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ABSTRACT

The interaction between the Brazos River and
the adjacent floodplain aquifer was studied for 200
days in 1995 at a ground-water research site near
College Station, Texas. Two In Situ Permeable Flow
Sensors (ISPFS) and a grid of well nests were used
to correlate river stage to the magnitude and direc-
tion of ground-water flow at depths of 13.7 m and
18.3 m in the unconfined alluvial aquifer. Linear
relationships between ground-water flow and river
stage were determined at each depth. The floodplain
aquifer responded differently to changes in river
stage at the 13.7 m and 18.3 m depths. The horizon-
tal velocity, parallel and perpendicular to the river,
decreased with increasing river stage and increased
with decreasing river stage, at both depths. How-
ever, the rates of change varied between the two
depths. This caused the magnitude and direction of
ground-water flow to be different at the two depths.
The upward vertical velocity increased with increas-
ing river stage at the 13.7 m depth and decreased
with increasing river stage at the 18.3 m depth. At
the 13.7 m depth, vertical ground-water flow gradu-
ally changed from upward to downward flow with
long term river stage decline. Downward ground-
water flow was not observed at the 18.3 m depth.
Assessment of river-aquifer interactions indicates
that a direct and measurable relationship exists be-
tween river stage and ground-water flow compo-
nents at the site. The magnitude and direction of
ground-water flow in the alluvial floodplain aquifer
may be predicted if river stage is known.

INTRODUCTION
Stream-Aquifer Interaction
Assessment of the interaction between ground water

and surface water has become increasingly important
as concern by regulatory agencies for the quality and

quantity of water supplies has increased (Texas Water
Commission, 1989). The quantification of the hydrologic
connection between a stream and the adjacent aquifer is
also important to agricultural, industrial, and municipal
interests as competition for diminishing water supplies
escalates (Postal, 1989).

The hydrologic relationship between streams and
aquifers is often complex, especially in transient systems
where stream stage fluctuates or ground water is pumped
from the aquifer. From pump tests conducted along the
Miami River near Venice, Ohio, Walton and others (1967)
concluded that streambed infiltration could be estimated
and that streambed losses were constant and at a maxi-
mum rate after the aquifer water table was below the
streambed. Sophocleous and others (1987), used pump
tests along the Arkansas River in Kansas to assess sur-
face-ground-water interactions. They observed drawdown
in wells on the opposite side of the river and the aquifer
responded as a leaky confined aquifer. Actual stream
losses were less than analytical solutions predicted.
Dunlap and others (1985) used well level and river stage
data in a modeling study of ground-water/surface-water
interactions in the Arkansas River in Keary and Finney
Counties, Kansas. This section of the Arkansas River has
received little or no ground-water discharge since 1923.
River recharge to the aquifer was controlled by stream-
bed permeability and the hydraulic gradient between the
river and the aquifer water table.

Johnson and others (1989) used test holes and moni-
toring wells to assess surface-water/ground-water inter-
actions along Cottonwood Creek in Shasta and Tehama
Counties, California. Ground water flowed principally
within the most permeable aquifer material and recharge
from the stream occurred if a downward gradient existed.
Ground-water gradients were upward and no recharge
from the stream was indicated when the stream channel
crossed silt and clay formations. A study on the Nashua
River in north-central Massachusetts by de Lima (1991)
used infiltration tests to establish that the vertical hy-
draulic conductivities of the streambed ranged from
0.6 to 1.5 m/day. Sophocleous (1991) determined that
ground-water level rises in the Great Bend Prairie aqui-
fer of Kansas was caused by flooding in adjacent rivers.
Wolf and Helgesen (1993) calculated an average aquifer
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discharge of 0.8 m%s along a 222 km segment of the
Kansas River between Wamego and Topeka, Kansas using
40 yr of data. Greeman (1995) summarized 2,328 water
level measurement by the U. S. Geological Survey from
1985-1992 in the Calumet aquifer and surface-water
levels in Northern Lake County, Indiana. Water tables
sloped toward the streams in the study area and ground-
water gradients increased with decreasing river stage.

The establishment of connections between surface and
ground water has also led to increased concern for water
quality (Texas Water Commission, 1989). Field studies
by Ragan (1968) and Sklash and Farvoldon (1979) have
shown rapid movement of contaminated ground water to
nearby streams following rainfall events. In addition,
contaminated surface water has the potential to degrade
ground-water supplies. A study by Schulmeyer (1995)
revealed that the water quality properties and constituents
of the alluvial aquifer that served as a water supply for
Cedar Rapids, Iowa, changed to follow the water quality
trends of the Cedar River due to drawdown. Wang and
Squillane (1994) detected herbicide transport from the
Cedar River to floodplain wells up to 50 m from the river
during high stream flow.

Field studies (Munster et al., 1996) and computer
model simulations (Chakka and Munster, 1996) at the
Brazos River ground-water research site have shown
that river stage determines water levels in the floodplain
aquifer. Infiltration from rainfall events has been shown
to have little or no effect on ground-water levels. Rainfall
events influence water levels primarily by increasing
river stage through surface runoff. At the Brazos River
research site, the floodplain aquifer typically discharges
to the river. However, during high river stages, the aquifer
is recharged by the river.

Research Objectives

The research objectives were to: a) assess ground-
water/surfacewater interactions at two depths in the
Brazos River floodplain aquifer and b) develop predic-
tive relationships that would correlate ground-water flow
to river stage at these two depths.

FIELD METHODS

The interaction between the Brazos River and the
floodplain aquifer was evaluated at a ground-water re-
search site located approximately 12 km west of College
Station, Texas (Munster et al., 1996). The 8.5 hectare
research site is located on a typical section of the lower
Brazos River floodplain and is 183 m from the river
(Figure 1). The unconfined, heterogeneous, alluvial aqui-
fer is overlain by a Ships clay layer that is, on average,
7.3 m thick as shown in Figure 2. The site is underlain
by an impermeable Yegua shale formation at a depth of
20.1 m (Cronin and Wilson, 1967). The aquifer gradually

changes from a fine sand at a depth of 7.3 m to a coarse
sand and gravel mixture at a depth of 20.1 m. Water levels
in the aquifer typically fluctuate between 9 m and 10 m
(elevations = 58.5 m and 57.5 m) below the surface. Slug
and pump tests at the research site have yielded saturated
hydraulic conductivity (Ks,) values that ranged from 3.2
to 150 m/day (Wrobleski, 1996). A comprehensive char-
acterization of the Brazos River research site is included
in Munster and others (1996).

Instrumentation at the site includes 36 partially screened
piezometric wells, four ‘water table’ wells, two In Situ
Permeable Flow Sensors (ISPFS), and an 0.2 m diameter
pumping well. The piezometric monitoring wells are
arranged in a three-by-three grid of well nests that is
oriented parallel and perpendicular to the river (Figure
1). Each well nest contains four monitoring wells with
150 mm long, polyvinyl chloride (PVC), wire-wound well
screens with 0.15 mm openings (Figure 2), Wells in each
nest are numbered one through four. Well one is the
shallowest and well four is the deepest. The well nest
screens were located, on average, at depths of 7.3, 11.0,
14.5, and 18.4 m below the surface (Figure 2). The four
‘water table’ wells have 0.25 mm slotted openings and
are screened throughout the thickness of the aquifer. Three
‘water table’ wells lie within the main well field grid and
a fourth ‘water table’ well was installed at the river to
monitor river stage (Figure 1). All monitoring well casings
are 51 mm diameter, flush threaded, PVC. Water levels
in all of the wells were continuously monitored and
recorded in a system of four, independent data collection
systems (Munster et al., 1996).

The In Situ Permeable Flow Sensor

Three ISPFSs have been installed at the research site,
The first ISPFS installed (ISPFS one) proved to be defec-
tive and was abandoned. Two additional ISPFSs (two
and three) were later installed and functioned properly
during field testing conducted in 1995 (Alden and Munster,
1997). ISPFS two was installed near the B-WT water table
well at a depth of 13.7 m (elevation = 53.8 m; Figure
3). ISPFS three was installed near the B-2 well nest at
a depth of 18.3 m (elevation = 49.2 m; Figure 3). The
placement of the ISPFSs was influenced by factors such
as instrumentation access and proximity to the piezom-
eters which were used for gradient analysis comparison.

The ISPFS measures ground-water flow using a ther-
mal perturbation technique (Ballard, 1996) and is per-
manently installed in saturated, porous, unconsolidated
media at the point where ground-water flow is to be
determined. This is typically accomplished through use
of the hollowstem auger drilling process. Natural back-
fill must collapse around the probe as the augers are
removed to insure intimate contact between the aquifer
formation and probe. This is typically accomplished
through reverse rotation of the auger as it is pulled from
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Figure 1. Plan view of the Brazos River Research Site.

the bottom of the borehole. A 25 mm diameter PVC
conduit is connected to the device and extends to the
surface to protect power and data wiring. ISPFS orien-
tation is accomplished through alignment of the data
wiring conduit with a known azimuth.

A resistance heater within the 0.76 m long, 50 mm
diameter cylindrical sensor heats approximately one
cubic meter of the surrounding aquifer. An array of 30
thermistors located below the surface of the sensor skin
measures small variations in temperature that occur as
a result of ground-water flow around the device. Post-
manufacturing calibration of the sensor in an isothermal
bath adjusts relative thermistor accuracy to approxi-
mately £0.01°C. Computer analysis of temperature varia-
tions among the 30 thermistors using FLOWO allows
determination of a Darcy flow rate and direction in three
dimensions. FLOWG® is a proprietary software program
developed at Sandia National Laboratories for use with
ISPFSs. Measurement of ground-water flow rates from
3 x 107 to 3 x 107" m/day at a resolution of 3 x 10~
m/day are possible. Accuracy of direction measurement
is estimated at +10°. Instrument accuracy is highly de-
pendent upon the thermal properties of the aquifer and
the magnitude of velocities being measured (Ballard, 1994).

Above-ground instrumentation for the ISPFS includes
a power supply and data acquisition equipment. Power
requirements for the probe depend upon aquifer charac-
teristics and typically range from 60 to 120 watts. The
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data acquisition equipment used in this test was manu-
factured by Campbell Scientific Inc., and includes a
CR-10 datalogger, an AM416 4x16 relay multiplexer, a
data storage module, and a MD?9 serial interface mod-
ule. Comparable data acquisition equipment from other
manufacturers can be used.

After installation, the heater within the probe is activated
to stabilize the temperature of the surrounding aquifer.
Temperature data from 0.5 and 3.5 hours after initial
heater start-up is used to produce a calibration file that
adjusts the raw temperature data for the thermal properties
of the media surrounding the probe. This calibration file
is used for all subsequent measurement with this probe
installation. Once thermistor temperatures stabilize,
measurement of ground-water flow can begin. The time
and frequency of discrete ground-water measurements is
determined by datalogger programming parameters and
options in the FLOW®© software.

Data Collection

Data at the research site was collected from day 80
(March 21) to day 210 (July 29) of 1995. Water well
levels, ISPFS data, and river stage were monitored. Water
levels in the site wells were manually recorded on ir-
regular intervals. ISPFS data was collected on six hour
intervals and stored in two, independent and synchronized
dataloggers. Power interruptions resulted in the loss of
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Figure 2. Elevation view of a typical well nest and water table well and the pumping well. The soil stratigraphy and average well screen depths
and elevations with respect to mean sea level are also shown (not to scale).

data during the days 132-148 and 150-156 at ISPFS
three. A combination of power interruptions and support
equipment failure resulted in the loss of data from days
149-210 at ISPFS two.

River stage was approximated by piezometric data
taken from a water table well located on the river bank.
River well levels were collected every hour by a datalogger.
Equipment failures resulted in loss of data on days 102—
105, 111-115, 129-130, 131-135, 144-157, 166-168, and
171-174.

A pumping test was performed at the site from day
92 to 105 of 1995. A pumping rate of approximately
0.68 m*/min was maintained in the 0.2 m pumping well
during that period.

METHODS OF ANALYSIS
Piezometric Data

Water level data from the monitoring wells was used
to determine horizontal and vertical gradients at two
levels within the aquifer. These gradients were used to
calculate the direction and magnitude of ground-water
flow at each ISPFS location using Darcy's equation.

Piezometers used in the analysis were chosen based
on close horizontal and vertical proximity to the appli-
cable ISPFS. Averaging of piezometric data from multiple
wells was performed where required to approximate water
levels in the proximity of each ISPFS.

Piezometric Data at ISPFS Two

Piezometric wells in well nests Al, A2, B1, and B3
were used to calculate ground-water gradient components
at ISPFS two as shown in Figure 4. The number three
well in each well nest was chosen for the analysis due
to proximity (in depth) to ISPFS two which is located
at a depth of 13.7 m. Water table wells A-WT and B-WT
were not used in the analysis since they are fully screened.
Piezometers A1-3 and A2-3 were used to find the gradient
parallel to the river. Water levels in the B1-3 and B2-3
wells were averaged to approximate a piezometric head
at BW-T. Water levels from A1-3 and A2-3 were aver-
aged to approximate a piezometric level at AW-T. The
B1-3/B2-3 average and A1-3/A2-3 aver-age were used
to calculate a gradient perpendicular to the river at ISPFS
two as shown in Equation 1.
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Gy = ([31-3] +[B23] _ [Al3] +[A23]) |

2 2
Eq. 1

Where:
Gperp = Hydra.ulic gradient at ISPFS two perpendicular
to the river (m/m);
B1-3, B2-3, Al-3, A2-3 = Water levels in each well
(m);
| = distance between the A and B rows of wells (76
m).

A summary of calculated ground-water gradients, hori-
zontal velocities, and flow directions with respect to the
river stage is shown in Table 1.

Piezometric Data at ISPFS Three

Piezometric wells in nests A2, A3, B2, and B3 were
used to find ground-water gradient components at ISPFS
three as shown in Figure 5. The number four well in each
well nest was chosen for the analysis due to proximity
(in depth) to ISPFS three. Wells B2-4 and A2-4 were
used to determine a gradient perpendicular to the river.
Wells A3-4 and A2-4 were used to find a gradient paral-
lel to the river. An equipment malfunction resulted in
the exclusion of well B3-4 from the analysis. A sum-
mary of calculated ground-water gradients, horizontal

velocities, and flow directions for ISPFS two and three
are shown with respect to the river stage in Tables 2 and
3, respectively.

Saturated Hydraulic Conductivity

Piezometric assessment of ground-water flow is based
on the Darcy equation and is dependent upon a saturated
hydraulic conductivity (K,) value for velocity deter-
mination. A K, value is not required for determining
ground-water flow from ISPFS data.

Average saturated hydraulic conductivities values for
each ISPFS location were calculated from piezometric
and ISPFS data. Horizontal ground-water gradients cal-
culated from piezometric data and horizontal velocities
measured by the ISPFSs were used in the Darcy equa-
tion to calculate K, values (Tables 1 and 2) at discrete
points in time.

The mean K, value at ISPES two, at a depth of 13.7
m, was 28.9 m/day with a standard deviation of 1.01
m/day. The mean K, value at ISPFS three, at a depth
of 18.3 m, was 16.5 m/day with a standard deviation of
2.13 m/day. These derived saturated hydraulic conduc-
tivities compare favorably to other hydraulic conductivi-
ties measured at the site using pump and slug tests (Table
3). The lower than expected values of K, at deeper
aquifer depths in the gravel portion of the aquifer suggests
that heterogeneities such as clay lenses may exist.
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ISPFS Data

Reduction of the raw temperature data from the
ISPFSs was accomplished using the software program
FLOW®. Calibration files developed during laboratory
isothermal calibration and initial field operation are
applied in FLOW® to convert raw temperature data to
ground-water flow data.

RESULTS

Surface-water/ground-water interactions were assessed
by evaluating the changes in ground-water flow induced

by river stage fluctuations. Changes in the velocity and
direction of ground-water flow were determined at depths
of 13.7 m and 18.3 m in the aquifer. Changes in horizontal
ground-water velocities, perpendicular and parallel to
the river, and vertical ground-water velocities were cal-
culated using piezometric and ISPFS data. An evaluation
of the surface-water/ground-water interactions resulted in
the observance of linear relationships between changes
in river stage and changes in the ground-water flow com-
ponents.

River-Aquifer Interaction

The ground-water flow components and river stage
for days 8 to 208, 1995 at ISPFS locations two and three
are shown in Figures 6 and 7, respectively. The flow
components include horizontal ground-water velocity from
piezometric and ISPFS data, vertical ground-water ve-
locity from ISPFS data, and horizontal flow direction
(azimuth) from piezometric and ISPFS data. Ground-water
velocity and direction vary in response to gradient changes
induced by river stage fluctuations. Large changes in
ground-water velocity components and azimuth from day
92 to day 105 are due to pump tests conducted at the
research site pumping well.

Horizontal ground-water velocities measured by pi-
ezometric and ISPFS methods compared very well as
shown in Figures 6 and 7. At both depths (13.7 m and
18.3 m), the horizontal ground-water gradients and ve-
locities were inversely related to river stage. Wolf and
Helgesen (1993) reported that the ground-water flow to
the Kansas River was slowed or even reversed due to
increased water levels in the river. Similar trends were
reported by Schulmeyer (1995) for the Cedar River in
Towa.

At the Brazos River research site, after the maximum
river stage of 57.7 m on day 135, the horizontal velocity
decreased to a minimum of 0.043 m/day at the 13.7 m
depth and 0.019 m/day at the 18.3 m depth. After a low

Table 1. Summary of hydraulic gradients from the monitoring wells and horizontal ground-water velocities from the Flow Sensor used to
calculate K, at Flow Sensor two. Negative velocities indicate flow away from the river or upstream. The corresponding river stage is also

shown.
Day of Year River stage Hydraulic Gradient (m/m) FS 2 Horiz. Vel. Cale. K,

1995 (m) Perpendicular Parallel Resultant (m/day) (m/day)
92 54.6 0.0023 0.0005 0.0024 0.067 28.32
105 56.0 -0.0007 0.0007 0.0010

123 54.6 0.0022 0.0005 0.0023 0.068 29.60
137 57.3 -0.0005 0.0015 0.0015 0.043 27.76
142 55.5 0.0016 0.0005 0.0017 0.050 29.85
157 55.3 0.0020 0.0007 0.0021

166 56.5 0.0010 0.0010 0.0014

174 55.0 0.0026 0.0005 0.0026

193 54.0 0.0036 0.0004 0.0037

206 53.8 0.0038 0.0004 0.0038

AVERAGE = 28.9
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river stage (54.3 m) on day 127, the horizontal velocity
increased to 0.074 m/day at the 13.7 m depth and 0.044
m/day at the 18.3 m depth.

At the 13.7 m depth (ISPES 2), vertical velocities
varied from +0.018 m/day (upward) at maximum river
stage on day 135 to -0.015 m/day (downward) at low
river stage on day 127. At the 18.3 m depth (ISPFS 3),
vertical velocities varied from +0.005 m/day (upward)
on day 135 and 0.00 m/day on day 127.

Piezometer and ISPFS measured azimuths some-
times varied, especially at high or low river stages. While
there was good agreement between ISPFS and piezo-
metric measurement of azimuths at the ISPFS three

location; measured azimuth values at the ISPFS two
location vary by as much as 30°. At high river stage,
ground-water flow was generally oriented in the down-
stream direction, while at low river stage ground-water
flow was generally oriented perpendicular to the river.
This type of flow orientation was also observed by Hibbs
(1996) on the Colorado River near Bastrop, Texas.

At the 13.7 m depth, the azimuth of horizontal ground-
water flow varied from 75° (90° is parallel to the river)
at the highest river stage on day 135 to 15° (0° is
perpendicular to the river) at low river stage on day 127.
At the 18.3 m depth, the azimuth varied from 135° on
day 135 to —15° (flow oriented upstream) on day 127.
Ground-water flow in the upstream direction was also
observed in the piezometric data and may be caused by
heterogeneities inherent in fluvial deposits.

Ground-water flow was affected at both ISPFS loca-
tions during the pumping test (days 92 to 105). As shown
in Figure 3, ISPFSs two and three were located 55 m
and 85 m from the pumping well, respectively. The well
screen of the pumping well was located from 17.0 m to
21.6 m below the surface. Therefore ISPES two was
above the well screen at 13,7 m and ISPFS three was
at the same level as the well screen at 18.3 m.

The direction of ground-water flow changed imme-
diately at ISPFS three. The azimuth changed from —14.4°
to 116° very rapidly (approximately 1 day), indicating
a direct hydraulic connection between the aquifer at
ISPES three and the pumping well. The final azimuth
at ISPFS three was 143° at the end of the pump test.
AtISPFS two, the direction of ground-water flow changed
gradually from 28.4° to 100.0° during the 13-day pump
test.

At ISPFS three the horizontal ground-water velocity
increased from 0.034 m/day to 0.063 m/day and the up-
ward vertical velocity changed from 0.017 m/day to 0.014
m/day during the pumping test. The horizontal ground-
water velocity at ISPFS two responded in the opposite
direction as the velocity decreased from 0.06 m/day to

Table 2. Summary of hydraulic gradients and Flow Sensor horizontal ground-water velocities used to calculate K, at Flow Sensor three.
Negative velocities indicate flow away from the river or upstream. The corresponding river stage is also shown.

sat

Day of Year River Stage Hydraulic Gradient (m/m) FS 3 Horiz. Vel. Cale. K,
1995 (m) Perpendicular Parallel Resultant (m/day) (m/day)
88 54.7 0.0014 -0.0009 0.0017
92 54.6 0.0020 -0.0001 0.0020 0.031 15.47
105 56.0 -0.0022 0.0011 0.0024
123 54.6 0.0020 -0.0002 0.0021 0.037 18.04
137 57.3 -0.0006 0.0010 0.0012
142 55.5 0.0016 -0.0002 0.0016
157 55.3 0.0019 0.0001 0.0019 0.026 13.56
166 56.5 0.0008 0.0008 0.0011 0.022 19.36
174 55.0 0.0023 -0.0004 0.0024 0.043 18.42
193 54.0 0.0032 -0.0006 0.0033 0.052 15.66
206 53.8 0.0034 —0.0006 0.0035 0.05 14.91

AVERAGE = 16.5
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Table 3. Summary of K, values in the alluvial aquifer at the Brazos River site.

Average Depth Average K, Wells Used
Location Source (m) (m/day) in Analysis
Flow Sensor 13.7 28.9 N.A.
Flow Sensor Pump Test! 14.9 60.6 B1-3, B2-3
Two Slug Test>* 14.9 19.0 B1-3, B2-3
Slug Test®* 14.9 32.3 B1-3, B2-3
Flow Sensor 18.3 16.5 N.A.
Flow Sensor Pump Test! 18.8 58.2 A2-4, B2-4
Three Slug Test>* 18.8 32 A2-4, B2-4
Slug Test>* 18.8 3.6 A2-4, B2-4

! (Wrobleski, 1996)

2 Bouwer and Rice analysis (Bouwer, 1989)
3 Hvorslev analysis (Hvorslev, 1951)

4 (Alden and Munster, 1997)

0.032 m/day during the pumping test. The vertical ve-
locity at ISPFS two initially increased in the upward
direction from 0.00 m/day to 0.09 m/day, then steadily
decreased to a downward flow of —0.01 m/day by the
end of the pump test.

