, the initial mass of the contaminants must be 
defined. There must be sufficient detail on the spatial concentration 
distribution of the contaminant. Previous investigations at the site 
have provided a hydrogeological characterization of the aquifer and have 
concentrated on factors that affect the transport of an unretained tracer 
plume (Boggs et *‘8?., 1990). These factors include the hydraulic
properties of the aquifer, the hydraulic head field within the saturated 
zone, and hydrologie boundary conditions that affect the head field.

The approach of the MADE 2 experiment is to repeat the natural-gradient 
experiment at the site using different tracers (conservative and 
non-conservative). Three-dimensional monitoring and moments analysis of 
the new plume will be conducted. Site characterization during this 
experiment will be limited to hydrological monitoring during tracer 
movement. Water levels are measured continuously at approximately 
ten-paired observation wells and are measured manually at 50 observation 
wells at four-week intervals. The Columbus Air Force Base weather 
station, located about 2 miles west of the site, is the primary source of 
information for precipitation and other meteorological data. The MADE 2 
experiment includes the injection of selected hydrocarbons to better 
define the transport properties of an aqueous solution of jet fuel 
components and gasoline in groundwater and a conservative tracer 
(tritiated water). A three-dimensional monitoring network will provide 
detailed spatial and temporal information on the tracer plume during 
transport. The resulting data will be used to develop and evaluate both 
theoretical and laboratory geohydrochemical models that predict the 
movement of solutes in groundwater.

COLUMBUS GROUNDWATER RESEARCH TEST SITE 

Hydrogeologie Setting

The site is situated on the northeast corner of Columbus Air Force Base 
and is approximately 25 hectares. The land slopes from 66.5 to 64.6 
meters above mean sea level. The aquifer is comprised of tsrrace 
deposits of well-sorted, sandy gravel and gravelly sand with varying 
amounts of silt and clay, underlain by a dense clay. Specific yield 
estimates show the aquifer is unconfined to semi-confined. Detailed 
information describing the site characteristics are provided in "Field 
Study of Macrodispersion in a Heterogeneous Aquifer, 1. Overview of 
Tracer Experiment" (Boggs et al., 1990) and "2. Observations of 
Hydraulic Conductivity Variability" (Boggs and Rehfeldt, 1990). Analyses 
of the groundwater did not detect pre-existing hydrocarbons of interest 
in the aquifer. Major hydrogeological properties of the aquifer are 
summarized in Table 1. Measurements of hydraulic conductivity at the 
site show large-scale aquifer variabilities.



TABLE 1

Hydrogeological Properties of Columbus Aquifer

Vertical hydraulic gradient 
Horizontal hydraulic gradient 
Hydraulic conductivity 10
Porosity
Mean seepage velocity
Organic carbon content (approx.
Cation exchange capacity
Bulk Density
Specific gravity
Free iron 2.0-3.9 % < 2mm

0.5-0.8 % > 2mm
Soil pH

Range

-.005-0.10 
.002-.005 

~3-10"5 cm/sec 
.30-.32 

5-80 m/year 
) 0.02 - 0.03% 
7.2 meq/100 g 

1.74-1.81 g/cm3 
2.56-2.58 

particle size 
particle size 

5.6

Geochemical Setting

Rainfall at the site averages 144 cm/year (Boggs et al., 1990). Net
recharge from local rainfall to the aquifer is estimated to be about 40 
percent. Recharge also occurs as lateral inflow along the southeast side 
of the site. Discharge from the aquifer occurs into the floodplain
alluvium of the Buttahatchee River. The horizontal hydraulic gradient is 
generally from the southeast to the northwest. The water table is
shallow averaging a depth of 2.8 meters. The water table fluctuates
2-3 meters in elevation and results in a 20-30 percent increase in 
saturation zone thickness. The mean annual air temperature is 17°C, with 
a mean maximum daily value of 33°C in July.