The relationships between river stage and the ground-
water flow components at each ISPFS location were
evaluated (Figures 8 and 9). Parallel and perpendicular
horizontal ground-water velocities were derived from
piezometric data, and vertical ground-water velocities were
from ISPFS data. Ground-water flow data from the pump
test period (day 92 to 105) was not used in the analysis.
Linear regression equations were developed to permit
horizontal ground-water velocities, parallel and perpen-
dicular to the river, and vertical ground-water velocities,
to be estimated from river stage. The direction of ground-
water flow could then be calculated from the predicted
horizontal and vertical ground-water velocities.

Similar responses to river stage changes were appar-
ent in the perpendicular and parallel horizontal ground-
water velocities at the 13.7 m and 18.3 m depths. For
increasing river stage, the perpendicular velocity decreased
and the parallel velocity increased. However, the hori-
zontal velocity changes induced by river stage fluctua-
tions at the 13.7 m depth were much greater than those
at the 18.3 m depth. At the 13.7 m depth, the perpendi-
cular velocity varied from 0.11 m/day to -0.02 m/day;
whereas, at the 18.3 m depth, the perpendicular velocity
varied from 0.06 m/day to -0.01 m/day.

Distinctly different responses to river stage were
observed in the vertical ground-water velocities at each
ISPFS location. At the 13.7 m depth, increasing river stage
increased the vertical upward velocity. At the 18.3 m
depth, increasing river stage decreased the vertical up-
ward velocity. These different responses may be attri-
buted to aquifer heterogeneities, such as clay lenses or
high permeability zones, that resulted from fluvial depo-
sition.

A reversal of vertical ground-water flow from upward
to downward occurs when the river stage drops below
53.6 m at the 13.7 m depth and when the river stage rises
above 57.4 m at the 18.3 m depth. River stages between
53 m to 58 m were recorded during the investigation and
are typical near the Brazos River research site.

SUMMARY

The floodplain aquifer responded differently at the
two depths to changes in river stage due to aquifer het-
erogeneity. The horizontal velocity (parallel and perpen-
dicular), at both depths, decreased with increasing river
stage and increased with decreasing river stage. How-
ever, the rates of change varied between the two depths,
and consequently, the direction of ground-water flow was
very seldom, if ever, in the same direction at the two
depths.

In addition, the vertical velocity responded in opposite
directions due to river stage fluctuations. At the 13.7 m
depth, the vertical velocity increased upward with in-
creasing river stage while at the 18.3 m depth, the upward
vertical velocity decreased with increasing river stage.
At the 13.7 m depth, vertical ground-water flow was
directly related to river stage fluctuations. As the river
stage began to rise, vertical ground-water flow gradually
changed from downward flow to upward flow. As the
river stage began to decline, the vertical ground-water
flow gradually changed from upward to downward flow.
Reversal of vertical ground-water flow occurred at a river
stage of approximately 53.6 m.

At the 18.3 m depth, the vertical ground-water velo-
city fluctuated very little in response to changes to river
stage. The flow was always in an upward direction except
at very low river stages where the vertical velocity ap-
proached zero.

Calibration of piezometric data with ISPFS data
produced saturated hydraulic conductivities of 28.9
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Figure 6. A) River stage from day 80 to 210, 1995. B) Ground-water flow components from piezometric and Flow Sensor data at the Flow
Sensor two location from day 80 to 210, 1995. A K, value of 28.8 m/day was used in piezometric calculations. Negative vertical velocities

indicate downward flow.

m/day and 16.5 m/day at depths of 13.7 m and 18.3 m,
respectively.

CONCLUSIONS

Ground-water flow in aquifers are often idealized with
flow in the same horizontal and vertical direction through-
out the depth of the aquifer. However, in floodplain aqui-
fers that are primarily influenced by fluctuations in the
adjacent stream, the magnitude and direction of ground-
water flow can vary significantly with depth.

ISPFS and piezometric data were used to assess the
interaction between the Brazos river and the floodplain
aquifer at two depths, 13.7 m and 18.3 m. Changes in

Environmental & Engineering Geoscience, Vol. 111, No. 4, Winter 1997, pp. 537-548

the magnitude and direction of ground-water flow in-
duced by river stage fluctuations and a pumping test
were studied for 200 days in 1995. In general, the
ISPFS values and piezometric values were in close
agreement.

Linear relationships between river stage and the
magnitude and direction of horizontal and vertical ground-
water flow in the floodplain aquifer were developed. In
addition, saturated hydraulic conductivity (Kg,) values
at two depths in the aquifer were derived using piezo-
metric and ISPFS data. These K, compared favorably
to K, values determined from pump and slug tests
performed at the research site.
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Evaluation of river-aquifer interaction suggests that a
direct and measurable connection exists between river
stage and ground-water flow components. Derivation of
linear regressions for each ground-water flow compo-
nent at depths of 13.7 m and 18.3 m, suggests that hori-
zontal and vertical ground-water velocity and direction
of horizontal ground-water flow may be predicted if river
stage is known.
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ATRAZINE AND NITRATE TRANSPORT TO THE
BrAZOS RIVER FLOODPLAIN AQUIFER

K. B. Chakka, C. L. Munster

ABSTRACT. The potential for contamination of groundwater and surface water from agricultural chemicals used on river
floodplains is a serious concern in many parts of the United States. An agricultural research site located near College
Station, Texas, was instrumented to determine the fate of agricultural chemicals typically applied to the Brazos River
floodplain. Nine well nests were installed in a 3x3 grid pattern, parallel and perpendicular to the river. Each well nest
has four monitoring wells screened at various depths throughout the aquifer. Ammonium-nitrate fertilizer and the
herbicide atrazine were applied to this research site at the time a corn crop was planted in 1994 and 1995. Groundwater
and river samples were periodically collected and tested for nitrate-N, ammonium-N, and atrazine. Increases in nitrate-N
in the groundwater were not observed due to high background concentrations of nitrate-N. Ammonium-N was not
detected in the groundwater above background concentrations (<1 mg/L) due to nitrification of ammonium-N to nitrate-N
in the clay soil. Atrazine was detected in the groundwater 24 days after the second application indicating preferential flow
through the Ships clay surface layer that was 6 m thick. A pump test that was conducted at the research site just after the

second atrazine application facilitated the movement of atrazine to a depth of 18 m.
Keywords. Atrazine, Nitrate-N, Groundwater, Clay soil, Brazos River flood plain.

n river floodplains, nonpoint source transport of

agricultural chemicals in runoff or groundwater

can have a significant impact on river water

quality, Many river floodplains in East Texas
have been identified as locations that are highly susceptible
to nonpoint source groundwater contamination. The Texas
Water Commission (TWC) has used the DRASTIC system
to assess the groundwater pollution potential of the various
hydrogeologic settings in the state of Texas. The word
DRASTIC is an acronym for the input parameters required
by the EPA model (U.S. Environmental Protection Agency,
1987); depth to water, net recharge, aquifer media, soil
media, topography, vadose zone impact and hydraulic
conductivity. The DRASTIC model, which is a systematic
approach to groundwater pollution potential mapping,
consistently ranks the river floodplains of East Texas in the
highest risk category (Texas Water Commission, 1989).
Fertile floodplains are used extensively for agricultural
production. However, floodplain aquifers are often in direct
hydraulic connection with the adjacent streams, making
this geographical area particularly vulnerable to nonpoint
source contamination from agriculture.

A maximum contaminant level (MCL) for drinking
water has been established for nitrate-N (10 mg/L) and
atrazine (3 pg/L) (United States Environmental Protection
Agency (USEPA), 1990a). The presence of nitrate-N in
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groundwater in excess of 10 ppm has proven to be
hazardous to human health, especially for infants (USEPA,
1985). Atrazine is soluble in water (33 mg/L), has low
adsorption to organic matter (K,.=100mL/g) and a
relatively long half-life (60 days) in soil (Thooko et al.,
1994). These chemical properties facilitate atrazine
transport through the soil profile and into the groundwater.
However, several factors influence the concentration of
agricultural chemicals in groundwater. These include land
use, depth of groundwater below land surface,
hydrogeologic conditions of the site and soil hydrologic
group (Mueller et al., 1995).

Concern for water quality in the rural United States has
increased in the past decade. Nonpoint source pollution and
watershed protection have been identified as areas of
special attention (Knopman and Smith, 1993). To address
these concerns, Congress appropriated funds in 1986 for
the United States Geological Survey (USGS) to begin a
pilot program in seven project areas to develop and refine
the National Water-Quality Assessment (NAWQA)
Program (Mueller et al., 1995).

National reviews of existing water quality data have
proven valuable in describing the occurrence and
distribution of nitrate-N in the groundwater of the United
States. Hallberg (1989) has reported that nitrate
contamination of groundwater occurs in parts of the
northeastern, midwestern, and West Coast states. Spalding
and Exner (1993) have reported that groundwater beneath
agricultural areas in large parts of the southeastern and
north-central states was not contaminated with nitrate-N.
The USEPA (1990b) reported that only 1.2% of 566
samples collected from public supply wells in 1988
exceeded the nitrate MCL.

In the U.S., the detection of pesticides in drinking water
supplies is extremely low (Southwick et al., 1992). However,
sound water quality management requires research to
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minimize future possible contamination. Evidence exists that
herbicides can move into shallow aquifers underlying highly
permeable, irrigated, sandy soils (Anderson, 1987).
However, with few exceptions, the concentration of atrazine
in the groundwater is well below the 3 pg/L. MCL (Mueller
et al., 1995). A field study conducted by Delin et al. (1995)
reported that 58% of the 361 samples collected from a 160-
acre farm detected atrazine. Most detections were at trace
concentrations, between the detection limit of 0.01 pg/L and
the reporting limit of 0.04 pg/L. Blanchard et al. (1995)
reported that atrazine concentrations in the groundwater in
the Goodwater Creek watershed in north-central Missouri
frequently exceeded the 3 pg/L drinking water standard.
Fractures which occur throughout the Goodwater Creek
study area occupy less than 1% of the soil volume but make
the overlying 3-m thick clay layer as permeable as sand.
Increasing our knowledge of the fate of agricultural
chemicals applied to the environment will improve our
ability to predict the occurrence of these chemicals in
shallow aquifers. A field-scale study has been initiated to
improve the understanding of processes associated with
agricultural chemical transport on river floodplains. A
research site has been instrumented along the Brazos River
at the Texas A&M University Research Farm near College
Station, Texas (Wrobleski, 1996). A primary research
objective was to monitor the fate of atrazine and nitrate-N
applied to the Brazos River floodplain. This article
summarizes the groundwater quality data collected at the
research site from February 1994 through August 1995.
The objective of this research study was to monitor the
changes in groundwater quality, throughout the depth of a
floodplain aquifer, in response to surface applied atrazine
and ammonium-nitrate fertilizer, for two growing seasons.

SITE DESCRIPTION

A research site on the Brazos River was instrumented at
the Texas A&M University research farm, approximately
11 km southwest of Bryan-College Station, in Burleson
County, Texas (Munster et al., 1996a). The site is located
between a drainage ditch that is approximately 5 m deep and
the Brazos River which is approximately 193 m from the
boundary of the research site (fig. 1). The drainage ditch
drains a large portion of the 600 ha farm and is the outlet for
surface runoff from the research site. The drainage ditch,
which was always dry until surface runoff events occurred,
was not sampled or monitored for runoff volume.

The surface layer at the research site is a Ships clay unit
(very fine, mixed, thermic chronic Hapluderts) that
uniformly varies in depth from 9.1 m near the river to
6.1 m near the ditch with an average thickness of 7.6 m. A
floodplain aquifer located below the clay layer changes
gradually from a fine sand at a depth of 6 m to a coarse
sand and gravel mixture at a depth of 20 m. The aquifer is
underlain by an impermeable Yegua shale formation at a
depth of 20 m as shown in figure 2.

Field and laboratory studies measured low saturated
hydraulic conductivities (1 mm/day at 150 mm depth) for the
Ships clay. However, the clay has a high shrink-swell capacity
that produces large cracks or macropores during dry periods
(Lin, 1995). Ships clay soils are generally low in organic
carbon, less than 1% (Lin, 1995), which indicates a low
capacity to organically adsorb agricultural chemicals. Soluble
agricultural chemicals can potentially be transported through
the soil profile via infiltration through these macropores.

The average annual precipitation at this site is
approximately 1000 mm. Rainfall is not uniformly
distributed throughout the year. The wettest months are

Brazos River

————+ Direction of Flow

193 m

:[!:

75 m

._J|4

135 m

Direction of Flow <4—————— Drainage Ditch

( not to scale)

Figure 1-Well Field Layout at the Texas A&M University Research Farm near College Station, Texas, including nine well nests (A1, A2, A3, B1,
B2, B3, Cl, C2, C3), four water table wells (A-WT, B-WT, C-WT and R-WT), and a 200-mm diameter pumping well (P).
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Figure 2-A typical cross-section view of a well nest with four
monitoring wells (Al-1, A1-2, A1-3, and A1-4) and a water table well
with the soil layers also shown.

April, May, and September and the driest months include
March, July, and August. During the summer, rainfall often
occurs as short-duration, high-intensity convective
thunderstorms. These thunderstorms often occur at times
when large macropores or cracks are visible in the surface
soil. The total rainfall from day 115 through day 365 in 1994
was 883 mm. The total rainfall measured at the site through
day 215 in 1995 was 456 mm.

The research site uniformly slopes (0.5%) toward the
drainage ditch. An average of 6.5% of the rainfall left the
research site as surface runoff during the groundwater
study (Munster et al., 1995).

GROUNDWATER INSTRUMENTATION

The 2.4-ha research site was instrumented for
groundwater monitoring. Nine well nests were installed in
a 3x3 grid that is parallel and perpendicular to the river
(fig. 1). Each well nest has four monitoring wells typically
labeled as shown in figure 2. These monitoring wells were
constructed of 51-mm diameter flush threaded, polyvinyl
chloride (PVC) well casing with 150 mm long screens. The
well screens, which are wire wound PVC with 0.15 mm
openings, are evenly spaced throughout the depth of the
sand and gravel aquifer (fig. 2). The 150-mm long screens
allowed sampling at discreet points in the saturated aquifer.
In addition to the nested wells, four water table monitoring
wells, which are fully screened, were located as shown in
figure 1. The fully screened wells, which are labeled “water
table” wells, have slotted screens with 0.25-mm wide
openings. The R-WT water table well was located as close
as possible to the river to monitor river stage (fig. 1).

A 203-mm diameter pumping well with a submersible
pump rated at 750 L/min was also installed at the research
site to evaluate the aquifer characteristics during pump tests.
Two pump tests were conducted at the research site during
the study period. The pump tests were part of another
research study. The first pump test was conducted between
day 35 and day 43, 1995, and the second test was conducted
between day 92 and day 105, 1995. The average flow rate of
the pump tests was approximately 750 L/min.

Water levels were monitored continuously by well head
devices installed on each monitoring well. The wellhead
device was mounted on top of the monitoring well casings
(Munster et al., 1996b). Groundwater flow at the research
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site. was toward the river with an average gradient of
0.0046 m/m (Munster et al., 1996a). However, when the
pump tests were conducted, a reversal of groundwater flow
toward the pumping wells was observed at the research site
in the A and B row wells.

CHEMICAL APPLICATION

The site was a pasture with scrub trees prior to 1994.
Corn was planted at the research site using ridge till
cultivation on day 111 in 1994 and on day 81 in 1995.
Granular ammonium nitrate fertilizer was broadcast, and
liquid atrazine was sprayed over the entire field at the time
of planting. The granular fertilizer (34% nitrogen) and the
atrazine application rates are summarized in table 1.

SAMPLING

All monitoring wells (except the dry 7-m wells) and the
river were sampled during each sampling round. A total of
421 groundwater samples and 13 river samples were
obtained from 13 sampling rounds (table 2). Background
samples were collected prior to the application of the
chemicals on day 55 in 1994 and on day 70 in 1995.

Three of the four wells in each well nest were sampled
during each sampling event. The shallowest monitoring well
in each well nest (fig. 2), located just below the clay layer, was
never below the water table and therefore was never sampled.
The aquifer was unconfined during the entire study period.

The groundwater sampling protocol followed standard
EPA procedures (Exner and Spalding, 1985). Prior to
obtaining a sample, each monitoring well was purged three
well volumes in order to obtain a representative groundwater
sample. Once the wells were purged, groundwater samples
were collected and transferred to polyethylene sample
bottles and chilled in the field. The sample bottles were
transported to the laboratory and refrigerated until chemical
analysis was performed.

Table 1. Schedule of chemical applications

Chemical Day Application Rate
Fertilizer 111 (1994) 482 kgN/ha
Atrazine 111 (1994) 2,18 kg/ha*
Fertilizer 81(1995) 200 kgN/ha
Atrazine 81 (1995) 2.80 kg/ha*

*

Active ingredient.

Table 2. Schedule of groundwater sampling conducted
at the research site

Sampling Round Day (Year) No. of Samples Days after Application

1 55 (1994) 30 Background
2 127 (1994) 33 16
3 144 (1994) 33 33
4 158 (1994) 33 47
5 187 (1994) 33 76
6 231 (1994) 34 120
7 267 (1994) 33 156
8 323 (1994) 34 212
9* 70 (1995) 33 324
10 105 (1995) 32 24
11 137 (1995) 32 56
12 175 (1995) 33 94
13 217 (1995) 33 136

* Background sampling round for second chemical application.
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Typically, samples were analyzed within one week after
collection. Purging and sampling were accomplished with
polyethylene bailers and disposable nylon rope. Each well
had a dedicated bailer with new rope each sampling round.
The purged water was placed in 19 L buckets and disposed
of outside the research plot. After each sampling round the
rope was discarded and the bailers were decontaminated for
reuse. River samples were grab samples from the bank.

Field measurements of groundwater chemistry were also
obtained for each well sample. Field measurements included
pH, eH, and conductivity. The groundwater pH ranged from
7.4 in the deep wells to 6.5 in the shallow wells. The eH
measurements of groundwater samples ranged from —0.001
mV to 0.030 mV. The shallow monitoring wells had higher
Eh values than the medium and deep wells. The Eh values in
all the monitoring wells decreased over the study period. The
electrical conductivity of groundwater samples ranged from
1000 to 2400 pS. Samples from the shallow wells had higher
conductivities than samples from the medium and deep
wells. Conductivities also increased in all monitoring wells
over the study period.

For quality assurance of laboratory analytical
procedures, at least one field blank and three duplicate
samples were collected during each sampling round. A total
of 36 duplicate samples were analyzed during study. The
duplicate sample analyses were generally in good
agreement, Nitrate and atrazine concentrations in the field
blanks were always below the detection limits.

ANALYSIS OF SAMPLES

The groundwater and river samples were analyzed for
nitrate-N, ammonium-N, and atrazine concentrations. The
nitrate-N and ammonium-N concentrations were analyzed
using colorimetric methods (USEPA, 1979; Flore and
O’Brien, 1962) by the Soil, Water and Forage Testing
Laboratory at Texas A&M University. Groundwater and
river samples from sample rounds 1 to 6 were tested for
atrazine concentrations using gas chromatography at the
Blackland Research Laboratory in Temple, Texas. All
groundwater and river water samples from sample rounds 6
to 13 were tested for atrazine concentrations using enzyme
immunoassay analysis (EIA) (Cook and Linden, 1995) at the
Agricultural Engineering Department at Texas A&M
University. Gas chromatography/mass spectrometry
(GCMS) was used to verify 39 samples of the EIA analysis.

RESULTS AND DISCUSSION
NITRATE-N

The average and standard deviations of concentrations
of nitrate-N in the nine shallow wells, eight medium wells
(well C2-3 not available), and nine deep wells are shown in
table 3. The average screen depth below the surface for the
shallow wells was 10 m, 14 m for the medium wells, and
18 m for the deep wells. During the 13 sampling rounds,
the nitrate-N concentrations in the shallow wells ranged
from 0.59 to 8.51 mg/L with an average of 5.52 mg/L. In
the medium wells, the nitrate-N concentration ranged from
0.39 to 1.90 mg/L with an average of 0.97 mg/L. In the
deep wells, the nitrate-N concentration ranged from 0.00 to
1.82 mg/L with an average of 0.25 mg/L.
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Table 3. Average nitrate-N concentrations with standard deviations
detected in groundwater samples from the shallow, medium, and deep
wells and the Brazos River from February 1994 to August 1995

Shallow Wells Medium Wells Deep Wells
9.8 mto 140 mto 17.1 mto River
Dy s 125 m 16.1 m 192 m Water
Application Std. Std. Std.
(Sampling Avg.* Dev.t Avg. Dev. Avg. Dev.
Round) (mg/L)(mg/L) (mg/L) (mg/L) (mg/L) (mg/L)(mg/L)
Background (1) 731 514 092 088 008 0.1 081
16(2) 733 459 130 178 009 011 116
33(3) 780 552 178 169 012 007 070
7(4) 851 581 118 154 015 006 020
76(5) 636 547 078 127 014 016 005
120(6) 6.03 606 1.10 155 013 018 005
156(7) 590 399 098 140 013 019 0.10
212(8) 356 544 054 068 182 38 070
324(9) 580 438 049 088 008 011 020
241 (10) 6.88 490 039 061 000 000 050
56i(11) 311 228 043 048 005 000 050
941 (12) 252 282 190 408 010 000 0.1
136:(13) 059 101 080 129 032 067 0.1
*  Average.
+ Standard deviation.
% Days after second chemical application.

The average for the shallow wells (5.52 mg/L) is
approximately six times higher than average of the medium
wells (0.97 mg/L).” The average of the deep wells
(0.25 mg/L) is approximately 3.5 times lower than the
medium wells and 21 times lower than the shallow wells.
The nitrate-N levels in the river ranged from 0.05 to
1.16 mg/L. with an average concentration of 0.40 mg/L
during the 13 sampling rounds.

A high degree of spatial variability was noticed from all
the sampling rounds. Samples from the C-row monitoring
wells showed higher concentrations of nitrate-N than the
other wells, resulting in high standard deviations. During
sampling rounds 6, 8, 12, and 13 the standard deviation
was higher than the mean of concentrations in the shallow
wells (table 2).

The nitrate-N and atrazine concentrations for the shallow
wells in the A, B, and C row well nests are shown in figures
3-5. Nitrate-N and atrazine concentrations in the water table
wells and the Brazos River are shown in figure 6. The
average nitrate-N concentrations decreased in the shallow
wells with increasing distance from the ditch (figs. 3-5).
The spatial variability of nitrate-N concentrations in the
medium and deep wells was less than that in the shallow
wells based on the higher standard deviations for the
shallow wells as shown in table 3.

In the shallow wells, the average nitrate-N concentration
in the C-row (closest to the ditch) for sampling round 1 was
approximately 16 mg/L, while the A and B row averages
were approximately 2.5 mg/L (figs. 3-5). This may indicate
direct interaction between the irrigation drainage ditch and
the shallow wells in the C-row. After sampling round 1, the
NO;3-N concentrations in the shallow wells in the C-row
steadily declined to the same concentration levels as the A
and B-row shallow wells. The shallow wells do not give any
solid evidence of increased nitrate concentrations due to the
ammonium nitrate fertilizer that was applied on day 111,
1994 and day 81 in 1995.

TRANSACTIONS OF THE ASAE
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Figure 4-Nitrate-N and atrazine concentrations in the shallow wells (10.0 m to 12.6 m) of B-row well nests.
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Figure 5-Nitrate-N and atrazine concentrations in the shallow wells (9.75 m) of C-row well nests.

The average nitrate-N concentrations in the shallow,
medium and deep wells of the A, B, and C rows are listed in
table 4, Although there are high nitrate-N concentrations in
the C-row shallow wells, the C-row medium wells have
very low concentrations. The average concentration in the
C-row shallow wells was approximately 8.88 mg/L while
the average of the C-row medium wells was 0.10 mg/L,
which is 90 times smaller than the shallow wells. The
C-row medium wells do not appear to be hydraulically
connected with the C-row shallow wells. In addition, the A

VoL. 40(3):615-621

and B-row medium wells have an overall average
concentration of 1.22 mg/L, which is 12 times larger than
the C-row medium wells. All deep wells at the study site
generally had low concentrations of nitrate-N (<0.05 mg/L).
However, high concentrations of nitrate-N (3.8 mg/L and
11.6 mg/L) were detected twice in the deep wells.

AMMONIUM-N

The nitrification of ammonium-N to nitrate-N generally
occurs quite quickly in moist clay soils (Tisdale et al.,
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Figure 6-Nitrate-N and atrazine concentrations in the river well, water table wells, and in the Brazos River.

1985). This occurred at the research site as the ammonium-
N concentrations in all wells at the study site were very low,
ranging from 0.2mg/L to 1.0mg/L. The C-row shallow
wells, which had the highest concentrations of nitrate-N, did
not have high concentrations of ammonium-N. The
concentrations of ammonium-N did not change appreciably
in any of the wells throughout the study period. All
groundwater samples had concentrations of ammonium-N
below 1.0 mg/L. The ammonium-N analysis indicates no
trends or changes in the concentrations during the study
period. This analysis was discontinued after sampling round
seven but was restarted after the application of fertilizer for
the second crop period.

ATRAZINE

The atrazine concentrations detected in the groundwater
during the 13 sampling rounds are summarized in table 5.
Atrazine was detected consistently in the shallow wells of
the C-row near the ditch. Atrazine concentrations are
plotted with nitrate-N on figures 3-6. Detection of atrazine
was not affected by the first pump test, which was
conducted between sampling rounds 8 and 9 just prior to
the second chemical application. However, atrazine
movement was affected by the pump test conducted on
days 92 to 104, 1995, which occurred between sampling
rounds 9 and 10. An increase of the vertical hydraulic
gradients, due to the pump test and several rainfall events,
facilitated the transport of atrazine through the aquifer and
resulted in detection of atrazine in five of the nine deep
wells. The atrazine data presented in table 5 indicated the
movement of the surface applied chemicals to the shallow
wells within 24 days during a period of pump testing when
increased vertical hydraulic gradients were established.

While the concentration of nitrate-N does not indicate
any particular trend, the atrazine concentrations detected in

Table 4. Average nitrate-N concentrations in the shallow, medium,
and deep wells in A, B, and C-Rows for all 13 sampling rounds

Average Nitrate-N Shallow Wells Medium Wells Deep Wells
Concentrations (mg/L) (mg/L) (mg/L)
A-Row 2.99 1.22 0.13
B-Row 3.95 1.25 0.18
C-Row 8.88 0.10 0.51
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sample round 10 provided evidence of macropore flow
through the 6-m thick clay layer to the groundwater. The
second application of atrazine occurred on day 81, 1995,
Sampling round 10 took place on day 105, 24 days after
application. After the atrazine was applied, a pump test
using the 0.20-m diameter well was conducted from day 92
to day 107. During the pump test, the vertical groundwater
gradients increased approximately 8 times from
0.0022 m/m pre-pumping to 0.0178 m/m post-pumping. In
addition, two large rainfall events occurred on days 94 and
95, 13 days after application, totaling 68.6 mm of rainfall.
From surface runoff studies at this site (Munster et al.,
1995), a maximum of 18% of the rainfall typically runs off.
Therefore, at least 55 mm of rainfall infiltrated by day 96.
This infiltration transported the atrazine from the surface
through the 6 m thick clay layer to the sand aquifer by
macropore flow. Once in the sand aquifer, the large vertical
gradients generated by the pump test accelerated the
transport of atrazine through the sand and gravel aquifer.
Atrazine was detected in all nine shallow wells, seven of
eight medium wells, and five of nine deep wells during
sampling round 10.

Table 5. Atrazine concentrations detected in the groundwater
and the Brazos River from February 1994 to August 1995

No. of Samples

Days After . . Max. River
Application With Afeazine Dewects Conc.* Water
(Sampling Rd.) Shallow Medium Deep (ug/L) (pg/L)
Background (1) 0 0 0 0.0 0.30
16(2) 1 0 1 0.15 0.00
33(3) 1 0 0 0.05 0.00
47 (4) 0 0 0 0.00 0.00
76 (5) 1 0 0 0.60 0.10
120 (6) 1 0 0 0.56 0.00
156 (7) 3 0 0 0.16 0.26
212(8) 3 0 0 0.17 0.83
324(9) 3 0 1 1.23 0.56
247 (10) 9 7 5 3.87 1.98
561 (11) 5 2 1 0.64 0.87
941 (12) 5 0 3 0.22 0.70
1367 (13) 0 0 2 0.26 0.71
* Maximum concentration.
1 Days after second chemical application.
TRANSACTIONS OF THE ASAE



SUMMARY

A field-scale research site has been instrumented to
study the potential for nonpoint source contamination from
agricultural chemicals on the Brazos River floodplain. A
total of 421 groundwater and 13 river water samples were
obtained in 13 sampling rounds from February 1994 to
August 1995. These samples were analyzed for nitrate-N,
ammonium-N and atrazine. Fertilizer and atrazine were
applied in April 1994 and March 1995. Over the study
period, the average nitrate-N concentrations were
5.52 mg/L in the shallow wells, 0.97 mg/L in the medium
wells, and 0.25 mg/L in the deep wells. From the nitrate
and ammonium water quality data, there was no direct
evidence of transport of surface applied nitrate-N to the
groundwater. This was due to the relatively high nitrate
concentrations already present in the groundwater.

Although the aquifer is overlain by a surface clay soil
6 m thick, there is evidence of atrazine transport to the
groundwater after the second application in March 1995,
Sample round 10, which was conducted 24 days after
application, detected atrazine concentrations in 21 of
26 monitoring wells. The maximum atrazine concentration
for sample round 10 was 3.87 ng/L. This is 11 times higher
than the average maximum concentration of 0.36 pg/L for
all other sample rounds. A pump test conducted just prior
to sample round 10 facilitated the movement of atrazine
through the sand aquifer. However, atrazine had to first
travel through the 6 m clay layer to reach the sand aquifer.
The rapid chemical transport to the sand aquifer indicates
macropore flow in the clay soil and supports the research
findings by Blanchard et al. (1995), in a claypan soil
watershed. Atrazine was a better indicator of macropore
flow than nitrate due to the zero background concentrations
of atrazine in the groundwater.

Two crop periods were monitored during the years 1994
and 1995. There is a large difference between the crop
periods in terms of number of detections of atrazine in
groundwater. Only four of 132 samples collected during
the crop period in 1994 detected atrazine. During 1995, 37
of 133 samples detected atrazine. The atrazine application
rate during 1995 was 28% higher than the application rate
during 1994. Approximately 27.5% of the total samples
collected during the year 1995 resulted in atrazine detects,
compared to 3% in 1994. Possible explanations for an
increase in 1995 include a series of rainfall events that
occurred within 15 days after chemical application; a pump
test that was conducted between days 92 and 104; and 28%
higher atrazine application rate. Atrazine was detected in
the shallow wells in the C-row during sampling rounds 2,
5, 10, 11, and 12. This indicates that there may be
movement of atrazine from the irrigation ditch to the C-
row shallow wells. However, further evaluation is needed
since the drainage water in the irrigation ditch was not
sampled during the study period.

REFERENCES

Anderson, J. H. 1987. Agriculture and natural resources: The
broadening horizon. In Rural Groundwater Contamination,
eds. F. M. D’ltri and L. G. Wolfson. Chelsea, Mich.: Lewis
Publ. Inc.

Blanchard, P. E., W. W. Donald and E. E. Alberts. 1995. Herbicide
concentrations in groundwater in a claypan soil watershed. In
Proc. Clean Water - Clean Environ. — 21st Century, Vol. 1-
Pesticides. St. Joseph, Mich.: ASAE.

VoL. 40(3):615-621

Cook, S. M. F and D. R. Linden. 1995. Immunoassay suitability
for measuring atrazine in a silt loam soil. In Proc. Clean Water
- Clean Environ. — 21st Century, Vol. 1-Pesticides, St. Joseph,
Mich.: ASAE.

Delin, G. N, M. K. Landon, J. A. Lamb, R. H. Dowdy and J. L.
Anderson. 1995. Transport of agricultural chemicals to
groundwater. In Proc. Clean Water - Clean Environ.— 215t
Century, Vol. 1-Pesticides. St. Joseph, Mich.: ASAE.

Exner, M. E. and R. F. Spalding. 1985. Groundwater
contamination and well construction in Southeast Nebraska.
Ground Water 23(1):26-34,

Hallberg, G. R. 1989. Nitrate in groundwater in the United States.
In Nitrogen Management and Ground-water Protection. ed. R.
F. Follet, 35-74. New York, N.Y.: Elsevier Science Publ. Co.

Knopman, D. S. and R. A. Smith. 1993. Twenty years of the Clean
Water Act. Environ. 35(1):17-41.

Lin, H. 1995. Hydraulic properties and macropore flow of water in
relation to soil morphology, Ph.D. thesis. College Station, Tex.:
Texas A&M University,

Mueller, D. K., P. A. Hamilton, D. R. Helsel, K. J. Hitt and B. C.
Ruddy. 1995. Nutrients in groundwater and surface water of the
United States — An analysis of data through 1992, USGS
Water Resour. Inv. Rep. 95-4031. Denver, Colo.

Munster, C. L., C. C. Mathewson and C. L. Wrobleski. 1996a. The
Texas A&M University Brazos River hydrologic field site.
Environ, Eng. Geosci. (In Press).

Munster, C. L., J. E. Parsons and R. W. Skaggs. 1996b. Using the
personal computer for water table management. Appl. Eng.
Agric. (In Press).

Munster, C. L., B. M. Schneider and J. R. Vogel. 1995. Chemical
and sediment transport in surface runoff (Part 1: Field study).
ASAE Paper No. 95-2697. St. Joseph, Mich: ASAE,

O’Brien, J. E. and J. Flore. 1962. Automation in sanitary chemistry
— Parts 1 and 2. Determination of nitrates and nitrites. Wastes
Eng. 33(March): 128 and 33(May):238.

Southwick, L. M., G. H. Willis and H. M. Selim. 1992. Leaching
of atrazine from sugarcane in southern Louisiana. J. Agric.
Food Chem. 40(7):1264-1268.

Spalding, R. F. and M. E. Exner. 1993. Occurrence of nitrate in
groundwater. J. Environ. Quality 22(3):392-402.

Texas Water Commission. 1989. Plate 2 — Groundwater pollution
potential, agricultural sources. In Groundwater Quality of
Texas. Report 89-01. Austin, Tex.

Thooko, L. W., R. P. Rudra, W. T. Dickinson, N. K. Patni and G. J.
Wall. 1994. Modeling pesticide transport in subsurface drained
soils. Transactions of the ASAE 37(4):1175-118]1.

Tisdale, S. L., W. L. Nelson, J. D. Beaton and J. L. Halvin. 1985.
Soil Fertility and Fertilizers. New York, N.Y.: Macmillan.

U.S. Environmental Protection Agency. 1990a. Maximum
contaminant levels (subpart B of 141, Nat. primary drinking
water reg.). In U.S. Code of Federal Regulations, Title 40,
Parts 100-149:559-563. Washington, D.C.: U.S. GPO.

. 1990b. National survey of pesticides in drinking water
wells, Phase I report. USEPA Report 570/9/9-90-015.
Washington, D.C.: Office of Water, Office of Pesticides and
Toxic Substances.

——— 1987. DRASTIC: A standardized system for evaluating
ground water pollution potential using hydrogeologic settings.
USEPA Report 600/2-87/035. Ada, Okla.: Robert S. Kerr
Environmental Research Lab.

———. 1985, Nitrate/Nitrite health advisory (draft).
Washington, D.C.: Office of Drinking Water.

—— 1979. Methods for Chemical Analysis of Water and
Wastes. Washington, D.C.

Wrobleski, C. L. 1996. An aquifer characterization at the Texas
A&M University Brazos River hydrologic field site, Burleson
Co., Texas, M.S. thesis. College Station, Tex.: Texas A&M
University.

621



The Texas A&M University
Brazos River Hydrogeologic Field Site

By Clyde Munster, Christopher Matthewson, Christine Wrobleski

Published in Volume II, Number 4
Journal of Environmental & Engineering Geoscience
Winter 1996



The Texas A&M University Brazos River
Hydrogeologic Field Site

CLYDE MUNSTER, Assistant Professor

Agricultural Engineering Department, Texas A&M University, College Station, TX 77843-2117

CHRISTOPHER MATHEWSON, Professor
Department of Geology and Geophysics, Texas A&M University, College Station, TX 77843-3115

CHRISTINE WROBLESKI
Radian International, Austin, TX 78720-1088

Key Terms: Test Site, Ground Water, Hydrogeology,
Floodplain, Brazos River, Monitoring Wells, Surface-
Ground-Water Interactions

ABSTRACT

A ground-water test site on the Brazos River
floodplain has been instrumented and character-
ized for research, education and the assessment of
ground-water technology. This 8.5 ha (21 ac) site,
known as the Brazos River Site, is located near
College Station, Texas, on the Texas A&M Univer-
sity Research Farm and is intended to function as
a test facility for the development of new and inno-
vative technologies. The site is overlain by a surface
clay layer that extends to an average depth of 7.6
m (24.9 ft). Below the clay is an alluvial, heteroge-
neous unconfined aquifer that is approximately
13.4 m (44.0 ft) thick. The aquifer, which is in
direct hydraulic connection with the Brazos River,
is comprised of a fluvial deposited upward fining se-
quence of gravel, sand, silt and clay. At an average
depth of 21 m (69 ft), the site is underlain by an
impermeable shale formation. The Brazos River
Site has nine well nests, arranged in a 3 x 3 grid,
oriented parallel and perpendicular to the river.
Each well nest consists of four monitoring wells
that are screened at different intervals throughout
the aquifer that are instrumented to monitor water
levels. The site has a large diameter pumping well
and an injection well for forced gradient tracer
studies. Other site instrumentation includes wea-
ther stations, surface runoff collection systems to
quantify and sample runoff, and experimental 3-D
ground-water velocity meters.

INTRODUCTION

The U. S. government has recently recognized the
need for ground-water testing facilities for technology

development. In 1990, the U. S. congress authorized the
Strategic Environmental Research and Development
Project (SERDP) under the auspices of the Department
of Energy (DOE), Department of Defense (DOD) and
the Environmental Protection Agency (EPA). One of
the goals of SERDP is a project to develop six Restora-
tion Technology Demonstration Sites across the United
States. These sites will provide the ability to demons-
trate technologies developed either in the Federal or pri-
vate sector (1994 Annual Report and Five Year [1994-
1998] Strategic Investment Plan [SERDP, 1994]).

To accommodate the growing need for ground-water
testing facilities, the Texas A&M University Brazos
River Hydrogeologic Field Site, known as the Brazos
River Site, has been established on the Brazos River
floodplain in Burleson County near College Station,
Texas. The Brazos River Site has three missions: re-
search, education and assessment of new and innovative
ground-water technology. This site is available to all
segments of the ground-water industry for field research,
technology development, equipment and procedure test-
ing, and education. The Brazos River Site is intended to
function in the same capacity as standardized test sites
for other engineering disciplines. An existing model
would be the National Geotechnical Experimentation
Sites that were established by the Federal Highway
Administration to “develop practical, cost-effective tech-
nology for bridge foundations, retaining walls and em-
bankments” (DiMillino and Prince, 1993).

The Brazos River Site was initially establish in 1993
with funding from the Texas Water Research Institute
and Texas A&M University to investigate the fate of
agricultural chemicals applied to river floodplains. The
site was instrumented for ground-water and surface run-
off research and agricultural chemicals were monitored
in the soil, ground water and surface runoff during the
growing seasons of 1994 and 1995 (Munster et al.,
1995; Chakka and Munster 1996a).

Since 1993, numerous research investigations have
been conducted at the Brazos River Site. Site research
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projects have included, bacteriophage tracer tests under
pumped gradient conditions (Vogel et al., 1996), ground-
water surface-water interactions (Chakka and Munster,
1996b), surface electromagnetic investigations to iden-
tify subsurface permeability (Everett et al., 1996) and
macropore transport studies.

As a result of these research projects, extensive
ground-water instrumentation has been installed, the
hydrogeology has been characterized and the ground-
water surface-water interactions have been assessed at
the site. In addition, the U. S. Geological Survey (USGS)
computer model, Variably Saturated Two-Dimensional
Transport (VS2DT) was successfully used to simulate
ground-water flow and chemical transport at the Brazos
River Site (Chakka and Munster, 1996b).

SITE DESCRIPTION

The Brazos River Site is a 8.5 ha (21 ac) field re-
search site located on the Brazos River floodplain at
the Texas A&M University Research Farm. Covering
approximately 15 percent of the state, the Brazos
River basin is the largest in Texas, traversing 1,931 km
(1,200 mi) from the high plains of west Texas to the
Gulf of Mexico while dropping 1,402 m (4,600 ft; Epps,
1973). The Brazos River Site is approximately 201
km (125 mi) from the river mouth at Freeport, Texas
(Figure 1).

The Brazos River Site is located on the western side
of the Brazos River 0.8 km (0.5 mi) downstream from
the Highway 60 bridge (Figure 2). At this point on the
Brazos River, the floodplain extends approximately 8
km (5 mi) to the west with no floodplain to the east
where the river abuts terrace deposits.

In the vicinity of the research site, the Brazos River
has an average slope of 0.20 m/km (1.071 ft/mi) and a
sinuosity of 1.8 (Gillespie, 1992). Flow rates measured
at the Highway 21 bridge, approximately 19.3 km
(12 mi) upstream, and river stages measured at the re-
search site for 1994 and 1995 are shown in Table 1.
The average flow rate varied from a low of 30.0 m%/s
(1,059 ft%/s) in July to a high of 218.6 m%/s (7,720 ft’/s)
in May. During this time period the river stage varied
from 55.79 m (183.0 ft) in August to 58.67 m (192.5
ft) in May.

The average meteorological conditions near the Bra-
zos River Site are shown in Table 2. The average yearly
rainfall rate is 992.6 mm (39.1 in) with May and Sep-
tember being the wettest months and July the driest
month. The average yearly total potential evapotrans-
piration (PET) rate, calculated using the Penman PET
method, is 1,758.6 mm (69.2 in.; Dugas and Ainsworth,
1983).

The research site is located on the West Gulf Coastal
Plains section of the Coastal Plains Province. The

Dallas
o

Burleson County College Station

Austino Houston
o

Figure 1. Location of the Brazos River Site in Burleson County,
Texas.

geology of the Coastal Plains Province consists of sedi-
mentary bedrock ranging in age from the Cretaceous to
recent, dipping gently southeastward toward the Gulf
of Mexico and striking roughly parallel to the coastline.
The bedrock underlying the Brazos River in the study
area is of early Tertiary age. The Yegua Formation un-
derlies the alluvial deposits at the Brazos River Site. The
Yegua Formation is approximately 335 m (1,100 ft)
thick, consisting of mudstones and clayey sandstones,
with some interbeds of lignite and bentonitic mudstones
(Yancy and Davidoff, 1991). It is the mudstones of the
bentonitic Easterwood Member of the Yegua which form
an impermeable boundary beneath the alluvium at the
research site.

Currently, the land use at the research site is a mix-
ture of cultivated agricultural land and pasture. A corn
crop was grown in the surface runoff plots A and B in
the spring and summer of 1994 and 1995 (Figure 3).
These areas were left fallow after the corn was harvested.
The remainder of the site is pasture. The research site
is bounded by an orchard to the north and by woods
and agricultural land to the south and by agricultural
land to the west as shown in Figure 2. There are no
irrigation wells or water supply wells in the vicinity that
affect ground-water flow at the site.
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Figure 2. Aerial photograph of the Brazos River Site.

Site Hydrogeology

The lower reach of the Brazos River valley alluv-
ium, in the vicinity of College Station, Texas, is a series
of terraces and floodplain deposits. The floodplain de-
posits are the primary ground-water sources in the
valley for irrigation and water supply. Recharge to the
alluvium is primarily from precipitation on the flood-
plain and losses are through evaporation, transpiration
and well withdrawals. The floodplain aquifer is typically
unconfined, however, confined conditions are found
below restrictive clay layers interbeded within the sand
and gravel aquifer.

The floodplain alluvium discharges to the lower
reach of the Brazos River during normal or low river
stages. However, during high river stage, surface water
discharges to the floodplain alluvium (near river) and
is accompanied by a rise of the water table in the allu-
vium.

The hydraulic conductivities of the floodplain allu-
vium range from 0.1 mm/d (0.004 in./d) in the clay de-
posits to 100 m/d (328 ft/d) in coarse gravel layers.
An average transmissivity for the floodplain of the
lower reach of the Brazos River was reported by
Cronin and Wilson (1967) to be 522 m*d/m (42,000

gpd/ft).
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Table 1. The average monthly river stage of the Brazos River with respect to mean sea level measured at the Brazos River Site and Brazos
River flow rates from the USGS meteorological station at the Highway 21 bridge approximately 19.3 km (12 mi.) upstream from the research

site.
1994 1995 Average
stage flow stage flow stage flow

Month (m) (m?/s) (m) (m?/s) (m) (m3/s)
January - 37.6 57.482 171.5 57.482 70.1
February - 89.2 57.056 54.6 57.056 48.8
March - 63.5 57.147 249.1 57.147 104.8
April 56.141 28.0 58.580 341.5 57.361 123.4
May 58.397 2474 58.945 401.4 58.671 218.6
June 57.543 1344 58.275 2725 57.909 136.9
July 56.324 30.1 57.117 59.1 56.721 30.0
August 56.111 224 55.471 3232 55.791 115.4
September 56.995 23.8 - 59.1 56.995 279
October 56.568 76.2 - 36.8 56.568 384
November 56.538 71.1 - 30.9 56.538 347
December 58.366 2164 - 26.4 58.366 83.0
Hydrostratigraphy unconfined and grades from a fine sand at the top to

The Brazos River Site is located between the Brazos
River and a deep drainage ditch as shown in Fig-
ure 3. The cross section A—A’ on Figure 3 is shown in
Figure 4. The research site is overlain by a clay layer
that varies depth from 9.1 m (29.9 ft) near the river to
6.1 m (20.0 ft) near the ditch. The surface is flat with
an average uniform slope of 0.5 percent away from the
river. However, the site is bisected by an old flood con-
trol levee that runs parallel to the river (Figure 4).

The site is underlain at approximately 21 m (68.9 ft)
by an impermeable Yegua shale formation (Cronin and
Wilson, 1967). A heterogeneous, unconsolidated sand
and gravel aquifer with clay lenses is located between
the clay and shale layers (Figure 4). The aquifer is

Table 2. Average monthly air temperature, rainfall and potential
evapotranspiration (PET) at the Brazos River Site.