Groundwater at the site is oxygenated and moderately acidic. Groundwater 
measurements of dissolved oxygen show an average concentration of
3 mg/L. The soils are low in organic matter and have a low cation 
exchange capacity with a high iron oxide content. A summary of the 
chemical characteristics of groundwater samples obtained from an 
observative well (P) and multilevel sampling (MLS) well (M) is given in 
Table 2.

Additional field measurements of selected chemical parameters measured at 
20 piezometers representing a range of aquifer conditions are summarized 
in Table 3.



TABLE 2

Chemical Analyses for Groundwater Samples

Observation MLS
Well Well

1L2Z&1 (10£8.2.)
conductivity (ymhos/cm) 44 NM
pH (unit) 5.6 5.4
acidity (mg/L CaC03) 44.0 NM
alkalinity (mg/L CaC03) 6.0 NM
temperature (°C) NM 23.0
dissolved oxygen (mg/L) NM 4.7
aluminum (yg/L) < 5 1300
bromide (yg/L) . < 10 NM
calcium (mg/L) 1.8 1.7
chloride (mg/L) 6.0 10.0
copper (yg/L) 5 10
iron (yg/L) 15 2000
magnesium (mg/L) 0.77 0.92
manganese (yg/L) 1.5 320.0
nitrate-nitrite (mg/L) 1.1 1.8
potassium (mg/L) 0.6 NM
silica (mg/L) 5 NM
sodium (mg/L) 5.3 NM
sulfate (mg/L) 1.0 3.0
zinc (yg/L) 2.6 80.0
Ca-Mg Hardness (mg/L CaC03) 7.7 8.0
total organic carbon (mg/L) NM 2.3
filterable residue (mg/L) 

NM ■ no measurement

30 60

TABLE 3

Summary of Water Quality Field Measurements

temp TOG DO pH EC Eh acidity alkal TDS free COj sulf i<
C % mg/L unit ymhos mV as

CaC03
mg/L

as
CaC03
mg/L

mg/L COj
mg/L

mg/L Mg/L

min 9.8 105 1.6 4.5 25 410 36 2 30 56 58 7
max 20.9 114 6.7 5.6 74 672 93 35 70 57 88 8
mean 17.9 110 4.2 4.9 45 543 71 10 43 57 88 2
SD 3.0 3 1.5 0.3 14 81 19 8 14 1 30 1
N 18 6 14 21 16 16 11 15 6 2 2 2

total C02 (aq) ■ free C02(aq) + .44(2*bicarbonate)



The groundwater has a low total dissolved solids content averaging 43 mg/L
and is dominated by sodium, silica and chloride. The electrical
conductivity of the water is also low (36 to 57 pmhos/cm). High
concentrations of aluminum, manganese, and zinc were found at the MLS 
well. This is probably an artifact of dissolution of the external
bentonite packers placed between sampling ports on the multilevel sampling 
wells. The reason for the discrepancy between the iron concentrations 
measured for the two wells is not clear, but may simply reflect local
variability. The average total dissolved gas concentration of 110 percent
under atmospheric conditions shows that the groundwater is super-saturated 
with gases of which C02 is an important component. The free C02 
content averaged 57 mg/L representing about 3 percent of the total gas 
concentration. This concentration is about 100 times greater than the .03 
percent C02 in equilibrium with air. Total acidity of the groundwater 
averages 71 mg/L (as CaC03). Alkalinity averages 9.6 mg/L mainly as 
carbon dioxide and bicarbonate (Standard Methods. 1989). Because of the
low acid-neutralizing capacity, dissolved carbon dioxide strongly affects
the pH of the groundwater. The presence of C02 is also inferred from 
rapid rise in pH (up to one pH unit) after groundwater samples are 
exposed to the atmosphere. The dissolution of C02 from the 
atmosphere, in combination with plant respiration/microbial action in the 
vadose zone, contributes to the groundwater acidity and the high level of 
carbon dioxide.

The average groundwater high redox levels imply oxidizing conditions. The 
presence of dissolved oxygen, in combination a high oxidation-reduction 
potential (Eh), show the groundwater is oxidizing in the upper aquifer. 
One factor which is contributing to the high redox level near the surface 
is a high rate of recharge with oxygen rich water. Also, there is a high 
groundwater velocity and short residence times allowing less time for the 
bacterial reactions that tend to lower the redox potential (Drever, 
1982). The low concentrations of organic matter are probably refractory 
to further oxidation. Usually at neutral pH and in the presence of 
oxygen, Fe(II) is oxidized spontaneously and thus is not available for 
microorganisms (Sawyer, 1978). In the presence of low organic carbon and 
in acidic waters where ferrous iron and manganese are more soluble and 
stable, some types of acid-tol4-.. ,*;ïi bacteria can oxidize these minerals 
producing carbon dioxide as a ^/-product. These biological processes, 
which can include the oxidation of A1 and Mn, may contribute to the 
supersaturation of gases at the site.

Disequilibrium probably exists with respect to oxidation-reduction 
potential in certain zones of the aquifer. At some wells during the 
initial purging of the well for oxygen monitoring, a distinct sulfide odor 
was detected. This was later measured to be 8 pg/L. It is possible 
that the reduction of sulfate could be occurring in the lower anaerobic 
zones and in isolated pockets. Also, because of the large vertical 
gradients of the water table in this area, these sediments probably vary 
between aerobic and anaerobic conditions. Therefore, periodic cycles of 
oxidation and reduction of the compounds may be occurring. When oxygen



comes into contact with reduced carbon, sulfur and nitrogen these 
compounds are converted to C02, S02, and N02 gases, which
hydrolize as acids (Wallack et al., 1984). The gases will move up and 
become dissolved due to physical processes and can contribute to the gas 
supersaturation and acidic conditions found at the site.

TRACER INJECTION, FIELD SAMPLING PROCEDURES AND ANALYTICAL ANALYSIS

Results from the previous tracer experiment were used to help direct the 
selection of the volume and composition of the injection solution. Also, 
these results were considered in the design of an injection system and the 
development of efficient field sampling and analytical procedures. 
Summarized below are details of the design and implementation of field 
procedures for the present study.

Injection System Design and Testing

The injection system was designed to introduce a known volume and 
concentration of tracer into the aquifer. The objective was to create a 
plume of uniform shape while minimizing changes in the natural groundwater 
flow pattern. Hydrocarbon components were chosen by the USAF to represent 
a wide range of expected retardations. Tritium was selected as a 
conservative and nonreactive tracer. The injection concentrations were 
based on the four-order of magnitude dilution observed during the previous 
bromide experiment. The downgradient concentrations of the hydrocarbons 
and radioisotopes were constrained by analytical-detection limits and 
drinking water standards. Gas chromatography for the unlabeled 
hydrocarbons and liquid scintillation counting for the radioisoptes, 
respectively, were the chosen analytical methods because they are precise, 
rapid and inexpensive analyses.

The injection system was designed to meet the following criteria:

1. Deliver approximately 10 cubic meters of water to the injection 
wells at 3.5 L/min over a 48-hour period.

2. Dissolve the chemical constituents and keep them in solution 
during injection.

3. Produce final BNXO concentration of approximately 100, 18, 100 and 
100 mg/L, respectively.

4. Have individual well flowrate controls and flowmeters.
5. Minimize volatilization of the aromatics, oxygenation of the 

injection solutions and minimize sorption losses before injection.
6. Permit sampling the water immediately before injection.

The injection system is shown in Figure 2. Floating lids were added to 
the tanks to minimize volatile losses. The tracer solution was dissolved 
in the tanks by using a mechanical mixing device. Some losses were 
expected to occur during the mixing and flow through the system.
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Figure 2. Injection System Schematic



Therefore, the system was designed to measure the concentrations entering 
the injection wells on a frequent basis.