Average Air Average Average

Temperature* Rainfall* PET**
Month (°C) (mm) (mm)
January 9.2 67.3 71.3
February 11.3 66.5 92.8
March 15.7 65.5 136.4
April 20.1 85.9 153.0
May 237 121.9 186.0
June 27.1 93.5 210.0
July 28.7 58.2 2325
August 28.9 61.5 213.9
September 259 123.7 165.0
October 20.8 96.8 133.3
November 15.4 80.0 90.0
December 10.8 71.9 74.4
Average 19.8 82.7 146.6

Total - 992.6 1,758.6

*Data from Easterwood Airport (State Climatologist Office, De-
partment of Meteorology, Texas A&M University).
**PET values from Dugas and Ainsworth (1983).

course sand and gravel at the bottom.

The clay is classified as a Ships clay (very fine,
mixed, thermic Chromic Hapluderts) and exhibits ex-
tensive shrink-swell properties. The average texture of
the Ships clay to a depth of 1.22 m (4.0 ft) is: 1.1 per-
cent sand, 29.9 percent silt and 69.0 percent clay (Lin,
1995). The clay has a very low saturated hydraulic con-
ductivity. However, the clay also has high shrink-
swell properties that creates cracks or macropores in
unsaturated conditions (Lin, 1995).

The transition from clay to sand is very abrupt with
a 0.3 m (1.0 ft) to 0.6 m (2.0 ft) sandy clay layer be-
tween the clay and the sand. The sand layer extends
from the clay unit to a shale formation that underlays
the entire site. The shale is a confining layer that is lo-
cated at a depth of approximately 21 m (69 ft) below
the surface (Figure 4).

The sand layer grades from fine sand at the top to
coarse sand with cobbles at the bottom. The aquifer is
primarily unconfined with the water table in the top of
the sand layer at a depth of approximately 9.1 m (30 ft).
There is the possibility that this aquifer can become a
confined aquifer system if the water table rises higher
than the top of the sand layer into the clay zone. The
river stage varies widely but is generally located in the
bottom of the sand layer.

Cores were obtained to the depth of the shale unit
using a hollow-stem auger drill rig equipped with a split
barrel sampler. The clay is a continuous stratigraphic
unit that contains numerous cracks and fissures and is
interbedded with thin silt layers. The sand and gravel
aquifer has clay and silt layering.

Hydraulic Aquifer Properties

The clay unit has been tested for saturated conduc-
tivity to a depth of 0.46 m (1.5 ft) using both field and
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Well Nest Grid

Brazos River Hydrogeologic Field Site

Figure 3. Plan view of the Brazos River Site which extends from the drainage ditch to the Brazos River, consisting of the well nest grid, sur-

face runoff plots and the river well.

laboratory methods (Table 3). A constant head per-
meameter was used in the field for in situ testing
(Amoozegar, 1989). The constant head test for saturated
conductivity was also conducted in the laboratory using
soil cores, 76 mm (3 in.) in diameter and 76 mm (3 in.)
long.

Two pump tests have also been conducted using the
site pumping well. A summary of the pump test results
is shown in Table 4. The average saturated hydraulic
conductivity for the entire sand and gravel aquifer is
83 m/d (272 ft/d; Wrobleski, 1996).

Ground-Water Quality

In general, the chemical character of the floodplain
aquifer along the lower reach of the Brazos River is
predominately calcium bicarbonate (Harlan, 1990). The
ground water at the Brazos River Site is extremely
hard (CaCO; = 538.3 mg/L) with a bicarbonate con-
centration of 640 mg/L (Table 5).

The ground water at the Brazos River Site is neutral
(pH = 7.0) with a total dissolved solids concentration
of 694 mg/L and high concentrations of iron (0.6 mg/L)
and manganese (0.4 mg/L). A complete analysis of

the water quality at the Brazos River Site is presented
in Table 5.

Existing Test Facilities
Monitoring Well Network

In order to monitor ground-water flow and water
quality at a field scale, a total of nine well nests were
installed at the research site (Figure 5). The well nests
were located in a 3 x 3 grid parallel to and perpendi-
cular to the river. Each well nest has four monitoring
wells with 152 mm (6 in.) long screens that are located
at average depths of 7.2 m (23.6 ft), 11.0 m (36.1 ft),
14.8 m (48.6 ft), and 18.3 m (60.0 ft) as shown in Fig-
ure 6. The well screen of the deepest well in each
well nest is located approximately 1.5 m (4.9 ft) above
the impermeable shale layer. The well screen of the
shallowest well in each well nest is located just below
the clay layer. The well screens of the remaining two
wells in each well nest are evenly spaced vertically be-
tween the deepest well and the shallowest well. The well
nests permit water samples and pressure measure-
ments to be taken at discrete points within the aquifer.
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Figure 4. The Brazos River Site geologic cross-section A~A1 from Figure 3.

Four additional wells at the research site are fully
screened throughout the sand and gravel aquifer. These
“water table” wells provide a composite ground-water
sample as well as an average aquifer water level. One
fully screened well is located as close as possible (ap-
proximately 15 m [49 ft]) to the river. The water level
in this well is used to approximate river stage. To re-
duce field error in water level measurements, the top
of each well casing at the site has the same elevation
(68.48 m [224.67 ft]). The top of the river well casing
is 3.0 m (9.8 ft) below the top of the other wells because
the ground elevation near the river is lower.

Table 3. Saturated hydraulic conductivity values for the surface
clay soil at the Brazos River Site using field and laboratory test
procedures.

All wells are constructed of 0.05 m (2 in.) diameter,
flush threaded polyvinyl chloride (PVC) well casing.
The 0.15 m (6 in.) long well screens are wire wound
PVC screens with 0.12 mm (0.005 in.) openings. The
fully screened wells have 0.25 mm (0.010 in.) slotted
screens.

The Brazos River Site also has an injection well
(I-WT) with a well nest (V1) that is designed for tracer
studies in response to pumped gradient conditions
(Figure 5). The injection well and tracer well nest are
located in a line with the pumping well and the C2 well
nest.

Table 4. Saturated hydraulic conductivity values for the sand aqui-
Jfer at the Brazos River Site from pump test analysis.

Coeff. of
Depth Constant Head Constant Head Average Wells Average Average Standard Variability
(m) (Lab) (mmd™) (Field) (mmd™") (mmd-) Tested Depth (m) Ksat (m/d) Deviation (m/d) (%)
0.15 21.5 10.9 16.2 7 10.4 83.1 8.5 10.2
0.30 112.0 122.6 117.3 6 14.3 813 9.7 11.9
0.46 - 3.7 3.7 7 18.5 83.8 153 18.3
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Table 5. Ground-water quality at the Brazos River Site.

9.7 m Depth 14.3 m Depth 18.3 m Depth Average
Concentration Concentration Concentration Concentration

Chemical (mg/L) (mg/L) (mg/L) (mg/L)
Alkalinity (CaCOs,) 390.0 262.0 260.0 304.0
Aluminum (Al) 0.020 0.020 0.181 0.074
Antimony (Sb) 0.002 0.002 0.004 0 003
Arsenic (As) 0.002 0.002 0.002 0.002
Barium(Ba) 0.110 0.125 0.136 0.124
Beryllium (Be) 0.002 0.002 0.002 0.002
Bicarbonate (2CO5) 587 654 680 640
Boron (B) 0.300 0.300 0.400 0.333
Bromide (Br) 0.27 0.72 0.64 0.50
Cadmium (Cd) 0.0005 0.005 0.001 0.0007
Calcium (Ca) 150 143 149 147
Carbonate (CO,) 0 0 0 0
Chloride (Cl) 26 52 48 42
Chromium (Cr) 0.010 0.010 0.010 0.010
Cobalt (Co) 0.010 0.010 0.010 0.010
Copper (Cu) 0.004 0.004 0.004 0.004
Dissolved Solids 628 718 737 694
Fluoride (F) 0.3 0.3 0.1 02
Hardness (CaCO5) 527 572 516 538
Iron (Fe) 0.013 0.976 0.908 0.632
Lead (Pb) 0.005 0.005 0.005 0.005
Lithium (Li) 0.026 0.030 0.038 0.031
Magnesium (Mg) 37 52 35 41
Manganese (Mn) 0.0046 0.530 0.579 0.371
Mercury (Hg) 0.00013 0.00013 0.00013 0.00013
Molybdenum (Mo) 0.050 0.050 0.050 0.050
Nickel (Ni) 0.010 0.010 0.010 0.010
Nitrate (NO;) 5.9 1.1 0.2 24
Nitrate N (NO;-N) 1.34 0.25 0.05 0.55
Nitrite N (NO,-N) 0.01 0.01 0.01 0.01
Nitrogen (NH5-N) 0.06 0.66 0.14 0.30
Nitrogen (TKN) 0.4 151 0.7 0.7
Phosphorus (P) 0.03 0.01 0.03 0.02
Potassium (K) 2.2 4.1 4.3 3.5
Selenium (Se) 0.004 0.004 0.004 0.004
Silica (Si) 17 15 13 15
Silver (Ag) 0.010 0.010 0.010 0.010
Sodium (Na) 42 61 94 66
Strontium (Sr) 1.2 1.6 0.5 1.1
Sulfate (SO,) 58 67 59 61
Thallium (TI) 0.002 0.002 0.002 0.002
Vanadium (V) 0.010 0.010 0.010 0.010
Zinc (Zn) 0.0224 0.0252 0.0202 0.0226
Conductivity (pmho) 980 1115 1170 1088
pH 6.90 7.00 7.10 7.00
Temperature (°C) 21 21 21 21

Data from the Texas Water Development Board, 1994,

Instrumentation

All monitoring wells in the well nest grid are equip-
ped with well head devices that are used to continuously
monitor water levels (Figure 7). The well head devices
consists of a float, pulley, potentiometer and counter
weight (Munster et al.,, 1996). The float rides on the
water surface and turns the pulley that is connected to
a potentiometer that varies voltage from 0 to 2 volts.

The potentiometers have been calibrated in the lab to
determine the linear relationship between a change in
voltage and a change in float elevation. Under ideal field
conditions, the float, pulley, potentiometer and counter
weight system can monitor well water levels within
425 mm (1 in.) of actual levels.

Three data loggers are used to collect well water level
data at the research site. Each data logger collects water
level data from a well nest row aligned parallel to the
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Figure 5. Detailed plan view of the Brazos River Site well field, including well nests, water table wells, a pumping well, an injection well,
ground-water velocity meters, surface runoff plots and collection systems, weather stations, and two survey monuments.

river (12 wells) plus a water table well. An additional
datalogger is dedicated to data collection at the river
well. The data loggers provide an excitation voltage (2V)
and records the date, time and the variable voltage on
each potentiometer every six hours.

The data is downloaded in the field using a laptop
computer and the ending water level depth is manually
measured. The voltages are converted to water level
elevations in the laboratory using the starting depth to
the water, which is also manually measured at the start
of the data collection period, and the calibration factor.
The last calculated water level is compared to the ending
field measured level to determine accuracy.

Pumping Well

A 0.20 m (8 in.) diameter well has been located in
the middle of the monitoring well field to simulate a
typical floodplain irrigation well as well as for aquifer
pump tests. This well is constructed with flush threaded
PVC well casing with 3.2 mm (0.125 in.) slotted screen
that is 4.6 m (15 ft) long. The slotted screen is located
in the coarse sand and gravel layer from 18.0 m (59 ft)
to 21.6 m (71 ft) below the surface.

A 0.15 m (6 in.) submersible pump has been installed
in the '0.20 m (8 in.) diameter well. This single stage
centrifugal pump is powered by a 3 phase, 480 volt, 7.5
hp motor. Electrical power has been installed at the site
to power the pump and other instrumentation. The well
head on the 0.20 m (8 in.) diameter well has a pressure
gauge, flowmeter and gate valve.

The outflow from the pumping well is transported
away from the research site using 0.20 m (8 in.) irriga-
tion pipe. In addition to the flowmeter at the wellhead,
the flow rate is quantified using a 0.3 m (1 ft) H flume
that is equipped with a datalogger to continuously re-
cord flume water levels. The H flume is installed at the
end of the irrigation piping just prior to discharge into
the drainage ditch.

Ground-Water Velocity Meters

The site has two, experimental, three-dimensional
ground-water velocity meters. These velocity meters are
non recoverable, in situ devices that determine the mag-
nitude and direction of ground-water flow in three di-
mensions (Alden and Munster, 1995). The three-dimen-
sional velocity meters are 0.76 m (2.5 ft) long and 0.05
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Figure 6. Well nest layout and water table well at the Brazos
River Site. Each nest contains four wells; individuals wells are
0.6 m apart and vary in depth from 5.2 m to 19.8 m. The water
table wells are fully screened and extend to a depth of approxi-
mately 20 m.

m (2 in.) in diameter. These devices contain electrical
resistance heating units with 30 thermocouples located
throughout the meter. The meter is attached to 25 mm
(1 in.) PVC conduit through which the power supply
and data cables are routed to the surface. The associated
surface instrumentation includes; a data logger, multi-
plexer, storage module, power supply, solar panel, and
battery. The electrical requirements vary from 60 to 120
watts depending upon aquifer characteristics.

The velocity meters have been installed within the
grid of well nests (Figure 5). The meter located near the
B2 well nest is 18.3 m (60.0 ft) deep and the meter near
the B-WT well is 13.7 m (44.9 ft) deep.

Surface Runoff

The research site is subdivided into two experimen-
tal plots for surface runoff studies. Clay berms, approxi-
mately 0.3 m (1 ft) high, were installed to define a 0.8
ha (2.0 ac) plot (plot B) and 1.6 ha (4.0 ac) plot (plot
A). Each experimental plot has a uniform slope of 0.1
percent toward the drainage ditch. All surface runoff
from each plot is quantified and sampled for chemical
and sediment analysis.

The surface runoff instrumentation consists of a
collector pipe that runs the width of the field, inlet
box, flume transition box (1.2 m [3.9 ft] long x 0.6 m

[2.0 ft] wide) and 0.3 m (1 ft) H flume. The H flume,
which can measure flow rates up to 0.06 m*sec (2.1
ft’/sec) discharges into the deep drainage ditch with a
free out fall. The H flume has a stilling well with a
float-pulley-potentiometer system that is connected to a
data logger. The data logger records potentiometer volt-
ages every minute. The float pulley potentiometer sys-
tem has been calibrated in the laboratory to determine
the linear relationship between float travel and voltage
change. Using the voltages recorded by the data logger,
the depth of water in the H flume can be determined each
minute during a surface runoff event. The flow rate is
then determined using published depth-discharge data
for this standard H flume.

Surface Runoff Sampling

Two automated samplers at each plot are used to obtain
surface runoff samples from the flume transition box.
These weather proof samplers are activated automati-
cally by a moisture sensor and are highly programmable.
Composite samples in glass or plastic bottles can be
obtained throughout the surface runoff event. The sam-
plers are powered by a 12-V marine battery that is re-
charged by a solar cell.

The surface runoff sample bottles are transported to
the laboratory immediately after each runoff event. In the
laboratory, each surface runoff sample is subdivided into
appropriate containers for the various analyses and re-
frigerated until transfer to the analytical laboratory.

Meteorological Equipment

There is a permanent weather station located at the
research site. The instrumentation at this weather station
includes; wind speed and direction at 2 m (6.6 ft) and
6 m (19.7 ft) heights, air temperature, soil temperature,
relative humidity, solar radiation, tipping bucket rain
gage, pan evaporation and leaf wetness. This data is
transmitted to the Meteorological Department at Texas
A&M University using radio frequency transmission.

In addition, there are three portable weather stations
located at the research site. A standard field weather
station continuously records air temperature, relative hu-
midity, soil temperature, wind speed and direction, solar
radiation, and rainfall data.

Summary of Research Conducted at the
Brazos River Site

Research projects at the Brazos River Site have in-
vestigated ground-water/surface-water interactions, agri-
cultural chemical transport, water quality of the ground
water, surface runoff and river water, site characteri-
zation, measurement of crop evapotranspiration rates,
virus transport under pumped gradient conditions,
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Figure 7. Front and top view of the well head device used to monitor water level elevations.

electromagnetic (EM) subsurface characterization, and
simulation of contaminate and virus transport in vari-
ably saturated ground water.

Ground-Water Flow System

The well nests provide data to calculate horizontal
and vertical ground-water pressure gradients. The ver-
tical gradients are determined from water levels in the
wells at each well nest. The horizontal gradients are
determined by the differences in the water levels in wells
screened at approximately the same level between well
nests. Horizontal gradients are determined between well
nest rows A, B and C, as well as the river well.

From April 1994 to April 1995 the river stage fluc-
tuated between 58.4 m (191.6 ft), on day 144 (1994),

to 55.9 m (183.4 ft), on day 267 (1994), as shown in
Figure 8. Monthly horizontal gradients measured be-
tween the C-WT well and the A-WT well and between
the C-WT well and the R-WT well are also shown in
Figure 8. The in-field gradients between the C-WT to
A-WT wells ranged from 0.0014 m/m to 0.0031 m/m
with an average of 0.0024 m/m. The distance between
the C-WT well and the A-WT well is 213 m (699 ft).
The A-WT well is 163 m (535 ft) from the river. The
gradients between the research site and the river (C-WT
to R-WT) ranged from 0.0009 m/m to 0.0066 m/m with
an average of 0.0046 m/m. The R-WT well is approxi-
mately 15 m (49 ft) from the river.

From April 1994 to April 1995, the horizontal
ground-water flow was always toward the river. Water
table contour maps from August 1994 at low river stage
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Figure 8. Horizontal hydraulic gradients and river stage at the Brazos River Site.

(56.1 m [183.98 ft]) and April 1994 at high river stage
(58.6 m [192.25 ft]) show that as river stage rises, the
water table at the research site increases and gradients
toward the river decrease (Figure 9).

River stage has an inverse affect on the ground-
water gradients. When river stage increased, ground-
water gradients always decreased and when river stage
decreased, ground-water gradients always increased.
The minimum ground-water gradients occurred during
maximum stage. The maximum ground-water gradients
occurred during a period of near lowest river stage.

The agricultural chemical transport studies have
verified the presence of macropore flow through the sur-
face clay layer to the floodplain aquifer. Surface ap-
plied chemicals were detected 24 days after application
in 21 out of 26 monitoring wells sampled at the re-
search site (Chakka and Munster, 1996a). In addition,
the macropores in the clay soil and the flat topography
resulted in low runoff volumes at the site. The average
runoff event was only 6.5 percent of the total rainfall
with a maximum runoff of 18.8 percent in a two-year
study (Munster et al., 1995).

The USGS model, VS2DT, has successfully simu-
lated macropore transport through the clay surface
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layer, ground-water flow, aquifer river interactions and
chemical transport at the Brazos River Site. The model
simulations have been validated and calibrated using
field data. From a two-year simulation, the average
discharge from the aquifer to the Brazos River was
0.023 m?3/s/km (1.30 ft3/sec/mi) at normal or low river
stage. During high river stage, the average river re-
charge to the floodplain aquifer was 0.022 m?¥s/km
(1.26 ft3/sec/mi; Chakka and Munster, 1996a).

Model simulations of macropore infiltration and
transport of surface applied atrazine (a herbicide) to the
floodplain aquifer were completed. In a two-year study,
an average of 11 percent of the total atrazine applied
was transported to the sand and gravel aquifer (Chakka,
1996).

The Computalog Corporation of Fort Worth, Texas,
has used the Brazos River Site to develop and field test
an in situ permeable ground-water flow sensor. The
flow sensor was evaluated under natural and pumped
gradient conditions at the research site (Alden and
Munster, 1996a, 1996b). Preliminary tests indicate that
the flow sensor is a useful tool in determining the di-
rection and magnitude of ground water in three dimen-
sions.
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Figure 9. Water table contour maps at the Brazos River site at (A) low, and (B) high river stage with calculated hydraulic gradients.

FUTURE PLANS

The Brazos River Site is available for any research
project that is approved by the Texas A&M Univer-
sity System and that is consistent with the educational,
research and technology development mission of the
Brazos River Site. The possible uses of the research site
for ground water, surface runoff, evapotranspiration
and soil investigations are listed in Table 6.

The recruitment of industry cooperation has been
limited during the initial development of the Brazos
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River Site. Now that the site has been instrumented
and an initial assessment of the hydrogeologic site char-
acteristics completed, a concerted effort will be ini-
tiated to solicit industry utilization of the Brazos River
Site.

The Brazos River Site database includes informa-
tion on site characterization, water quality, meteoro-
logy, ground-water flow, river levels, surface runoff,
land use, and soil properties and will continue to be ex-
panded and enhanced. A graphical information system
(GIS) database to incorporate all of the information
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Hydrogeologic Field Site

Table 6. Possible uses of the Brazos River Site for field research, technology development and education.

Field Research

Technology Development

Education

natural gradient conditions

pump gradient conditions

flow and chemical transport

saturated zone
unsaturated zone

surface water interactions

tracer tests
land-use affects
model simulaticns

quantity
quality

sediment

chemical transport
macropore infiltration
irrigation affects
land-use affects
model simulations

quantity
land-use affects
model simulation

infiltration
macropore flow
moisture content
quality
chemical transport

Ground Water

flow sensors
saturated zone
unsaturated zone

electro-magnetic surface sensors

soil layer determination
aquifer properties
drilling procedures
sampling techniques
well water level sensors
model development

Surface Runoff
instrumentation
quantify volumes
sampling
sampling techniques
chemical transport
sediment

Evapotranspiration

instrumentation
meteorological

measurement techniques

Soil Investigations

moisture sensors

macropore flow
quantification

sampling

irrigation application

saturated zone
unsaturated zone
flow measurement
sampling techniques
pump test evaluation
slug tests
drilling procedures
electro-magnetic sensors
tracer tests
model simulation

volume measurement

sampling techniques
sediment
chemicals

land use affects

irrigation affects

model simulations

meteorological
measurements
instrumentation
modeling

sampling techniques
moisture measurement
infiltration measurement
irrigation procedures

phytoremediation
irrigation
land-use effects

from the research site is a priority for future site devel-
opment.

Currently there are plans to expand the Brazos River
Site to Texas A&M University property on the other
side of the Brazos River adjacent to the existing site.
This 121 ha (300 ac) site, which also borders the Brazos
River, is situated on terrace deposits and has little or no
floodplain. The hydrogeology of this new site will be
completely different from the existing site. This will offer
Brazos River Site users a wider variety of options for
research, testing and evaluation.
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MODELING MACROPORE TRANSPORT OF AGRICULTURAL CHEMICALS
ON A RIVER FLOODPLAIN: ATRAZINE TRANSPORT SIMULATION

K. B. Chakka, C. L. Munster

ABSTRACT. The United States Geological Survey (USGS) model Variably Saturated Two Dimensional Transport (VS2DT)
was used to simulate macropore transport of atrazine through a highly structured clay soil to a sand and gravel floodplain
aquifer at a field research site in Burleson County, Texas. A simulation of preferential flow through the surface clay was
successfully coupled with a simulation of groundwater flow in a floodplain aquifer. Simulated groundwater flow and atrazine
transport compared favorably with field measured values. The water levels in the floodplain aquifer were primarily
influenced by fluctuations in river stage. Simulated groundwater and surface water flows into and out of the aquifer were
calculated. Groundwater discharge from the aquifer to the river averaged 0.023 m3/s/km during low river stages. Surface
water recharge to the aquifer averaged 0.022 m3/s/km during high river stages. Simulated atrazine transport through the
clay soil domain resulted in atrazine losses (percent of total applied) of 7% in 1994 and 15 % in 1995. A pumping test at the
research site and more rainfall in 1995 than in 1994 resulted in simulated atrazine transport to the bottom of the sand and
gravel aquifer (19 m). Atrazine was not transported to the river in groundwater flow during model simulations. Simulated
atrazine concentrations were validated using measured concentrations throughout the study period. Keywords. Modeling,

Macropore flow, Atrazine transport, Groundwater, Surface water recharge, Floodplain aquifer.

roundwater flow and chemical transport in a

floodplain aquifer are influenced by the stage of

the adjacent stream. The region of surface

water-groundwater interactions in stream beds is
known as the “hyporheic zone” (White et al., 1992).
Groundwater and surface water interaction studies of the
hyporheic zone have traditionally concentrated on a
hydrologic balance analysis. Quantification of discharge
or recharge rates was primarily based on large scale
average hydraulic gradients, gross estimates of saturated
hydraulic conductivities and stream flow measurements,
Using these methods, approximate estimates of the
groundwater discharge into the lower reach of the Brazos
River along one bank are between 0.006 to 0.01 m*/s/km
(Cronin and Wilson, 1967).