The system was pre-tested in the laboratory to establish optimum 
flowrates and ensure that the final desired concentrations would be 
reached and maintained during the injection. Although some losses were 
expected to occur during the mixing and flow through the system, 
concentrations in the tank measured by USAF showed that complete mixing 
(equilibrium) of the BNXO solution had been reached within 3 hours. This 
was well under the 12 hours required to empty one tank during the 
injection. After mixing was complete, the tank was then emptied at the 
design injection rate. Concentrations exiting the tank showed that the 
design injection concentrations were maintained during the simulated 
injection.

Due to logistical problems in storing thousands of liters of solution 
above ground before injection, injection water was obtained from a well 
located 75 meters upgradient from the injection wells. The two 
2275-liter tanks acted as a temporary water reservoir during the 
injection. These tanks were used alternately to mix and store the water 
during injection. After mixing, the tank outlet line was split and fed 
to five injection wells. The injection wells are constructed with 2-inch
I.D. PVC pipe. The wells were installed in November 1985 and 0.5 m of 
casing was left extended above the ground. The wells are in a linear 
array perpendicular to the direction of the groundwater flow and spaced 
one meter apart. A slotted well screen was set in each well at a depth 
of 7.5 to 8.1 meters below grade. Cement grout seals were installed 
above and below each well screen to help prevent initial vertical 
movement of the tracers.

Field Injection

On June 26 and 27, 1990 the tracer solution, consisting of 9.6 cubic 
meters of ambient groundwater containing the tritiated water and 
dissolved benzenv naphthalene, l^C-labeled para-xylene, and 
othro-dichlorobenzene, was injected. The para-xylene was composed of 
0.025 g of 14C-labeled para-xylene and 741 g of unlabeled para-xylene. 
The tracer solution was delivered to the injection wells at 3.4 L/min 
over a 47.5-hour period. The maximum water level increase in the 
injection wells was about 0.43 meters. Throughout the injection, 
solution samples were retrieved in sealed hypovials every one to two 
hours to estimate the total mass and average input concentrations of the 
tracers. During the injection, the initial concentration of the organics 
slowly declined from the injection concentration. These small losses do 
not affect the total mass estimates shown in Table 4 since the samples 
were collected at the injection well and injected mass is based on these 
measurements. Despite daily maximum air temperatures of up to 36°C 
ambient air temperature, the maximum temperature of the injection water 
was only 3-4°C above ambient groundwater temperature.



TABLE 4

Input Average Total
Tracer Concentration Mass/Activity

Tritium 60,000 pCi/ml 55,600 pCi/ml 0.53 Ci
benzene 100 mg/L 112 mg/L 1077 g
naphthalene 18 mg/L 13 mg/L 122 g
para-xylene 100 mg/L 79 mg/L 756 g
o-dichlbenzene 100 mg/L 61.9 mg/L 594 g
carbon-14 5.000 pCi/ml 2.77 pCi/ml .027 g

Field Monitoring Network

The tracer site is monitored with a dense three-dimensional arrangement 
of 328 auger-instailed multilevel samplers (MLS). Figure 3 shows a plan 
view of the main network. The MLS design shown in Figure 4 was modified 
from Cherry (1983). Each MLS consists of a set of 3.2-mm (1/8-inch) 
outside diameter flexible teflon tubes inserted inside a rigid 13-mm 
(1/2-inch) PVC pipe (Boggs and Young, 1988). The tube ends (sampling 
ports) penetrate through a hole in the wall of the PVC pipe. A silicone 
sealant was applied to prevent leakage into the sampler. A
triple-wrapped 50 micron nylon mesh filter is attached to the end of each
filter tip. Each filter tip is secured outside with duct tape leaving 
about 4 cm of the filter exposed. The number of tubes per sampler varies
between 18 to 25 with 25-cm port intervals. External bentonite packers
were installed between each sampling port. For efficient sampling, the 
tubes are identified at each MLS wellhead using color-coded, as opposed 
to number-coded, identification.