The potential for agricultural chemicals to contaminate
groundwater is a growing concern in the United States
since chemicals associated with agriculture have been
found in private and public drinking water. In addition, the
degradation of surface water bodies has been attributed, in
part, to polluted groundwater that discharges into bays,
lakes, and streams (Kellogg et al., 1992).

Jakeman et al. (1990) derived a model for simulating
groundwater transport of a conservative solute along the
River Murray, in Australia, that was in direct connection
with the aquifer. The model simulations indicated that
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stream salinity increased substantially due to aquifer
discharge to the stream. The groundwater and surface water
interactions were also successfully monitored in the Rio
Grande de Manati, in Puerto Rico, using an innovative
application of 222Rn as a geochemical tracer (Ellins et al.,
1990). Using estimates of groundwater influx and stream
flow loss obtained through the measurement of 222Rn,
independent estimates of groundwater discharge from
Puerto Rico’s North Coast Limestone Aquifer to the Rio
Grande de Manati, recharge from the stream to the aquifer,
and storage changes in the aquifer were obtained.

Modeling the field scale movement of chemicals in
unsaturated soil is of interest to both the public and private
sectors and has become an area of active research in
numerous environmentally related disciplines
(Bronswijk et al., 1995). However, the experimental data
needed to validate existing solute transport models and to
facilitate the development of more refined simulations is
very limited. Several new theoretical transport models have
been developed. However, these remain largely untested,
due to the lack of large-scale solute transport experiments
under natural field conditions.

Several existing agricultural chemical transport models
have been modified for macropore flow transport.
Ahuja et al. (1993) assessed the Agricultural Research
Service Root Zone Water Quality Model (RZWQM) for
simulating macropore flow and chemical transport in a silty
clay loam. Up to 8% of the surface applied atrazine was
transported through macropore flow. The GLEAMS
(Groundwater Loading Effects of Agricultural Management
Systems) model (Leonard et al., 1987) has been modified
to simulate water and chemical transport in cracking clay
soils (Morari and Knisel, 1997). The modified GLEAMS
model successfully simulated pesticide transport from the
root zone in field validation studies. Chung et al. (1992)
developed the ADAPT (Agricultural Drainage and
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Pesticide Transport) model by combining algorithms from
GLEAMS and DRAINMOD (Skaggs, 1978). ADAPT is a
water table management model that incorporates
macropore flow in the transport of water through the soil.
The model successfully simulated subsurface drainage and
surface runoff for long term field data.

The United States Geological Survey (USGS)
groundwater model Variably Saturated Two Dimensional
Transport (VS2DT) (Lappala et al., 1987; Healy, 1990)
simulates groundwater flow and chemical transport in two
dimensions and was applied to a research site on the Brazos
River floodplain. This site is characterized by a macroporous
surface clay unit that overlies a sand and gravel aquifer that
is in direct hydraulic connection with the Brazos River. A
new methodology for VS2DT was developed to simulate
preferential flow and aquifer-river interactions (Chakka and
Munster, 1997). The flow domains for the clay unit and
aquifer were de-coupled requiring two separate model
simulations. Conceptualized macropores were used to
simulate preferential flow in the clay unit. Then, output from
the clay flow domain simulation was used as model input
into the aquifer flow domain simulation.

The hydrogeology of the research site and the two-
dimensional flow domain used to simulate field conditions
were presented by Chakka and Munster (1997). In addition,
details for: the finite difference grids used to discretize the
clay soil and aquifer flow domains, the boundary
conditions that were applied, the soil properties used as
model inputs, the atrazine properties required for chemical
transport simulation, and the methodology used to
introduce surface runoff into the macropores were
presented by Chakka and Munster (1997).

The objective of this article is to present the VS2DT
simulation results of macropore infiltration, groundwater
flow and atrazine transport at the Brazos River research
site for the crop growing periods of 1994 and 1995.
Macropore infiltration rates through the clay soil are
quantified and the influence of river stage on aquifer
recharge and discharge is detailed. Model simulation
results were validated using field measured data. The
objectives of the atrazine transport simulations were to: (1)
quantify the transport of surface applied atrazine through
the macropores in the clay soil flow domain; and (2)
simulate the movement of atrazine in the sand and gravel
floodplain aquifer that is in direct connection with the
Brazos River.

MODEL SIMULATIONS

The variably saturated soil medium was simulated for
two crop periods. The first simulation period was from day
111 to 221 in 1994. The second simulation period was from
day 81 to 193 in 1995. These simulation periods
correspond to the growing seasons for the corn crop
planted at the research site. The soil properties used in the
model simulations were the same for both the 1994 and
1995 simulations. However, rainfall and evapotranspiration
changed depending on field measured values.

The clay soil flow domain was decoupled from the sand
and gravel aquifer requiring two simulations. First,
infiltration and transport through the clay soil was modeled
using meteorological data from the research site. Next,
transport through the sand and gravel aquifer was
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simulated using inputs from the clay soil simulation as well
as groundwater and river stage data from the research site.

The initial conditions for the simulation in the clay soil
flow domain are defined in terms of water content. Soil
samples collected on the first day of the simulation were
analyzed for moisture content and used as initial water
content for the clay soil modeling. The initial conditions
for the simulation in the aquifer flow domain are defined in
terms of measured water table elevation. The simulation
periods started on the day atrazine was applied to the
research site. Atrazine concentrations were input to the
surface nodes in the model based on the application rate
(Chakka and Munster, 1997).

The decay constant was based on the half life of atrazine.
The half life value in various soils ranged from 15 to 77 days.
However, sand and gravel aquifers with aerobic conditions
generally have lower half life values (Acock and Herner,
1995). Therefore, a half life of 63 days was used for the clay
soil (decay constant = 0.011) and a half life of 33 days was
used for the aquifer simulation (decay constant = 0.021).

Adsorption was assumed to be equilibrium controlled.
The Freundlich adsorption constant (K,) used for atrazine
in the clay soil was 2.4 mg/L (Acock and Herner, 1995). In
the aquifer simulations, the sorption was effectively turned
off by setting K to zero (Chakka and Munster, 1997).

SIMULATION RESULTS — WATER FLOW
CrLAy SoIL WiITH MACROPORES

The simulated moisture content in the clay soil flow
domain was computed by averaging the moisture content at
each node, in each soil layer, including the macropore
nodes. This was compared to field measured values. The
volumetric water content of the clay soil was determined
whenever soil samples were collected for chemical
analyses. The volumetric water contents were an average of
two composited samples from eight random locations at the
research site to a depth of 1.05 m, in 0.15 m increments.
For comparison, the average absolute deviation (AAD) of
the measured and simulated water contents was calculated
for each sampling day for all the soil layers. The AAD was
calculated as:

Y M-
D= i=l

n

AA (1)

where
M = field measured value
S = model simulated value
n = number of field measured values

The AAD values for the simulated and measured soil-water
contents for 1994 and 1995 are presented in table 1.

The simulated water contents closely approximated the
measured values for most of the simulation period as
shown in table 1. The simulated and field measured water
contents of the soil layers below the 0.375 m depth
exhibited small variation. However, the simulated water
contents of the soil layers were consistently less than the
field measured values. The measured moisture content in
the clay soil to a depth of 0.375 m varied from 0.210 to
0.326 depending upon meteorological conditions.
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Table 1. The absolute average deviation (AAD) between measured
and simulated volumetric water content in the clay soil flow domain
with percent deviation from the average measured values
in 1994 and 1995

Day 165 186 194 115 160 191

(yr) (1994) (1994) (1994) (1995) (1995) (1995)
Depth (mm) ©0* 0 6 [¢] [:] 0 ]
75 Sim.t 0281 0277 0277 0283 0278 0278
Meat 0215 0277 0205 0.28 0272 0272
225 Sim. 0215 0212 0212 0218 0214 0214
Mea. 0.180 0247 0241 0212 0233 0233
375 Sim. 0215 0210 0249 0218 0211 0211
Mea. 0233 0233 0282 0244 0248 0.248
525 Sim. 0219 0209 025 024 0.208 0.208
Mea. 0301 0214 0288 0277 0309 0309
75 Sim. 0222 0210 0209 0262 0209 0209
Mea. 0275 0243 0246 0308 0211 0211
825 Sim. 0275 0224 0218 0271 0220 0220
Mea. 0325 0251 0267 0267 0282 0282
975 Sim. - - 0279 0261 0261
Mea, - - 0.323 0348 0.348
Avg. Sim. 0237 0224 0237 0253 0229 0224
Mea. 0254 0244 0255 0273 0272 0249
AAD 0.050 0.021 0042 0024 0.045 0.037
Dev. (%)§ 19.7 8.4 16.5 8.7 16.5 14.8
*  Volumetric water content.
t+ Simulated.
i Measured.
§ (AAD/Average Measured) x 100.

In the model simulations, the clay soil layer was unable
to meet the evaporative demand during the simulation
periods with the exception of a few days following rainfall
events. Bare soil evaporation and plant transpiration was
used by the model to meet the potential evapotranspiration
(PET) demands. PET was calculated by the Penman
combination equation as modified by Businger, Penman,
Long, Monteith, and van Bavel (Jensen et al., 1990).
During the study period in 1994, the cumulative calculated
PET was approximately 780 mm as shown in figure 1A.
The total simulated ET losses were 196 mm with bare soil
accounting for 39.5 mm and 156.5 mm from transpiration.
During the study period in 1995, the cumulative calculated
PET was approximately 810 mm over a period of 111 days
as shown in figure 1B. The total simulated evaporative
losses were 220 mm with bare soil evaporation at 107 mm
and transpiration at 113 mm. The limiting soil water
conditions, due in part by the macropore infiltration in the
clay flow domain, were observed throughout the simulation
period in both years.

The volume of recharge through the preferential flow
paths to the sand and gravel aquifer was calculated on a
daily basis by the clay soil simulation. The macropore
nodes (fig. 4, Chakka and Munster, 1997), with high
saturated hydraulic conductivity and low porosity, quickly
transported the surface infiltration to the bottom of the clay
layer. Generally, flow out of the clay soil flow domain,
even on days with rainfall events that did not produce
simulated surface runoff, occurred with a lag of 1 to 2 days
after a rainfall event as shown in figure 2. Successive

VoL. 40(5):1363-1372

rainfall events accelerated flow out of the domain. The
non-macropore nodes in the clay soil flow domain did not
contribute infiltration to the sand and gravel aquifer.
However, the moisture content in the adjacent nodes along
the macropore paths increased during the simulation due to
matrix flow between the soil pores. An increase in moisture
content was observed for a distance of 200 to 300 mm (2 to
3 nodes) around the macropore flow paths.

The recharge from the clay soil simulation was used as
input to the sand and gravel aquifer on a daily basis. In
1994, 234 mm of rainfall was measured at the research site
during the simulation period. The simulated flow out of the
clay domain was 56 mm and the simulated surface runoff
losses were 12.4 mm. In 1995, 355 mm of rainfall was
measured at the research site during the simulation period.
The simulated flow out of the clay soil flow domain was
81 mm and the simulated surface runoff losses were
19.7 mm. In 1995, eight rainfall events that occurred
between days 81 and 94 contributed to higher percentage
of macropore flow than in 1994.

SAND AND GRAVEL AQUIFER

Groundwater flow in the sand and gravel aquifer was
modeled after completion of the clay soil flow domain
simulation. Simulated groundwater flow out of the bottom
of the clay domain was used as a daily input into the
aquifer model (fig. 3). The nodes on the top boundary, BE,
(fig. 3, Chakka and Munster, 1997) of the aquifer flow
domain were spaced 3 m apart which corresponded to the
3 m width of the clay soil domain. The nodes on BE were
specified as flux boundaries or no flow boundaries
depending upon outflow results from the clay simulation.
The daily measured water levels in the monitoring wells
R-WT and C-WT (fig. 3) were used as the right and left
boundary conditions, respectively. The bottom of the
aquifer flow domain, CD, (fig. 3, Chakka and Munster,
1997) was always a no flow boundary.

Simulated water levels in the B-WT and A-WT wells
were compared to daily measured water levels in 1994 and
1995 as shown in figures 4 and 5. Measured and simulated
water levels in A-WT differed by more than 0.1 m at the
start of the simulation from days 112 to 129 in 1994
(fig. 4A). However, during the remaining simulation
period, the simulated water levels closely matched the field
measured values (fig. 4). The effects of river stage on water
levels in the floodplain aquifer was effectively simulated
by the VS2DT model in 1994.

The river stage fluctuated more in the 1995 simulation
than in the 1994 simulation. As shown in figure 3A, the
river stage rose quickly to a single peak on day 135 and
then gradually declined. However, in 1995 (fig. 3B), the
river stage peaked twice on days 115 and 134 with a sharp
drop in river stage between peaks. In addition, a pump test
at the research site was also conducted between days 92
and 104 in 1995. The measured water levels in the A-WT
and B-WT wells dropped in response to the pump test as
shown in figure 5.

As in the 1994 simulation (fig. 4), the field measured
values in 1995 were also higher than the simulated values
(fig. 5) at the start of the simulation period. The difference
between measured and simulated values at the A-WT well,
which is closer to the river, is generally greater than at the
B-WT well. Simulated water levels dropped in response to
the pump test at the B-WT well but lagged the field
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Figure 1-Simulated soil evaporation and plant transpiration losses with PET as calculated by a modified Penman method (Jensen et al., 1990)
for the (a) 1994 growing season, and (b) 1995 growing season.

measured response by one day (fig. 5). The sharp drop due between days 121 and 131. Again the field measured well
to pumping measured in the field at the A-WT well was not water levels increased faster than the simulated water
simulated by the model. However, simulated water levels at  levels (fig. 5).

the A-WT well leveled out during the pumping test. After The simulated cumulative volume of groundwater and
the pumping test, measured and simulated values closely surface water entering and leaving the aquifer domain for
matched until a sharp rise in the river stage occurred 1994 and 1995 shown in figure 6. Between day 128 and

I_m_mwo{‘] s Rainfall — Flow Out

450 %0 K % ©

a0 | - — & 560 - 2

350 1 — 1 ©%

430 |— . 60 3

e 7)) EE— I — — — ) *g-w.o . N = 509 =

g.g — — 503‘5‘ §Ea0( L —. wg g
E . N )i 40z E 240 — . nE"

150 4 — — 1 160 | I = £ 20 &

100 | a ! — | 0§ 8.0 i |n§

50 4 | } I\, oo Lo 1l 0

)
00 1 0 81 91 101 111 121 131 141 151 161 171 181 19)
1120 131 141 151161 171 181 191 201 211 22 :
Day (1994) Day (1995)
(a) (b)

Figure 2-Cumulative simulated outflow from the bottom of the clay soil flow domain with rainfall record for the (a) 1994 growing season, and
(b) 1995 growing season.
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Figure 4-Measured and simulated water table levels for days 111 to 221 in 1994 in the (a) B-WT well, and the (b) A-WT well.
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Figure 5~-Measured and simulated water table levels for days 81 to 191 in 1995 at the (a) B-WF well and the (b) A-WT well.

155 in 1994, the river was high with a peak on day 135
(fig. 3A). During this period, groundwater entered the
domain from both the left and right boundaries and the
water levels in the C-WT well steadily rose as indicated in
figure 3A. The total groundwater discharge from the flood
plain aquifer to the Brazos river was 237.9 m3/m during
the 110 day simulation period in 1994, This is equivalent to
a simulated flow rate of 0.025 m3/s/m. The cumulative
surface water flow entering the right boundary during high
river stage was 37.9 m3/m. This is equivalent to a
simulated recharge of the aquifer from the Brazos River of
0.026 m3/s/km during high river stages in 1994.
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Figure 6-Simulated cumulative groundwater flow and river water
into and out of the sand and gravel aquifer for (A) days 111 to 221 in
1994, and (B) days 81 to 191 in 1995.
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In 1995, simulated cumulative flow into the aquifer
from both the right and left boundaries was 298 m3/m. The
cumulative outflow to the Brazos River was 196.5 m3/m.
The excess groundwater that resulted from the difference
between the inflow and outflow was stored in the aquifer
causing water levels to rise during the 1995 simulation
period. The well A-WT started with an elevation of 58.0 m
and ended at a level of 59.2 m (fig. 5A) while at B-WT the
well started with an elevation of 58.5 m ended at a level of
59.5 m (fig. 5B). The simulated water levels at the water
table wells continuously increased between days 81 to 154
due to elevated river stages.

The total simulated discharge entering the Brazos River
in 1994 and 1995 is summarized in table 2. The discharge
from the alluvium to the Brazos river was reported (o range
between 0.006 to 0.01 m3/s/km (Cronin and Wilson,
1967). This value was estimated using an average hydraulic
gradient of 0.0017, transmissibility of 200 m3/m/day and a
saturated thickness of 6.1 m. For comparison of simulated
discharge with Cronin and Wilson reported values, the
average simulated transmissibility of aquifer was
approximately 440 m3/m/day and the average simulated
saturated thickness was 10.6 m.

The influence of macropore flow on water levels in the
saturated zone was investigated by an aquifer simulation
without flow from the unsaturated zone at the top boundary
(BE). A maximum difference of 0.001 m in water table
levels resulted when simulations with and without surface
infiltration were compared. Therefore, water table levels
were primarily influenced by the dynamic boundary
conditions induced by river stage fluctuations. Surface
infiltration had little effect on water table levels in the
floodplain aquifer.

Table 2. Summary of simulated discharge and recharge at the
Brazos River research site with reported average values

Simulated  Reported River
Simulated Reported Average Average  Recharge
Aquifer Average Saturated  Saturated to
Discharge  Discharge* Thickness Thickness  Aquifer
Year (m¥/s/km) (m¥/s/km) (m) (m) (m¥/s/km)
1994 0.025 0.006 - 0.01 10.09 6.1 0.026
1995 0.021 0.006 - 0.01 11.14 6.1 0.018

*  Cronin and Wilson (1967).
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SIMULATION RESULTS — ATRAZINE
TRANSPORT

Simulation results were compared to field measured
values at the groundwater research site on the Brazos
River. Soil samples were obtained to a depth of 1.05m
(Chakka, 1996). From day 55, 1994 to day 217, 1995, 13
sampling events were conducted to monitor the transport of
atrazine in the soil and groundwater. A total of 185 soil
samples and 426 groundwater samples were analyzed for
atrazine (Chakka and Munster, 1997a). The detection limit
of the soil analysis was 0.0075 mg/kg. Groundwater
samples analyzed for atrazine concentrations had a
detection limit of 0.05 pg/L.

CrLAY SoIL WiITH MACROPORES

The herbicide atrazine was directly sprayed on the clay
soil when the corn crop was planted at an application rate
of 2.18 kg/ha in 1994 and 2.8 kg/ha in 1995 (active
ingredient). To simulate the atrazine application, the soil
water in the surface nodes was assigned atrazine
concentrations of 17.4 mg/L in 1994 and 22.4 mg/L in
1995. These initial concentrations assumed that the atrazine
was applied uniformly over the soil surface and were based
on the initial soil water content on the day of application.

The concentration of chemical losses in the runoff was
also based on observations at the research site. The mass of
chemicals lost in surface runoff was adjusted daily by a
second order polynomial that was used to compute the
surface runoff concentration as a function of the time after
chemical application (Chakka and Munster, 1997).

No chemical losses were simulated in the water leaving
the domain due to evaporation. However, the model did
simulate chemical losses by plant root uptake associated with
transpiration. The atrazine concentration in the macropore
infiltration leaving the bottom of the clay soil domain was
equal to the atrazine concentration at the exit node.

Simulated atrazine transport for days 111 and 221 in
1994 and 81 to 193 in 1995 were compared to measured
field data as shown in table 3. Simulated concentrations
were determined from the total mass of atrazine in each
soil layer and weight of soil in that layer. Soil samples were
collected in 150 mm layers to a depth of 1.05m. The
average sample depth was reported in table 3.

In 1994, 13 days after the first application, atrazine was
detected in the field to an average depth of 375 mm.
During the first two sampling events, samples were only
collected to a depth of 450 mm. By 54 days after the first
application, the simulated and measured concentrations in
soil were very similar, except at the soil surface. It is
interesting to note that atrazine was detected in the field to
an average depth of 825 mm. However, all of the samples
collected at the 525 mm depth were non-detect. This
supports the hypothesis of chemical movement through
preferential flow. Atrazine may have followed inclined
macropore flow paths. When vertical soil samples were
collected, there was a possibility of not intercepting the
inclined macropore flow paths.

At 84 days after the first application, atrazine
concentrations in soil approached the analytical detection
limit (0.0075 mg/kg). Modeling was discontinued 110 days
after application in 1994 as the maximum simulated
atrazine concentration in soil was 0.001 mg/kg except at
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Table 3. Measured and simulated atrazine concentrations
in the clay soil flow domain in 1994 and 1995

DAA* 13 27 54 84 34 79 112

Depth (1994) (1994) (1994) (1994) (1995) (1995) (1995)
(mm) (mg/kg)(mg/kg)(mg/kg)(mg/kg) (mg/kg) (mg/kg) (mg/kg)
75 Sim.¥ 0.781 0411 0.150 0060 0.152 0.102 0.020
Meat 0535 0469 0.054 0.041 0017 0013 0.019
225 Sim. 0.092 0.061 0013 0007 0074 0.015 0.010
Mea. 0.165 0.150 0.014 0.011 0.009 0011 0.009
375 Sim. 0.061 0061 0018 0011 0044 0.013 0.008
Mea. 0042 0.046 0011 0.008 0.008 0012 0014
525 Sim. ns** ns 0.020 0.012 0.036 0011 0.006
Mea. ns ns 0.000 0.008 0000 0011 0.010
675 Sim. ns ns 0.019 0.011 0024 0010 0.005
Mea. ns ns 0.018 0.008 0008 0000 0.018
825 Sim. ns ns 0.021 0.011 0018 0.009 0.005
Mea. ns ns 0.015 0.000 0010 0.008 0.016
975 Sim. ns ns ns 0.014 = 0018 0012 0.007
Mea. ns ns ns 0.008 0.010 0011 0009
AADS§ 0.113 0054 0.022 0007 0043 0.015 0005
% Dev.ll 36.188 30394 54.232 39.778 83.128 61.628 61.148
*  Days after application.
t Simulated.
i Measured.
§ Average Absolute Deviation.

I (AAD/Average Measured) x 100.
** ns = No sample.

the surface nodes where the concentration was
0.015 mg/kg. The high concentrations at the surface nodes
was due to the accumulation of atrazine at the surface
nodes, due to evaporation.

The first soil sampling event in 1995 occurred 34 days
after the second chemical application. Measured atrazine
concentrations were low or non-detect (525 mm depth)
while simulated concentrations were higher in all soil layers.
By 79 days after application, both simulated and measured
atrazine concentrations approached the analytical detection
limit (0.0075 mg/kg). However, simulated concentrations at
the surface layer were still higher than measured values. The
atrazine concentrations in all the soil layers below the 375
mm depth exhibited little variation during the entire
modeling period. The nodes that exhibited considerable
variation in the concentrations below 375 mm depth were
the nodes adjacent to the macropore paths. The gradual
reduction in atrazine concentrations in soil samples from the
first crop year were not repeated in the second crop year. The
measured atrazine concentrations were in the same range as
the simulated concentrations, including the surface layer, 110
days after the second chemical application,

MaAss BALANCE FOR ATRAZINE -

The total mass of atrazine applied to the 3 m wide
section considered in the surface clay layer simulation was
6540 pg in 1994 and 8400 pg in 1995. The mass balance
summary for atrazine in the surface layer simulations for
1994 and 1995 is shown in figure 7. In 1994, 110 days after
application, simulated results indicated that approximately
69% of the atrazine decayed (63 day half life), 10% of the
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Figure 7-Atrazine mass balance summary for simulated transport in
the clay soil domain in percent of the total applied after (a) 110 days
in 1994, and (b) 112 days in 1995.

atrazine was taken up by the crop, approximately 7% was
transported through the surface clay layer to the top of the
sand and gravel aquifer, 0.1% remained sorbed onto the
soil and 0.2% was lost in the surface runoff during the
simulation period (fig. 7a). Approximately 13% of the
atrazine remained in solution in the soil profile after
110 days of simulation.

In 1995, after 112 days of simulation, approximately
61% of the atrazine decayed, 11.3% of the atrazine was
taken up by the crop, approximately 14.8% was transported
through the surface clay layer to the top of the sand and
gravel aquifer, 0.1% remained sorbed onto the soil and
0.4% was lost in the surface runoff during the simulation
period (fig. 7a). In 1995, approximately 12.7% of the
atrazine remained in solution in the soil profile after
112 days of simulation.

The model did not simulate atrazine losses due to
volatilization. The K4 value of 2.4 mL/g used in atrazine
simulations resulted in a net adsorption of 0.1% of the total
applied atrazine. The average loss of atrazine due to
surface runoff was 0.3%. This closely matched measured
atrazine losses (0.15%) at the site (Munster et al., 1995).
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ATRAZINE FLUX Out OF THE CLAY SoiL FLow DOMAIN

The atrazine flux in the simulated macropore flow out of
the clay surface layer domain in 1994 and 1995 is
summarized in figure 8. Atrazine transport out of the
surface domain was always associated with water flux
resulting from the rainfall events. In the 1994 simulations,
the total mass of atrazine that entered the saturated zone
was 478 pg. This was approximately 7% of the total 1994
atrazine application. The maximum atrazine loading in
1994 occurred during the first big rainfall event on day
121, 11 days after application. The total rainfall during the
1994 simulation was 233 mm.

For the 1995 simulation, the total mass of atrazine that
entered the saturated zone was 1240 pg. This was
approximately 14.5 % of the total atrazine applied in 1995.
As shown in figure 8b, 75% of the total atrazine transported
to the aquifer in 1995 occurred between days 90 and 94 (10-
14 days after application). This was in response to the
multiple rainfall events that occurred during this time period.
The total rainfall for the 1995 simulation was 354 mm,.

SAND AND GRAVEL AQUIFER SIMULATIONS

Simulated atrazine losses from the bottom of the clay soil
domain were input to the top BE boundary of the sand and
gravel aquifer, between the A-row and C-row wells, on a daily
basis (fig.1, Chakka and Munster, 1997). A solute flux boundary
condition was used in the model simulations to transfer atrazine
from the clay soil domain to the aquifer domain.

A zero solute flux boundary condition was specified at
the BC boundary where groundwater enters the aquifer
domain (fig. 2, Chakka and Munster, 1997). At the DE
boundary, the water leaving the domain had an atrazine
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Figure 8-Simulated cumulative atrazine flux out of the surface clay

layer with rainfall records for (a) 1994, and (b) 1995.

TRANSACTIONS OF THE ASAE



concentration equal to the concentration of the
groundwater at the exit nodes. The river water entering the
domain at the DE boundary was considered to be solute
free. The bottom CD boundary of the flow domain was a
no flow boundary. Groundwater leaving the aquifer domain
on the right side DE boundary had the same atrazine
concentrations as the DE boundary nodes. However, during
the 110 and 112 day simulations in 1994 and 1995, atrazine
did not reach the river boundary.

The simulated atrazine concentrations in the saturated
domain for 1994 and 1995 were compared to the average
measured concentrations in the groundwater at the same
depth as shown in table 4. The simulated concentrations
were obtained by averaging concentrations in the grid
nodes at the same depth as the monitoring wells. Atrazine
concentrations detected at the nine monitoring well nests
were used for comparison with simulated concentrations.
The number of samples with atrazine detects and the
maximum concentrations are shown in table 4.

Transport simulations in the aquifer domain indicated
that very low levels of atrazine (concentration =
0.001 pg/L) had reached the water table by 11 days after
application in 1994, following the first rainfall event.
However, simulated atrazine concentrations in the saturated
zone were almost always below the analytical detection
limit of 0.05 pg/L throughout the 1994 simulation period.
The highest simulated concentration in the saturated zone
was 0.09 pg/L, at the top of the water table. In model
simulations, approximately 3.5% of the total applied
atrazine was transported to the aquifer between 8 and
15 days after application. However, the atrazine quickly
dissipated due to decay and dilution after reaching the
aquifer. Simulated atrazine concentrations were considered
to be insignificant for values less than 0.001 pg/L.

During the simulation period for 1994, the aquifer was
sampled four times. Atrazine concentrations found in the
groundwater samples from the monitoring wells in 1994
were random without any trends. The first sampling event
in 1994 occurred 16 days after the first atrazine application.
Two out of 26 groundwater samples analyzed contained
atrazine. However, the transport simulations indicated no
atrazine in the saturated zone during this period.

Table 4. Field measured and simulated atrazine concentrations in the
groundwater from the nine shallow, eight medium,
and nine deep monitoring wells

Shallow Wells Medium Wells Deep Wells
97-122m 13.7-159m 16.8-19.8 m

Days

After No. Max. Avg. No. Max. Avg. No. Max. Avg.
Appli- of Meas. Sim. of Meas. Sim. of Meas. Sim.
cation De- Conc.t Conc.i De- Conc. Conc. De- Conc. Conc.
(Year) tects* (ug/L) (ug/L) tects (ug/L) (pg/L) tects (ug/L) (ug/L)
16 (1994) 1 0.150 0.000 0 0000 0.000 1 0.110 0.000
33(1994) 1 0.050 0000 0 0000 0000 0 0000 0000
47(1994) 0 0.000 0002 0 0.000 0000 0 0000 0000
76(1994) 1 0600 0068 0 0000 0005 0 0000 0.000
24(1995) 9 3870 0.081 7 0570 0002 S5 0230 0.000
56(1995) 5 0640 0.117 2 0070 0051 1 0,050 0.012
94(1995) 5§ 0.020 0061 0 0000 0030 3 0070 0.048

* Number of groundwater samples from the shallow, medium, and deep
wells with atrazine detections.

+ Maximum atrazine concentration measured in the groundwater from the
shallow, medium, and deep wells.

$ Average simulated atrazine concentrations in the groundwater for the
shallow, medium, and deep well depths.
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During the second sampling round 33 days after
application, one shallow well sample out of 26 samples
analyzed contained atrazine. Again, the transport
simulation did not result in atrazine concentrations above
the analytical detection limit in the saturated zone 33 days
after the application.

Model simulations resulted in atrazine transport to the
shallow well depth, 47 days after application, with an
average concentration of 0.002 pg/L (table 4). However, all
field samples were below the analytical detection limit of
0.05 pg/L. During the next sampling round, 76 days after
application, atrazine was transported to the shallow well
depth at an average concentration of 0.068 pg/L and to the
medium well depth at an average concentration of
0.005 pg/L in model simulations. One shallow well sample,
collected 76 days after application, contained atrazine.

The detects in well samples from 1995 were less
random than in 1994, During the 1995 simulation time
period, the monitoring wells were sampled 24, 56, and
94 days after the second atrazine application. In the first
sampling round, 21 out of 26 groundwater samples
contained atrazine (Chakka and Munster, 1997a). The rapid
transport of atrazine to the sand and gravel aquifer was due
to several rainfall events that occurred between 5 to 13
days after application and a pumping test at the site pump
well that continuously pumped 972 m3/d from day 11 to
day 23 after application.

The 1995 transport simulations in the aquifer domain
indicated that atrazine had reached the water table 18 days
after the second application. Simulated atrazine transport to
the aquifer, by day 24 after application, was approximately
4.5 times higher than the atrazine transported in 1994. At 24
days after application, the average simulated atrazine
concentrations were 0.081 pg/L at the shallow well depth,
0.002 pg/L at the medium well depth and 0.000 pug/L at the
deep well depth. This compares with maximum field
measured values of 3.870 pg/L, 0.570 pg/L, and 0.230 pg/L
in the shallow, medium and deep wells, respectively. Five
out of the 9 deep wells sampled in the field contained
atrazine. The pumping test contributed to rapid movement of
atrazine to the deeper zones in the aquifer in the field. The
vertical gradients that developed during the pump test and
quickly transported atrazine deep into the aquifer were not
effectively simulated by the model.

Atrazine was detected in 5 shallow wells, 2 medium
wells, and 1 deep well in the field 56 days after application
(table 4). Transport simulations also resulted in atrazine
transport to shallow (average concentration = 0.117 pg/L),
medium (average concentration = 0.051 pg/L) and deep
well depths (average concentration = 0.012 pg/L).

Between 56 and 94 days after application, the average
simulated concentrations in the shallow and medium wells
decreased as did the field measured concentrations
(table 4). However, there was an increase in the average
simulated concentrations in the deep wells. On day 94 after
application, simulated atrazine concentrations closely
matched measured field concentrations at all well depths.
The monitoring wells were not sampled between days 94
and 112 after application in 1995. Model simulations were
discontinued 112 days after application after simulated
atrazine concentrations were less than 0.001 pg/L
throughout the aquifer.
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During both simulation periods, atrazine did not reach
the river boundary. Atrazine was transported horizontally
beyond the A-row wells a distance of 27 m during the 1994
simulation and 43 m during the 1995 simulation.

SUMMARY AND CONCLUSIONS

Groundwater flow and atrazine transport through
conceptualized macropores was simulated during the crop
periods of 1994 and 1995 using the model VS2DT. The
macropores were represented by porous media with high
hydraulic conductivity and low porosity. Surface runoff was
introduced into the macropore channels and the flow out of
the clay soil was simulated on a daily basis. The groundwater
and atrazine flux output from the clay domain were used as
input for the sand and gravel aquifer simulations.

The interactions between the floodplain aquifer and the
Brazos river were then simulated using the VS2DT model.
Groundwater levels and river stage were monitored at the
study site during the crop periods in 1994 and 1995. The
daily measurements obtained from the field were used as
model inputs for groundwater flow simulations. Measured
and simulated water levels matched very closely
throughout the study period. The simulated discharge into
and out of the aquifer was determined on a daily basis. The
simulated groundwater discharge rate entering the Brazos
River, during normal or low river stage, was
0.025 m3/s/km in 1994 and 0.021 m3/s/km in 1995.
During periods of high river stage, the simulated recharge
rates from the river to the aquifer were 0.025 m3/s/km in
1994 and 0.018 m3/s/km in 1995.

Simulated atrazine concentrations in the clay soil domain
compared favorably to measured soil concentrations to a
depth of 1 m. A mass balance of the clay soil simulations
quantified atrazine decay, sorption, crop uptake, surface
runoff, soil residue, and macropore transport out of the clay
domain for each year. Atrazine losses in macropore flow were
7% (of total applied) in 1994 and 15% in 1995. Increased
atrazine losses in 1995 were due to a series of rainfall events
immediately after the 1995 application and a 28% increase in
the 1995 atrazine application rate.

Simulated atrazine concentrations in the aquifer
generally reflected the field measured atrazine
concentrations in 1994 and 1995. Atrazine was transported
to a depth of 19 m in the 1995 simulations due to increased
loading from the clay soil domain and groundwater
withdrawals from a pumping well at the research site.
Atrazine was also detected in the wells at the research site
at the 19 m depth in 1995.

In summary, the use of the USGS model VS2DT was
validated for groundwater flow and agricultural chemical
transport in a complex flow domain that included
macropore flow and groundwater-surface water
interactions. The use of two transport simulations, one for
the clay soil domain and one for the sand and gravel
aquifer, permitted a detailed macropore characterization to
be coupled with a field scale aquifer system. The model
simulations of groundwater flow and atrazine transport
compared favorably to field measured values.
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MODELING MACROPORE TRANSPORT OF AGRICULTURAL CHEMICALS
ON A RIVER FLOODPLAIN: MODEL FORMULATION

K. B. Chakka, C. L. Munster

ABSTRACT. Modeling methods were developed to simulate groundwater flow and atrazine transport at a research site on
the Brazos River floodplain. Conceptualized macropores were utilized to simulate preferential flow through a highly
structured clay soil. The United States Geological Survey (USGS) model, Variably Saturated Two Dimensional Transport
(VS2DT), was used to simulate macropore transport of agricultural chemicals through the soil to a sand and gravel
aquifer. The clay soil flow domain was decoupled from the sand and gravel aquifer. Transport simulation in the aquifer
used inputs from the simulation of transport through the clay soil. The model simulated variably saturated flow in the
macropores, clay soil matrix and floodplain aquifer using the Richards equation and chemical transport using the
advection-dispersion equation. The flow domains for the clay soil and aquifer were detailed. Model inputs for
groundwater flow and atrazine transport and the associated boundary conditions are presented. Keywords. Modeling,

Macropore flow, Clay soil, Groundwater, Agricultural chemicals, Chemical transport, Floodplain aquifer.

he U.S. Environmental Protection Agency

(USEPA) reports that at least 46 pesticides have

been detected in groundwater in 26 states as a

result of normal agricultural practices (USEPA,
1988). A number of large water quality surveys have been
conducted to assess the extent of agricultural chemical
contamination. In a nationwide survey, the USEPA
analyzed 65,865 samples from community water wells and
rural household wells between 1971 and 1991 for 126
pesticides and pesticide metabolites (USEPA, 1992). The
data indicated that one or more pesticides in excess of
health standards were detected in 14.4% of the samples
analyzed (USEPA, 1992).

The transport of agricultural chemicals to the
groundwater may occur rapidly in soils with macropores.
Detection of agricultural chemicals in drainage discharge
has been reported following the first post-application
rainfall (Kladivoko et al., 1991). Similar trends were
observed by Gish et al. (1991) and Smith et al. (1990),
where high concentrations of pesticides were measured in
shallow groundwater.

In preferential flow, infiltration is transported laterally
and vertically through the soil in large macropores (Beven,
1989). Preferential flow may also be characterized by non-
uniform unstable wetting fronts (Hill and Parlange, 1972)
and funnel flow (Kung, 1990a,b). Funnel flow is
characterized by many random macropore channels near
the surface, which consolidate to fewer, well defined
preferential paths with increasing depth.
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In clay soils, preferential flow paths are created by
surface cracks that extend below the surface and channelize
flow through the porous media (Lawes et al., 1982). High
infiltration rates have been reported for small macropores
(Beven, 1989). Macropore flow velocities reported by
Beven (1989) range from 0.25 to 2.08 mm/s inferring high
hydraulic conductivities.

Unfortunately, very few models exist that can predict
the preferential transport of pesticides. Steenhuis et al.
(1994), Chen and Wagnet (1992), and Ray et al. (1996)
made attempts to model chemical transport through
preferential flow. Steenhuis et al. (1994) derived
expressions for distance traveled, arrival time, and
concentration of preferential transport in a conceptual
model where a layer near the surface becomes saturated
and distributes water and solute to the preferential flow
paths. Ray et al. (1996) developed a simulation model
capable of describing the preferential movement of water
and pesticides in macroporous soils based on a conceptual
dual-porosity approach.

Simulation models without macropore transport are
widely used for predicting water and solute transport
through unsaturated soil (Healy, 1990; van Genuchten,
1980; Gee et al., 1991). However, significant discrepancies
between model results and field measurements are often
observed due to macropore transport. Traditional models
using average soil properties, underpredict chemical
transport in macroporous soils (Jury and Fluhler, 1992;
Steenhuis et al., 1990).

The objective of this research article is to present the
methods used to simulate macropore transport of atrazine
through a clay soil to the underlying sand and gravel
floodplain aquifer using the United States Geological
Survey (USGS) model, Variably Saturated Two
Dimensional Transport (VS2DT) (Lappala et al., 1987;
Healy, 1990). VS2DT was then used to simulate flow
through a variably saturated floodplain aquifer in direct
hydraulic connection with the adjacent river.
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Multi-domain models were presented in the past by Gwo
et al. (1995) and Hutson and Wagenet (1995). These studies
indicated that a multi-domain approach described the field
scale processes better than a single domain approach. Gerke
and van Genuchten (1993) stated that the non-equilibrium
conditions associated with preferential flow severely limit
the ability of single continuum models to predict flow and
transport phenomena in macroporous media.

This article will present the hydrogeology of the
floodplain research site and the flow domains that were
used in the model simulations. Modeling the clay soil flow
domain with conceptualized macropores and the
methodology used to infiltrate surface runoff will be
detailed. The methods used to simulate the sand and gravel
aquifer flow domain under natural gradient and pumped
gradient conditions will also be presented. The model
inputs required for groundwater flow and atrazine transport
and the associated boundary conditions for both flow
domains at the floodplain research site are given. A
companion article will present results of the groundwater
flow and atrazine transport simulations.

RESEARCH SITE

A 8.5 ha groundwater research site on the Brazos River
floodplain approximately 11 km southwest of College
Station, Texas, was used for model simulations
(Munster et al., 1996). The site was located between a deep
(5 m) drainage ditch and the Brazos River (fig. 1). The

surface layer at the research site was a Ships clay unit
(very fine, mixed, thermic chronic Hapluderts) that was
approximately 6 m thick. A floodplain aquifer located below
the clay layer changed gradually from a fine sand at a depth
of 6 m to a coarse sand and gravel mixture at a depth of

Drainage Ditch

B-WT  A-WT Levee

R-WT

135 m 75m 193 m |
WMoy [] sma [ G [l \mpermeable Shate

Figure 2-Cross-section of the Brazos River research site with the
water table wells (A-WT, B-WT, C-WT, and R-WT) that are fully
screened throughout the aquifer, the soil layers, and the flow domain
(A, B, C, D, E, and F) simulated by the model (not to scale).

Brazos River

( not to scale)

«—  drainageditch

Figure 1-The Brazos River research site with two surface runoff (SRO) plots that include nine well nests (A1, A2, A3, B1, B2, B3, Cl, C2, C3),
four water table wells (A-WT, B-WT, C-WT, and R-WT), and a 200 mm diameter pumping well (P).
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20 m. The aquifer was underlain by an impermeable Yegua
shale formation at a depth of 20 m (fig. 2).

Field and laboratories studies measured low saturated
hydraulic conductivities (1 mm/day at 150 mm depth) for
the Ships clay at the research site. However, this mixture of
kaolinite and montmorillonite clay has a high shrink-swell
capacity that produces large cracks or macropores during
dry periods (Lin, 1995). Ships clay soils are generally less
than 1% organic carbon (Lin, 1995), which indicates a low
capacity to organically adsorb agricultural chemicals
(Hassett and Banwart, 1989). Therefore, soluble
agricultural chemicals have the potential to be transported
through the soil profile with infiltration through these
macropores. Detectable levels of pesticides can result even
though a small fraction of chemicals that are surface
applied escape the root zone and reach groundwater
through the macropores (Heuvelman et al., 1993; Chakka
and Munster, 1997). Rainfall events that follow extended
dry periods produce little or no surface runoff, with most of
the surface runoff flowing into the cracks or macropores
(Munster et al., 1995).

The research site was instrumented for groundwater and
surface runoff monitoring. A total of nine well nests were
installed in a 3 % 3 grid that was parallel and perpendicular
to the river (fig. 1). Each well nest had four monitoring
wells. There were also four “water table” wells that were
fully screened throughout the aquifer. The R-WT water
table well was located approximately 20 m from the river
to monitor river stage.

A pump test was conducted in 1995 to determine aquifer
properties by analyzing drawdown in the wells at the site.
The research site was subdivided into two surface runoff
plots with surface runoff collector systems in each plot
(fig. 1). All surface runoff was quantified from each plot and
sampled throughout each runoff event (Munster et al., 1995).

The site was not used for agricultural production prior to
1994. A com crop was planted between the drainage ditch
and levee (fig. 2) using ridge-till cultivation in 1994 and
1995, Liquid atrazine was applied at the time of planting at an
average rate of 2.49 kg/ha of active ingredient. No atrazine
was applied to the pasture between the levee and river.
Surface applied atrazine was detected in the groundwater 24
days after application indicating preferential flow at the
research site in 1995 (Chakka and Munster, 1997).

COMPUTER MODEL

The United States Geological Survey (USGS) computer
model Variably Saturated Two Dimensional Transport
(VS2DT) was used to simulate groundwater flow and
chemical movement at the research site. The model, written
in ANSI FORTRAN, solves the Richards’ equation for
groundwater flow and the advection-dispersion equation
for chemical transport in both saturated and unsaturated
conditions (Lappala et al., 1987; Healy, 1990). The model
uses two-dimensional finite difference methods. The spatial
derivatives for the governing partial differential equations
are approximated using central differences between
adjacent nodes. The time derivatives are approximated
using a fully implicit backward scheme. The matrix of
finite difference equations are solved using the strongly
implicit procedure (Lappala, 1987).
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The VS2DT model has been extensively verified for
groundwater flow and chemical transport using analytical
solutions (Healy, 1990). VS2DT has also been validated for
agricultural chemical transport using field measured
values. VS2DT simulations of the transport of the pesticide
aldicarb through the soil and groundwater at an agricultural
research site closely matched field measured values
(Munster et al., 1994).

For VS2DT model simulations, the recharge period was
set to one day, with an initial time increment of 1.0E-06
day for the unsaturated zone and 1.0E-14 day for the sand
and gravel aquifer. These initial time increments were
increased by a factor of 2.1 when a stable solution was
achieved and reduced by a factor of 0.1 when non-stable
conditions existed. All simulation input variables were
determined either experimentally or from the literature.

SIMULATION DOMAIN

The flow domain at the research site was approximated
by a two dimensional rectangular section in the X-Z plane
as shown in figure 2. The porous media layers in the flow
domain (A, B, C, D, E, and F) were approximated as
shown in figure 3. The average depth for each layer was
determined from soil sampling and well installation
observations at the site.

Soil layers 1 and 2 were characterized by very low
saturated hydraulic conductivity clays with preferential
flow paths from cracking and soil structure (Lin, 1995).
Aquifer layers 1 and 2 formed the water bearing aquifer
which was unconfined during the study period. Below the
water table, aquifer layer 1 exhibited “flowing sand”
conditions during the well installation process. Aquifer
layer 2 was highly permeable with coarse gravel and
cobbles (Wrobleski, 1996).