Results from previous studies have suggested the possibility of losses of 
volatile organics with the MLS sampler (Barker et al., 1987; Barker and 
Dickhout 1988; Pankow, 1986). Considerable bubbling has been evident in 
the sample tubing of some of the MLS wells during sample collection at 
the site. Supersaturation of gases, in combination with negative 
pressure created by sampling with a peristaltic pump, may produce this 
effervescence. The gas bubbles, which expand and rise under the
decreasing pressure, burst when exposed to the air and may contribute to 
the loss of the volatiles. Also, increases in temperature decreases the 
solubility of these volatile hydrocarbons and may contribute to volatile 
losses. Temperature rises of up to 7°C have been measured above in-situ
temperatures at the site during warm weather periods. Additional factors
that could influence volatile organic losses include the variable head 
losses at each of the sampled wells and fluctuating water table.

Because of the potential for san*r*i:n^ losses associated with sampling the 
MLS wells, an alternate sampling strategy for the hydrocarbons was
developed to compliment the MLS data. A BarCad® sampler was chosen as 
a sampling device more appropriate for monitoring of the volatile 
compounds. Fifty-six of the BarCad® samplers were placed in clusters 
in the existing MLS network based on hydraulic conductivity distribution
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and bromide plume movement information. The MLS/BarCad® sampler 
comparisons are providing additional data to the MLS and simultaneously 
obtaining breakthrough information for the organics.

A schematic of the BarCad® sampler is shown in Figure 5. The sampler 
has the advantage of requiring low purge volumes and thus minimizes 
changes in the flow field due to sampling. The BarCad® sampler is 
permanently installed at fixed locations in an uncased, back-filled 
borehole. One or two of the devices were installed at multiple depths in 
a single smal1-diameter borehole. The samplers contain a check valve and 
porous filter. Water is extracted from a small riser tube in a large 
gas-driven tube (3/16, 1/2 diameter, respectively). The system uses a 
closed pressure drive principle to collect and maintain the sample 
integrity. Borehole flowmeter testing was conducted at each BarCad® 
location before installing the samplers.

Field Sampling

Sampling events will consist of fenceline sampling for breakthrough 
analysis of the hydrocarbons. Reconnaissance sampling will be used to 
define the plume boundary before the snapshots. Snapshots will serve as 
the primary data base for modeling. Snapshot intervals will vary from 1 
to A months. Two primary laboratories are analyzing the BNXO and
radioisotopes with two additional laboratories analyzing about five 
percent of the samples for quality control.

The field MLS sampling includes flushing 100 ml of groundwater through 
the tubing before sampling. Two 20 ml samples are collected in series 
from each port and samples are poisoned with two drops of 10 percent
sodium azide. Five percent of samples are sent to separate labs and are
collected as simultaneous splits. Every sampling day, one vial is filled 
with deionized water that is exposed to the atmosphere to check for
atmospheric contamination. Between each MLS sampled, 100 ml of deionized 
water is pumped through the sample tubing associated with the peristaltic 
pumps. A sample is then collected at one port to check for cross 
contamination. Odd ports on the MLS are analyzed first, followed by even 
port analysis as needed.

SUMMARY

This study will support groundwater protection by making possible more 
effective design of waste storage facilities, improving monitoring 
systems, and designing better mitigation programs. The objectives of 
this study are to better understand the dominant physical and chemical 
factors affecting contaminant movement in groundwater. A data set will 
be provided for evaluating transport models and for assessing the 
reliability of laboratory measured parameters to predict transport. This 
paper has described initial laboratory tests and the design and 
implementation of the second natural gradient injection experiment.
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The experiment at Columbus Groundwater Research Test Site is being 
repeated using different tracers. Tritiated water was used as the 
conservative, nonreactive tracer to overcome problems experienced with 
the use of bromide in the first experiment. Four non-conservative 
tracers (naphthalene, carbon-14 labeled para-xylene, benzene, and 
othro-dichlorobenzene) have also been injected. During the study, 
three-dimensional monitoring and moments analysis will be made.
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