SIMULATION METHODS

Macropore channels were incorporated into the surface
clay layers in the simulation model to match the field
observations. To facilitate macropore modeling, the clay soil
layers were decoupled from the sand and gravel aquifer. A
flow domain in the clay soil 3 m in length (A’, B, E’, and
F’), was selected for detailed modeling as shown in figure 4.

Soil Layer |

19.4m

e

Aquifer Layer 1

4
v Aquifer Layer 2 1.5m
I
|= 403 m ‘_JB T
I =
. Clay E Sand
W SityCiay [] Gravel

Figure 3-The porous media layers used to approximate the flow
domain at the Brazos River research site with a typical water table
location also shown.
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De-coupling the two flow domains required two
separate simulations to be performed. First, the clay
domain model simulated macropore flow and incorporated
the meteorological processes and chemical applications.
The daily flux of solute from the bottom of the clay section
was used as input for the sand and gravel aquifer
simulations. Then the sand and gravel aquifer model
simulated chemical transport and groundwater-surface
water interactions from the clay domain model. However,
chemical flux inputs were restricted to the chemical
application zone between the drainage ditch and the levee.

This modeling approach assumed that a 3 m long clay
section could adequately represent the infiltration process
in a clay soil that was 6.7 m deep. Another assumption was
that the sand and gravel aquifer did not contribute to the
evaporation processes at the surface.

MODELING CLAY SOIL WITH MACROPORES

The flow domain for the surface soil layer (A", B’, E’,
F’) was 3 m long and 6.7 m deep with conceptualized
macropores as shown in figure 4, The works by Lin (1995)
and Heuvelman et al. (1993) in Ships clay soil reported a
macropore system with many chaotic preferential flow
paths near the surface that merged with depth to fewer,
well-defined macropores. The macropore spacing at the
surface coincided with the spacing of the furrows formed
during ridge-till cultivation. The macropores in figure 4
represented areas of high hydraulic conductivity and low
porosity within the soil.

A finite difference grid consisting of 32 nodes in the
vertical direction (6.7 m) and 31 nodes in the horizontal
direction (3.0 m) was used for numerical simulation of the
clay soil flow domain. Horizontally, all the nodes were
equally spaced at 0.097 m. Vertically, variable node spacing
was used. Vertical node spacing was gradually increased from
0.05 m at the surface to 0.20 m in the clay layer. Node
spacing was also gradually decreased to 0.05 m at the clay-
silty clay interface. In the silty clay porous medium the

Surface macropores with a spacing of 0.68 m

< A
1.2m
6.7m
55m
x
EI
3m |
i =
& Clay | Silty Clay

Figure 4-Conceptualized macropores in the clay soil flow domain in a
3 m long cross-section (A’, B’, E', and F') considered for detailed
modeling of the clay soil from 403 m long clay soil flow domain (A, B,
E, and F in fig. 1).
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spacing was gradually increased from 0.05 m to 0.20 m and
was also gradually reduced to 0.05 m near the BE boundary.

The nodes representing the macropores were arranged in a
horizontal and vertical stair-step configuration to create the
45° angle. This permitted horizontal and vertical flow between
the nodes as required by the finite difference method.

BouNDARY CONDITIONS

The boundary conditions used to simulate groundwater
flow changed daily based on field observations. The
groundwater flow boundary conditions for the cross-section
considered in the clay soil flow domain (fig. 4) are as follows:

A’F’= constant head or specified flux boundary

A’B’= no flow boundary

B’E’= seepage face

E’F’ = no flow boundary
The boundary A'F’ is either a specified flux or a constant
head boundary depending upon the meteorological
conditions. The maximum specified flux out of the domain
at the A’F” boundary was the potential evapotranspiration
(PET) rate determined daily from meteorological conditions.
Typically, the maximum flux out of the domain at A’F’ was
not achieved due to limiting soil-water availability. On days
with rainfall, the specified flux was into the domain at a rate
that distributed the rainfall over a 24 h period. If the rainfall
rate exceeded the soil infiltration capacity, then ponding
occurred and the A’F’ boundary became a constant head
boundary. From field observations, when the depth of
ponded water exceeded 50 mm, surface runoff occurred. The
boundary B’E’ was defined as a seepage face where only
flow out of the domain was permitted.

Chemical boundary conditions were specified for the clay
soil flow domain at the A’F’ boundary. In the field, the
herbicide atrazine was directly sprayed onto the clay soil. To
simulate the atrazine application, the nodes at the A’F’
boundary were assigned atrazine concentrations based on
field measured water content values on the day of application
and the mass of atrazine active ingredient applied to the soil.

To simulate the atrazine application, the nodes at the
A’F’ boundary were assigned the atrazine application
concentration. At the bottom boundary (B’E’"), the chemical
flux out of the domain was equal to the rate of water flux
times the concentration of the chemical at the exit node.

POTENTIAL EVAPOTRANSPIRATION

Daily PET values were used in the model to establish
maximum rates for soil evaporation and plant transpiration.
The potential evapotranspiration values were calculated
using a Penman combination equation as modified by
Businger, Penman, Long, Monteith, and van Bavel
(Jensen et al., 1990). The data obtained from a weather
station at the site was used to compute the PET values
using the combination equation. Fallow conditions existed
at the time the corn crop was planted. Therefore, 100% of
the PET flux was assigned to soil evaporation. However, as
the corn crop began to grow, the PET flux was
incrementally shifted to plant transpiration. By day 70 after
planting, 100% of the PET flux was assigned to plant
transpiration. Plant transpiration was extracted from the
soil profile according to a specified root growth function
from Molz (1981). The soil-water leaving the domain in
the form of evaporation was considered to be solute free by
the model. The water extracted by the roots due to

TRANSACTIONS OF THE ASAE



transpiration had the same chemical concentration as the
soil-water in the nodes near the roots. Root extraction
represented plant uptake of the solute.

SURFACE RUNOFF SIMULATION

A critical component in modeling macropore infiltration
was surface runoff and the associated chemical losses. The
average surface runoff measured at the research site in
1994 and 1995 was 5 to 8% of the rainfall (Munster et al.,
1995). Therefore, a maximum of 5% of the rainfall was
allowed to runoff in the simulation based on surface runoff
studies at the site.

To represent actual field conditions, the runoff and
chemical losses were simulated in the following manner.
The rainfall on any particular day was distributed evenly
over the surface of the clay soil flow domain. At the end of
the daily simulation, the potential surface runoff was
calculated as follows:

SROp, =R -1-DS (1)
where
SRO,, = potential surface runoff without forced
macropore infiltration (mm)

R = rainfall (mm)

1 = infiltration on the day of rainfall without
forced macropore infiltration (mm)

DS = depression storage (mm)

The depressional storage is a function of surface
roughness. A depressional storage depth of 50 mm was
used in the model simulations based on field observations.

If the SRO,,,, was less than 5% of the rainfall, then there
was no forcedp macropore infiltration and simulated surface
runoff (SRO) equaled SRO,,,. However, if the SRO,, was
greater than 5% of the rainfall, then simulated surface
runoff (SRO) equaled 5% of the rainfall and forced
macropore infiltration was calculated as follows:

Imacro = SROpo — 0.05 (R) )

where ;..o = forced macropore infiltration (mm).

Inacro Was reapplied using a specified flux boundary
condition at the macropore nodes on the surface, as shown
in figure 4, on the following day. This forced surface runoff
into the macropore nodes as observed in the field. If
rainfall occurred on consecutive days and forced
macropore infiltration was required on the second day, the
rainfall was distributed evenly over the entire domain and
the flux into the macropore nodes was the sum of rainfall
flux and I, from the previous day.

The concentration of chemical losses in the runoff was
also based on observations at the research site in 1994
(Munster et al., 1995). The mass of atrazine lost in surface
runoff was adjusted daily by a second order polynomial.
This polynomial was used to compute atrazine
concentrations in the surface runoff as a function of the
time after chemical application. The second-order
polynomial that was derived from a regression analysis of
the measured concentrations of the surface runoff was:

Y =0.0381 X2-4.5374 X + 136.43 (3)
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where
Y = concentration of atrazine in surface runoff in pg/L
X = days after application

The regression analysis was based on the atrazine
concentrations detected in the surface runoff events that
were monitored during the growing season in the year
1994. The average measured concentrations in the surface
runoff and the second order polynomial used to estimate
the surface runoff concentration are shown in the figure 5.

MobpEL INPUTS FOR THE CLAY SOIL WiITH MACROPORES

VS2DT required seven soil properties to be input for
each soil layer; anisotropic ratio for saturated hydraulic
conductivity (vertical/horizontal), the saturated horizontal
hydraulic conductivity (Kg,) in units of L/T, the specific
storage (S,) in units of 1/L, the porosity (¢), the bubbling
pressure (hy) in units of L, the residual volumetric water
content (8), and the pore size distribution index (). In the
absence of experimental data, literature values were used
for model simulations (Lappala 1987).

The surface clay soil profile was divided into three soil
types. The macropores were assumed to be porous media
channels with high saturated hydraulic conductivity and
low porosity. The soil properties used for the simulation of
the clay soil are presented in table 1. The saturated
hydraulic conductivity values and the Brooks and Corey
parameters (Brooks and Corey, 1964) for the clay soil and
silty clay layers were determined from laboratory and field
tests. The hydraulic conductivity of the macropore flow
channels was calibrated by comparing model simulations
to field observations of atrazine transport and groundwater
levels. The macropore specific storage values and the
Brooks and Corey parameters were from the literature for a
coarse sand (Lappala, 1987).

Seven soil and chemical variables were required for
chemical transport simulation in each soil layer. The
chemical transport parameters included: longitudinal
dispersivity (o), transverse dispersivity (ov), molecular
diffusion (D), decay constant, bulk density (py,), Freundlich
adsorption constant (K), and the Freundlich exponent (n).
The soil and chemical properties used in the transport
simulation are shown in table 2. The decay constant (0.011)
used in the clay layer simulation was based on a clay soil
half life of 63 days (Acock and Herner, 1995).

Surface Runoff

__ 60
S 50 |
3
g5 40 | y =0.0381x2 - 4.5374x + 136.43
§= 30 |
< % 20
52
§ 10 ]
0 ; : ' Y —
20 30 40 50 60 70

Days after application

Figure 5-Surface runoff concentrations for atrazine in 1994 and a
best-fit polynomial used to estimate atrazine losses in surface runoff.
The concentrations below detection limit were not included.
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Table 1. The soil properties used in the flow simulations
for the clay soil and the aquifer flow domains

Soil Ksat*

Depth (H/V Ksatt hyl

(m)  Medium Ratio) (m/d) S 0§ (m) O# A**
0-12 Clay I 0011 1.OE-06 045 060 025 1.3
12-67 Siltyclay 1 0.0 10E-06 040 -040 0.15 0.51
——  Macropore 1 100 1.0E-06 025 -0.18 008 2.5
6.7-179 Sand 1 40t 1.0E-06 030 -0.15 001 1.58
17.9-19.4 Gravel 1 140§ 1.0E-06 030 -0.10 001 2.3

*  Assumed anisotropy ratio for saturated hydraulic conductivity.

+  Saturated hydraulic conductivity obtained from laboratory analysis
of soil samples, pump test, and from model calibrations.

t  Assumed specific storage values.

§  Porosity values obtained from Brooks and Corey (1964).

I Bubbling pressure head obtained from laboratory studies for clay
layer and literature values for other soil mediums (Brooks and
Corey, 1964).

#  Residual water content obtained from laboratory studies for clay
layer and literature values for other mediums (Brooks and Corey,
1964).

**  Pore size distribution index obtained from laboratory studies for
clay layer and literature values for other soil mediums (Brooks and
Corey, 1964).

1 A reduced saturated hydraulic conductivity value of 4 m/d was used
within 40 m of the river. This value was calibrated from model
simulations.

i A reduced saturated hydraulic conductivity value of 14 m/d was
used within 40 m of the river. This value was calibrated from model
simulations.

Table 2. Soil and chemical properties used for atrazine transport
simulations in the clay soil and aquifer flow domains

De-
cay}

Soil Con-

Depth o * ar* Dyt ostant p§ Kyl

(m) Medium (m) (m) (m2/d) (d') (kg/L)L/kg) n#

0-1.2 Clay 0.1 0.1 1.0E-6 0011 130 24 1.0

1.2-6.7 Silty Clay 0.1 0.1 1.0E-6 0011 140 24 10

— Macropore 0.2 02 1.0E-6 0011 135 24 1.0

6.7-179  Sand 3.0 3.0 10E6 0021 150 00 -

17.9-19.4 Gravel 3.0 3.0 10E-6 0021 160 00 -

* Longitudinal and transverse dispersivity values obtained from
Gelhar et al. (1985).

7 Assumed molecular diffusion values.

i Decay constant from Acock and Herner (1995).

§ Bulk density based on the laboratory tests for clay layer and particle
size analysis and obtained from literature for other soil mediums
(Rawls and Brakensiek, 1983).

Il Freundlich adsorption constant from Acock and Herner (1995).

# Assumed Freundlich exponent.

MODELING THE SAND AND GRAVEL
AQUIFER

The flow domain for the variably saturated, sand and
gravel aquifer is shown in figure 3 (B, C, D, and E). The
sand layer was approximately 11.5 m thick and overlies a
1.2 m gravel layer. The R-WT well and the C-WT well
(fig. 2) formed the right and left boundaries, respectively.
The overall length of the flow domain was 403 m. Even
though clay lenses with low hydraulic conductivity were
expected to be present in the aquifer, no clay lenses were
identified during the installation of the monitoring wells.
Therefore, average saturated hydraulic conductivity values
were used in the sand and gravel layers.
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The finite difference grid used to simulate the aquifer
consisted of 142 nodes in the horizontal direction (403 m)
and 57 nodes in the vertical direction (12.7 m) for a total of
8094 nodes. Variable spacing was used in both the
horizontal and vertical directions. The horizontal nodes
were spaced 3 m apart except near the boundaries BC and
DE. The nodal spacing was gradually reduced to 0.5 m at
these boundaries. The vertical node spacing gradually
increased from 0.05 m near the BE boundary to 0.4 m in
the sand aquifer. The spacing was then gradually reduced
to 0.05 m at the sand-gravel interface. In the gravel layer,
the vertical spacing was gradually increased from 0.05 m at
the sand-gravel interface to 0.2 m and then gradually
reduced to 0.05 m at the CD boundary.

Pump TEST SIMULATION

A pumping test that was conducted at the site between
days 92-104, in 1995, was simulated by the model. The
pumping test was conducted in the pump well (fig. 1) at an
average flow rate of 972 m3/d. The analysis of the
drawdown data in the site monitoring wells resulted in a
range of hydraulic conductivities varying from 50 to
150 m/d (Wrobleski, 1996).

To simulate the pumping test, six nodes located along
the well screen of the pump well were assigned flux
boundary conditions for discharge out of the flow domain.
The pumping rate of 972 m3/d was converted to a specified
flux boundary condition for the two-dimensional
simulation as follows. The radius of the cone of depression
during the pumping test was determined to be 200 m from
field observations (Wrobleski, 1996). The pump discharge
rate of 972 m3/day was evenly distributed around the
circumference of the cone of depression. This resulted in
0.774 m3/m/day from one direction or 1.55 m3/m/day
from both sides of the well screen. This two dimensional
pumping flux was equally distributed to the six nodes at
pumping well screen for a specified boundary condition
flux of 0.258 m3/day at each node.

BounpARY CONDITIONS

The boundary conditions used to simulate groundwater
flow in the sand and gravel aquifer changed daily based on
field observations. The groundwater flow boundary
conditions for the cross section shown in figure 3 are:

BE = specified flux boundary

BC = specified pressure head boundary

CD = no flow boundary

DE = specified pressure head boundary
The specified flux boundary condition at BE was based on
the simulated water flux out of the clay soil domain. The 3 m
nodal spacing along BE in the aquifer corresponded to the 3
m spacing of the macropore channel outlet from the clay soil
domain. The specified pressure head boundary at DE was
based on daily water levels in the R-WT well at the river.
The no flow boundary condition at CD was due to the
impermeable shale formation. The pressure head boundary
at BC was based on daily water level in the C-WT well.

The only chemical boundary condition for the aquifer
flow domain was a specified flux at the boundary BE. The
simulated chemical flux out of the clay soil domain was
input as a specified flux into the aquifer above runoff plots
one and two (fig. 1) at the boundary BE. The water leaving
the domain at the boundary DE was assumed to have the
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same concentration as the boundary nodes. The water
entering the domain through the BC and DE boundaries
was assumed to be solute free.

MoODEL INPUTS FOR THE SAND AND GRAVEL AQUIFER

The saturated hydraulic conductivity values for the
aquifer domain were calibrated using model simulations.
The hydraulic conductivities for the sand and gravel were
adjusted over the range of pump test values (50-150 m/d)
until model simulations closely matched field water table
observations. The calibrated saturated hydraulic
conductivities used in the model simulations were 40 m/d for
the sand and 140 m/d for the gravel as shown in table 1.

The saturated hydraulic conductivities in the aquifer
domain were reduced near the river to produce the high head
losses that typically occur at groundwater-surface water
interfaces (Ellins et al., 1990; Jakeman et al., 1990). The
hydraulic conductivities were reduced to 4 m/d for the sand
and 14 m/d for the gravel and were extended 40 m from the
river based on the calibration of model simulations to
observed water levels. This reduction of permeability is
generally attributed to an accumulation of silts and clays in
the sand and gravel aquifer from surface water infiltration.

The soil, aquifer, and chemical properties used in the
chemical transport simulation are shown in table 2.
Atrazine half life values in aquifers with aerobic conditions
are typically lower then the half life values in anaerobic
clay soils (Acock and Herner, 1995). Therefore, in
chemical transport simulations, a half life of 33 days
(decay constant = 0.021) was used in the sand and gravel
aquifer and a half life of 63 days (decay constant = 0.011)
was used in the clay soil (Hartley and Kidd, 1987).

SUMMARY AND CONCLUSIONS

Field observations of preferential flow in clay soils is
documented in the literature. However, macropore flow is
not effectively simulated using conventional modeling
procedures. A conceptual simulation method was presented
that considers groundwater infiltration and chemical
movement through macropores. A clay soil and sand-gravel
aquifer continuum was decoupled into two flow domains.
The flow in the clay soil domain was dominated by the
macropore flow. Conceptualized macropore channels were
located in the soil medium based on field research by Lin
(1995) and Heuvelman et al. (1993). These macropore
channels were characterized as porous media with high
hydraulic conductivity and low porosity.

The simulation method used to model macropore transport
of water and chemicals through the soil to the aquifer
considered both matrix flow and preferential flow. Flow
through the clay domain, including the macropores, and flow
in the aquifer domain was governed by the Richards
equation. Chemical transport was governed by the advection-
dispersion equation. A companion article documents
groundwater flow and chemical transport simulation results.

VoL. 40(5):1355-1362
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Field Test of the In Situ
Permeable Ground Water Flow Sensor

by Andrew S. Alden and Clyde L. Munster

Abstract

wo in situ permeable flow sensors, recently developed at

Sandia National Laboratories, were field tested at the

Brazos River Hydrologic Field Site near College Station,
Texas. The flow sensors use a thermal perturbation technique to
quantify the magnitude and direction of ground water flow in three
dimensions. Two aquifer pumping tests lasting eight and 13 days
were used to field test the flow sensors. Components of ground
water flow as determined from piezometer gradient measurements
were compared with ground water flow components derived from
the 3-D flow sensors. The changes in velocity magnitude and direc-
tion of ground water flow induced by the pump were evaluated
using flow sensor data and piezometric analyses. Flow sensor perfor-
mance closely matched piezometric analysis results. Ground water
flow direction (azimuth), as measured by the flow sensors and
derived in the piezometric analysis, predicted the position of the
pumping well accurately. Ground water flow velocities measured by
the flow sensors compared well to velocities derived in the piezo-
metric analysis. A significant delay in flow sensor response to rela-
tively rapid changes in ground water flow was observed. Preliminary
tests indicate that the in situ permeable flow sensor provides accu-
rate and timely information on the velocity magnitude and direction

of ground water flow.
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Introduction

Various in situ and well casing
ground water flow sensors have
been developed to monitor ground
water flow. Portable in situ ground
water flow meters were successfully
used to evaluate shallow ground
water flow around lakes during sep-
tic leachate surveys in Michigan and
Minnesota (Kerfoot 1979; Kerfoot
and Skinner 1981). Heat pulse
probes for fully penetrating slotted
wells designed for ground water
flow measurement in two and three
dimensions were developed by
Kerfoot (1982). Ground water flow
measurements using a two-dimen-
sional heat pulse probe in monitor-
ing wells at landfill sites were vali-
dated by subsequent investigations
and long-term monitoring (Guthrie
1986). However, Melville et al.
(1985) tested a two-dimensional
heat pulse ground water flow meter
under controlled laboratory condi-
tions and found that small channel-
ization between the slotted well cas-
ing and the probe could invalidate
the flow meter response. Kerfoot
(1988) provided recommendations
for monitoring well construction
and a new calibration procedure to
increase the accuracy of heat pulse
ground water flow meters.

The In Situ Permeable Flow
Sensor

The flow sensor is 0.76 m long,
50 mm in diameter, and is perma-
nently installed in saturated,
porous, unconsolidated media at
the point where ground water flow
is to be determined. The flow sen-
sor contains a resistance heater that
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continuously heats the aquifer and an array of 30 ther-
mistors located along the probe to measure tempera-
ture variations induced by ground water flow. Once the
probe has been installed and calibrated, the velocity
magnitude and direction of ground water flow, in three
dimensions, is measured using a thermal perturbation
technique. Analysis of raw temperature data using the
proprietary software FLOW® allows near real-time
measurement of a Darcy velocity vector. Ground water
flow components are measured in a volume of approxi-
mately one cubic meter surrounding the probe.
Measurement of ground water flow rates from 1 x 104
to 1 m/day are possible. Accuracy of direction measure-
ment is estimated at =10° (Ballard 1996; Ballard et al.
1994; Ballard et al. 1996).

Previous Work

In 1994, a pump test was used to evaluate the effec-
tiveness of the flow sensor at the Savannah River Site.
Flow sensors were able to measure ground water flow
velocities as low as 8.64 x 10-* m/day with direction
(azimuth) uncertainty values of =7°to £30°. Values of
measurement uncertainty were highly dependent upon
pumping rate (Ballard 1994; Ballard et al. 1996).

In 1995, a flow sensor was used to assess the
hydraulic characteristics at an underground oil storage
facility in Weeks Island, Louisiana. The development of
a sinkhole in the sandy sediments above a salt dome
was an indication of possible intrusion of saltwater into
the oil storage facility. A flow sensor was installed in a
sand-filled fissure in the top of the dome at a depth of
76 m. Information gathered during a 17-day period indi-
cated that probable contamination of the repository
was occurring as water flowed downward through the
crevice into the salt dome (Ballard and Gibson 1995).

In tests conducted at the Brazos River Site, long-
term flow sensor and piezometric data were used to
derive local saturated hydraulic conductivities.
Comparison of the calculated hydraulic conductivities
to those found in pump and slug tests at the site was
used as a basis for evaluation of the velocily meter.
Saturated hydraulic conductivities of 28.9 and 16.5
m/day were derived at depths of 13.7 and 18.3 m.
respectively (Alden and Munster 1997).

Flow Sensor Tests

Test Overview

Flow sensor information and piezometric data from
monitoring wells were collected during two aquifer
pump tests at the Brazos River Research Site. The
influence of pumping on ground water flow was deter-
mined using flow sensor output and piezometric data.
The direction and magnitude of ground water flow
obtained from the two independent flow sensors was
compared to ground water flow components derived
from a gradient analysis of piezometric data during the
pump tests.
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Test Site Description

The pump tests were performed at the Brazos River
Hydrologic Field Site (Brazos River Site), which is
located approximately 12 km west of College Station,
Texas. The four-hectare site lies approximately 200
meters from the Brazos River, as shown in Figure 1.
The alluvial aquifer at the site changes gradually from a
fine sand at a depth of 8 meters to a coarse sand and
gravel mixture at a depth of 21 meters. The aquifer is
overlain by a surface layer of ships clay (very fine,
mixed, thermic chromic hapluderts) that extends to a
depth of 8 meters and is underlain by an impervious
Yegua shale formation at 21 meters (Wrobleski 1996).
Water levels in the aquifer typically fluctuate between 9
and 10 meters below the surface. Two pump tests were
conducted using the site pumping well (Munster et al.
1996). The saturated hydraulic conductivity was deter-
mined at 20 site monitoring wells. In addition, slug tests
were performed on 14 monitoring wells at the research
site (Alden 1996). The pump and slug tests yielded a
range of saturated hydraulic conductivity values from
3.4 to 83 m/day. Testing at the site suggests that satu-
rated hydraulic conductivity values do not necessarily
increase with depth. This may be attributed to the exis-
tence of clay lenses and other discontinuities often
found in fluvial aquifers. Direct interaction between
river stage and aquifer level has been observed (Alden
and Munster 1997).

}
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Figure 1. Plan view of the research site with the location of the
piezometer well nests, water table wells, pumping well, and
flow sensors (not to scale). A diagram of the ground water flow
direction convention is also shown.

Instrumentation at the site includes 36 partially
screened piezometric wells, four fully screened “water
table™ wells, two 3-D ground water flow sensors, and an
0.20-m-diameter pumping well, as shown in Figure I
(Munster et al. 1996). The piezometric monitoring wells
are arranged in a rectangular grid of well nests that is
oriented parallel and perpendicular to the river (Figure
1). Each well nest contains four monitoring wells with
short 150-mm-long polyvinyl chloride (PVC) wire-
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Figure 2. Elevation view of a typical well nest and water table
well with soil stratigraphy and range of piezometer well screen
depths shown (not to scale),
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Figure 3. Elevation view of the pumping well and 3-D flow sen-
sors at the Brazos River Site with soil stratigraphy also shown
(not to scale).
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Figure 4. Diagram showing the geometric relationship between
flow sensors two and three and the pumping well (not to scale).
The true azimuth for the pumping well with respect to flow sen-
sor three is 160° and to flow sensor two is 180° as shown.

wound (0.152-mm openings) well screens, which act as
piezometers (Figure 2), that are numbered from one to
four. The number one well is the shallowest and the
number four well is the deepest. A typical well nest has
screens located at 9, 12, 15, and 18 meters below the sur-
face. The four “water table™ wells are screened
throughout the thickness of the aquifer with 0.254-mm
slotted openings. Three water table wells lie within the
main wellfield grid and one has been installed at the
river to monitor river stage. All monitoring wells are
50.8-mm-diameter flush-threaded polyvinyl chloride
(PVC). Water levels within all of the wells were contin-
uously monitored and recorded in a system of four
independent data collection systems (Munster et al.
1996).

Flow sensors were installed at the B-WT well and
well nest B-2 at depths of 13.7 and 18.3 meters. respec-
tively, as shown in Figures 1 and 3. Placement of the
flow sensors was influenced by factors such as instru-
mentation access, distance from the pumping well, and
proximity to the piezometers used in the gradient
analysis. The geometric relationship between flow sen-
sors two and three and the pumping well is shown in
Figures 3 and 4.

Test Description

Two pump tests were used to evaluate flow sensor
performance. The first pump test was conducted for
eight days from Day 35 to Day 43, 1995. The second
pump test was conducted for 13 days from Day 92 to
Day 105, 1995. Flow sensor heaters and data acquisition
equipment were activated three days prior to pumping
to allow for temperature stabilization of the probe and
surrounding aquifer. Water levels in the piezometer
well system were measured manually prior to pumping
to initialize the well data collection system. During the
pump tests, a constant flow rate of approximately 0.8
m3/min. was monitored by an in-line flow meter. All
waler from the pump test was transported off site to a
nearby irrigation ditch using irrigation pipe.
Immediately prior to the end of the pump test, all
piezometric data was downloaded and well water levels
were measured manually to reinitialize the well data
collection system for aquifer recovery. Flow sensor and
piezometric data collection intervals ranged from one
minute at the start of the test to 360 minutes at the end
of the test.

Methods of Analysis

Piezometric Data

Water level data from the monitoring wells was used
to determine horizontal and vertical gradients at vari-
ous levels within the aquifer. The piezometers analyzed
were chosen based on horizontal and vertical proximity
to the applicable velocity meter. The gradients between
wells were used to calculate the direction and magni-
tude of ground water flow using Darcy’s equation
(Equation 1) and trigonometric analysis.
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V=K, X 1
sat d]_. ( )
Where
V = Darcy velocity (m/day)
K,y = saturated hydraulic conductivity (m/day)
H = total head (m)
L = length (m)

In previous testing at the research site, saturated
hydraulic conductivity values for each flow sensor
installation location were determined through pump
and slug tests. At flow sensor two, K, values ranged
from 25.7 m/day (slug test) to 60.6 m/day (pump test).
At Mow sensor three, K, values ranged from 3.4 m/day
(slug test) to 58.2 m/day (pump test) (Alden and
Munster 1997). These K, values were used in the
piezometric analysis to determine a range of ground
water velocities for comparison to flow sensor results.

Piezometric Data at Flow Sensor Two

Piezometric wells in well nests Al. A2, Bl, and B3
were used to calculate ground water gradient compo-
nents at flow sensor two as shown in Figure 5.
Piezometers A1-3 and A2-3 were used to find a gradi-
ent parallel to the river. The values for wells B1-3 and
B2-3 were averaged to approximate water levels at flow
sensor two. Values for Al-3 and A2-3 were also aver-
aged and used in conjunction with the B1-3 / B2-3 aver-
age to derive a gradient perpendicular to the river
(Equation 2):

. (B1.3+B32 Al 3+ A23 3
(Ipurp - ( 2 = 2 )_1 {-—-)
Where:
Gmp = Hydraulic gradient perpendicular to the river at

flow sensor three (m/m)

B1-3, B2-3, Al1-3, A2-3 = Water levels in respective
wells(m)

| = distance between respective averaged points (m)

Piezometric Data at Flow Sensor Three

Piezometric wells in well nests A2, A3. B2. and B3
were used to find ground water gradient components at
flow sensor three as shown in Figure 6. Wells B2-4 and
A2-4 were used to determine a gradient perpendicular
to the river. Wells A3-4 and A2-4 were used to find a
gradient parallel to the river.

Flow Sensor Data

Raw temperature data from the flow sensor probe
was used in FLOW to calculate the magnitude and
direction of ground water flow for each velocity meter.
Output from FLOW was transformed to yield the influ-
ence of pumping on the direction and magnitude of
ground water flow. Options within FLOW allow for
various data manipulations such as vector addition and
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Figure 5. Plan view of the monitoring wells near flow sensor two
(not to scale). Piezometric data from the bold-labeled wells was
used to calculate ground water flow for comparison to flow sen-
sor two output. The vector orientation convention is also shown.
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Figure 6. Plan view of the monitoring wells near flow sensor
three (not to scale). Piezometric data from the bold-labeled
wells was used to calculate ground water flow for comparison
to flow sensor three output. The vector orientation convention is
also shown.



data averaging (Ballard et al. 1994; Ballard 1996).
Average ground water flow, as measured by the flow
sensors immediately prior to pumping. was used as the
background vector in the analysis of flow sensor data
during the pump test.

Net Flow as a Basis of Comparison

A background ground water flow vector was derived
at each flow sensor location using flow vectors found
immediately prior to pumping. Manual well soundings
were used as a basis for calculation of background
ground water flows for use with the piezometric data.
Respective background (prepumping) flow vectors
were then subtracted from gross flow (during pumping)
vectors to vield flow components due to pumping (net
flow) as shown in Figure 7. The effects of river stage
fluctuation are not considered in this analysis.

Net horizontal ground water velocities and azimuths
are used as a basis of comparison between flow sensor
and piezometric results. Net horizontal velocities from
flow sensor results and piezometric analysis are com-
pared to each other. Net azimuths from flow sensor
results and piezometric analysis are compared to the
known values of 180° for flow sensor two and 160° for
flow sensor three as shown in Figure 4,

Results

The ground water flow components calculated from
the flow sensor data and the gradient analysis of the
piczometer wells are shown in Figures 8 through 11.
Instability in the azimuth values at the beginning of
cach test are due to the extremely low initial net veloci-
ties. As pumping continues. the horizontal direction
(azimuth) converges quickly to a final value. However,

Brazos River —
dicular Background Flow
o) (pre-pumping)
i Direction angle
| (azimuth)
Gross Flow
(during pumping)
Flow Sensor

(due to pumping)

Figure 7. Plan view of the ground water flow vector subtraction
convention used for derivation of net flow in the analysis of flow
sensor and piezometric data. The direction (azimuth) conven-
tion is also shown.

the measured velocities converge to final values much
more slowly as the aquifer is drawn down. Net vertical
velocity values as measured by the flow sensors are
shown in Figures 8 through 11 for informational pur-
poses and were not used in evaluation of the flow sen-
SOTS.

Pump Test One

Pump test one started at 11:40 a.m. of Day 35, 1995,
and ended at 3:15 p.m. of Day 43, 1995. A power failure
during the period from Day 38 to Day 41 resulted in the
loss of data from both flow sensors. All data shown for
the flow sensors during this period has been linearly
interpolated. Flow sensor response to changes in ground
waler velocity at the beginning of each pump test is
slower than that observed in the piezometric data. This
occurred in all pump tests and may be due to the nature
of the thermal phenomena that the flow sensor is depen-
dent upon for its operation. Delays in flow sensor
response 1o rapid changes in ground water velocity may
result as heat is “flushed™ from the 1 m? volume around
the velocity meter. The time of this delay is directly
dependent upon the ground water velocity and may be
considered as the “thermal time lag™: thermal time lag is
defined here as the time required for ground water tem-
peratures Lo stabilize in the vicinity of the [low sensor.

Flow Sensor Two

The ground water flow components for flow sensor
two during the first pump test are shown in Figure 8.
The azimuths of net horizontal flow as calculated by the
flow sensor and piezometers converged quickly to 180/
and 200°, respectively. The actual azimuth for the
pumping well with respect to flow sensor two is 180”
(Figure 4). The maximum net horizontal velocities
using the saturated hydraulic conductivities from the
slug tests (25.7 m/day) and the pump tests (60.6 m/day)
were (.04 and 0.1 m/day. respectively. The maximum
net horizontal velocity measured by flow sensor two
was 0.03 m/day. Vertical downward velocity increased
from approximately zero to 0.01 m/day during initial
pumping and then decreased to approximately 0.004
m/day in the latter portion of the test. The piezometric
data displays a much faster reaction to aquifer pumping
than does the flow sensor. The thermal lag time exhib-
ited by the flow sensor is approximately two days.

Flow Sensor Three

The ground water flow components for flow sensor
three during the first pump test are shown in Figure 9.
The azimuths for net horizontal flow as calculated by
the flow sensor and piezometers converge to 145" and
1557, respectively. The actual azimuth for the pumping
well with respect to flow sensor three is 160° (Figure 4).
The maximum net horizontal velocities using the satu-
rated hydraulic conductivities from the slug tests (3.4
m/day) and the pump tests (58.2 m/day) were 0.020 and
0.220 m/day, respectively. Vertical downward velocity
increased from approximately zero to 0.01 m/day at the
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beginning of the pump test and remained at that level
for the duration of pumping. The maximum net hori-
zontal velocity measured by flow sensor two was 0.063
m/day. The flow sensor thermal lag is approximately
two days.

Pump Test Two

Pump test two started at 4:30 p.m. of Day 92, 1995,
and ended at 12:00 p.m. of Day 105, 1995. Again. a dif-
ference in velocity measurement response is evident at
both flow sensors. Reversal of background ground
water flow gradients was observed toward the latter
part of the test period. A longer pumping period during
pump test two and an increase in river stage resulted in
reversal of ground water flow toward the river in the
latter portions of the pump test.

Flow Sensor Two

The ground water flow components at flow sensor
two during the second pump test are shown in Figure
10. The azimuths for net horizontal flow as calculated
by the flow sensor and piezometers converged quickly
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to approximately 175°. The actual azimuth for the
pumping well with respect to flow sensor two is 180°
(Figure 4). The maximum net horizontal velocities
using the saturated hydraulic conductivities from the
slug tests (25.7 m/day) and the pump tests (60.6 m/day)
were 0.08 and 0.19 m/day, respectively. The maximum
net horizontal velocity measured by flow sensor two
was 0.068 m/day. Vertical flow was upward during the
first half of the pump test and downward during the sec-
ond half of the test at maximum velocities of approxi-
mately 0.01 m/day. The flow sensor thermal lag time is
approximately two days.

Flow Sensor Three

The ground water flow components for flow sensor
three during the second pump test are shown in Figure
11. The azimuths for net horizontal flow as calculated
by the flow sensor and piezometers converged quickly
to approximately 1527 and 158°%, respectively. The actual
azimuth for the pumping well with respect to flow sen-
sor three is 160° (Figure 4). The maximum net horizon-
tal velocities using the saturated hydraulic conductivi-
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Figure 8. Net velocity magnitude and direction of ground water
flow at flow sensor two during pump test one from piezometric
and flow sensor data. The horizontal saturated hydraulic con-
ductivity used in the piezometric analysis was 28.9 m/day.
Negative vertical velocities indicate downward flow.
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Figure 10. Net velocity magnitude and direction of ground
water flow at flow sensor two during pump test two from piezo-
metric and flow sensor data. The horizontal saturated hydraulic
conductivity used in piezometric analysis was 28.9 m/day.
Negative vertical velocities indicate downward flow.

60 L
240 l | — =
(27}
™ & 5 Hasd = (683 miday
200 | 030
= e | ' + 3 _
gl e o
1 e . \1} 1 —! 1 o — e nmi
20 1 | L . - i , -
ol LA [ 1 P s R L
7 2
| | [ } - | .[ 060
I | | | I o0
-] L] - L] - L L] L 10 01 1 1 10 108 1o

Dy of Your (1995

e FSIADMUD —aParo ST —a- F5 3 Vet Vel —e FS 3 Hor Vel —g- Prens Mor. Vel (low) —a— Plago Hor Vet gty

Figure 9. Net velocity magnitude and direction of ground water
flow at flow sensor three during pump test one from piezomet-
ric and flow sensor data. The horizontal saturated hydraulic
conductivity used in the piezometric analysis was 16.5 m/day.
Negative vertical velocities indicate downward flow.
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Figure 11. Net velocity magnitude and direction of ground
water flow at flow sensor three during pump test two from
piezometric and flow sensor data. The horizontal saturated
hydraulic conductivity used in piezometric analysis was
16.5 m/day. Negative vertical velocities indicate downward
flow.



Table 1
Summary of Net Horizontal Ground Water Flow Components from Piezometric
and Flow Sensor Data for Pump Tests 1 and 2

Pump Test 1 Pump Test 2
Azimuth (deg.) Velocity Azimuth (deg.) Velocity
Location Method Measured Actual  (m/day) Measured Actual (m/day)
FS2 Flow Sensor 180 180 0.030 175 180 0.068
FS2 Piezometer (K =25.7 m/d) 200 180 0.040 175 180 0.080
FS2 Piczometer (K = 60.6 m/d) 200 180 (0.100 175 180 0.190
FS-3 Flow Sensor 145 160 0.063 152 160 0.095
FS3 Piezometer (K = 3.4 m/d) 150 160 0.020 158 160 0.020
FS3 Piezometer (K = 58.2 m/d) 150 160 0.220 158 160 0.270
Table 2
Summary of Flow Sensor Uncertainty Values from Pump Tests 1 and 2
Pump Test 1 Pump Test 2
Flow Sensor Measurement Low High  Average Low High Average
2 Horizontal Velocity (m/day) 0.04 0.04 0.04 0.03 0.05 0.04
2 Azimuth (degree) 5.00 9.50 7.40 6.10 11.00 9.60
3 Horizontal Velocity (m/day) 0.00* 0.03 0.02 0.03 0.04 0.04
3 Azimuth (degree) 0.00* 17.20 4.86 5.41 34.07 7.80

* Values shown as zero due to truncation of nonzero digits.

ties from the slug tests (3.4 m/day) and the pump tests
(58.2 m/day) were 0.020 and 0.270 m/day, respectively.
The maximum net horizontal velocity measured by flow
sensor two was (.095 m/day. Vertical downward velocity
increased from near zero to 0.02 m/day during initial
pumping and then decreased to approximately 0.008
m/day in the latter portion of the test.

Summary of Results

A summary of measured net ground water flow val-
ues from pump tests one and two is shown in Table 1.
The velocity magnitude and direction of ground water
flow shown in Table 1 are taken from discrete points in
time where maximum measured velocities are
observed. Table 2 shows values of uncertainty associ-
ated with the flow sensor data. Options within FLOW
allow for the output of uncertainty data for each veloc-
ity and azimuth measurement, Uncertainty data is
based on a Monte Carlo technique using a 95 percent
confidence interval. Levels of measurement uncertainty
generally decrease as ground water velocity increases
(Ballard et al. 1994; Ballard 1996). Minimum, maxi-
mum, and average values of the uncertainty data associ-
ated with the pump tests are shown in Table 2.

Conclusions

The in situ permeable flow sensor is easy to use and
relatively inexpensive. The velocity magnitude and
direction of ground water flow are measured directly at
a single point (one cubic meter) within the aquifer.
Knowledge of hydraulic conductivity and aquifer

stratigraphy is not required and results are available
immediately and continuously after installation, warm-
up. and calibration are completed.

Flow vectors measured using piezometric and flow
sensor data correlated well. The azimuths obtained
from both methods predicted the approximate position
of the pumping well at both flow sensor locations accu-
rately. Ground water velocities measured by the flow
sensors compared favorably to a range of velocities cal-
culated in piezometric analyses using saturated
hydraulic conductivity values from slug tests and pump
tests. The flow sensor’s dependence upon thermal phe-
nomena in its operation may limit its application in situ-
ations where ground water velocities change rapidly.
This is generally not the case in most ground water
studies, but could occur where ground water flow is
influenced by pumps or streams. Preliminary tests indi-
cate the in situ permeable flow sensor to be a useful
tool in determining the direction and magnitude of
ground water flow in three dimensions.

References

Alden, A.S. 1996. Field testing of an in situ permeable flow
sensor. Master’s thesis. Dept. of Civil Engineering, Texas
A&M University, College Station. Texas.

Alden, A S., and C.L. Munster. 1997, Assessment of river-
floodplain interactions. Environniental and Engineering
Geoscience 3, no. 4: in press.

Ballard. S. 1996. The in situ permeable flow sensor: A ground
water flow velocity meter. Ground Water 34, no. 2: 231-
240.

FALL 1997 GWMR = 87




Ballard, S., G.T. Barker, and R.L. Nichols. 1996. A test of the
in situ permeable flow sensor at Savannah River. South
Carolina. Ground Water 34, no. 2: 389-396.

Ballard, S., and J. Gibson. 1995. Groundwater flow velocity
measurements in a sinkhole at the Weeks Island strategic
petroleum reserve facility, Louisiana. In Proceedings of
the Symposium on the Applications Geophysics to
Engineering and Environmental Problems, 931-935, by
Environmental and Engineering Geophysical Society.
Englewood, Colorado: EEGS.

Ballard, S., G.T. Barker, and R.L. Nichols. 1994, The in situ
permeable flow sensor: A device for measuring ground
water flow velocity. Sand93-2765. Albuquerque, New
Mexico: Sandia National Laboratories,

Ballard, S. 1994. In situ permeable flow sensors at the
Savannah River integrated demonstration: Phase II
results. SAND94-1958. Albuquerque, New Mexico:
Sandia National Laboratories.

Guthrie, M. 1986. Use of a Geo Flowmeter for the determi-
nation of ground water flow direction. Ground Water
Monitoring Review 6, no. 1: 81-86.

Kerfoot, W.B. 1988. Monitoring well construction and recom-
mended procedures for direct groundwater flow measure-
ments using a heat-pulsing flowmeter. In Ground-water
contamination: Field methods, ASTM STP 963, ed. Nina 1.
McClelland, 146-161. Philadelphia, Pennsylvania:
American Society for Testing and Materials.

Kerfoot, W.B. 1982. Comparison of 2-D and 3-D ground-
water flowmeter probes in fully-penetrating monitoring
wells. In Proceedings of the Second National Symposium on
Aquifer Restoration and Ground Water Monitoring, 264-
268, by National Water Well Association. Worthington,
Ohio: NWWA,

Kerfoot, W.B., and S.M. Skinner. 1981. Septic leachate sur-
veys for lakeside sewer needs evaluation. Journal Water
Pollution Control Federation 53, no. 12: 1717-1725.

Kerfoot, W.B. 1979. Septic system leachate surveys for rural
lake communities: A winter survey of Otter Tail Lake,
Minnesota. In Individual Onsite Wastewater Systems, 435-
470. Ann Arbor, Michigan: Ann Arbor Science.

88 = FALL 1997 GWMR

Melville, J.G., EJ. Moltz, and O. Guven. 1985. Laboratory
investigation and analysis of a ground-water flowmeter.
Ground Water 23, no. 4: 486-495,

Munster, C.L., C.C. Mathewson, and C.L. Wrobleski. 1996.
The Texas A&M University Brazos River hydrologic field
site. Environmental and Engineering Geoscience 2, no. 4:
517-530.

Wrobleski, C.L., 1996. An aquifer characterization at the
Texas A&M University Brazos River Hydrologic Field
Site, Burleson Co., Texas. Master’s thesis, Texas A&M
University, College Station, Texas.

Biographical Sketches

Andrew S. Alden is an environmental engineer with K.W,
Brown Environmental Services (501 Graham Rd., College
Station, TX 77845). He has worked on projects including
aquifer characterization using conventional and experimental
methods, assessment of ground water contamination from
landfills and petroleum exploration and distribution opera-
tions, the suitability of wetland plants in a constructed wetland,
and regulatory review under RCRA and TSCA. He received a
B.S. in mechanical engineering technology and an M.S. in civil
engineering (environmental option) from Texas A&M
University. He is registered as an engineer in training in Texas,
and is a member of the ASCE

Clyde L. Munster, PE., is an assistant professor in the
Agricultural Engineering Department at Texas A&M
University, College Station, Texas. His primary research inter-
ests are field, laboratory, and computer modeling studies of
contaminant transport through soil and ground water. Dr.
Munster received a B.S.C.E. in 1980 and an M.S.C.E. in 1981
from Virginia Tech, and a Ph.D. in agricultural engineering in
1992 from North Carolina State University.



	
	Report for 2001TX1561G: Assessing Water Quality Impacts of Nutrient Imports into an Urban Gradient




