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In many farmed areas, intensive application of agricultural chemicals and withdrawal of groundwater for
irrigation have led to water quality and supply issues. Unsaturated-zone processes, including preferential
flow, play a major role in these effects but are not well understood. In the Bogue Phalia basin, an intensely
agricultural area in the Delta region of northwestern Mississippi, the fine-textured soils often exhibit sur-
face ponding and runoff after irrigation and rainfall as well as extensive surface cracking during pro-
longed dry periods. Fields are typically land-formed to promote surface flow into drainage ditches and
streams that feed into larger river ecosystems. Downward flow of water below the root zone is consid-
ered minimal; regional groundwater models predict only 5% or less of precipitation recharges the heavily
used alluvial aquifer. In this study transport mechanisms within and below the root zone of a fallow soy-
bean field were assessed by performing a 2-m ring infiltration test with tracers and subsurface monitor-
ing instruments. Seven months after tracer application, 48 continuous cores were collected for tracer
extraction to define the extent of water movement and quantify preferential flow using a mass-balance
approach. Vertical water movement was rapid below the pond indicating the importance of vertical pref-
erential flow paths in the shallow unsaturated zone, especially to depths where agricultural disturbance
occurs. Lateral flow of water at shallow depths was extensive and spatially non-uniform, reaching up to
10 m from the pond within 2 months. Within 1 month, the wetting front reached a textural boundary at
4-5 m between the fine-textured soil and sandy alluvium, now a potential capillary barrier which, prior
to extensive irrigation withdrawals, was below the water table. Within 10 weeks, tracer was detectable at
the water table which is presently about 12 m below land surface. Results indicate that 43% of percolation
may be through preferential flow paths and that any water breaking through the capillary barrier (as
potential recharge) likely does so in fingers which are difficult to detect with coring methods. In other
areas where water levels have declined and soils have similar properties, the potential for transport of
agricultural chemicals to the aquifer may be greater than previously assumed.

Published by Elsevier B.V.

1. Introduction

includes intensive row-crop production (Kleiss et al., 2000).
Agricultural practices include land-forming to enhance the flow

Agricultural practices can impact water quality and water sup-
ply by affecting amounts and timing of surface water runoff and
groundwater recharge. Irrigation withdrawals have resulted in
declining water tables in prolific agricultural areas of the US and
around the world (McGuire, 2007; Pimentael et al., 2004; Liu
et al., 2001). This potentially has profound effects on the hydrologic
influence of the unsaturated zone, particularly in terms of recharge
and transport of agricultural chemicals. The Mississippi River
Valley alluvial aquifer (hereafter referred to as the alluvial aquifer)
underlies the Mississippi embayment, much of which (62-90%)

* Corresponding author. Tel.: +1 650 329 4551; fax: +1 650 329 4538.
E-mail address: kperkins@usgs.gov (K.S. Perkins).

0022-1694/$ - see front matter Published by Elsevier B.V.
doi:10.1016/j.jhydrol.2010.09.009

of excess surface water to nearby ditches and streams, and the
application of agricultural chemicals. Standing water in fields is
common after precipitation as is cracking of the soil surface during
prolonged dry periods. It is commonly assumed that the soils have
low permeability and infiltration capacity, the effect of which is to
minimize percolation below the root zone.

In the Bogue Phalia Basin in northwestern Mississippi (Fig. 1),
groundwater withdrawals, primarily for irrigation, have lowered
the water table by as much as 10 m. In the central part of the Delta,
studies have shown rates of decline of about 0.6 m/y (Crawford,
1990; Sumner and Wasson, 1984; Darden, 1983). The transition
from forest to agricultural land was generally accompanied by
the use of surface water for irrigation. This practice was discontin-
ued in the early to mid-1990s as stream flows began diminishing.
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Fig. 1. Map of the extent of the Mississippi Valley Alluvial Aquifer and the experimental site within the Bogue Phalia Basin.

The transition to groundwater use initially reduced the apparent
depletion of surface water; however as withdrawals continued
and the water table was lowered, stream flows began diminishing
again.

Regional groundwater modeling studies by Arthur (2001),
which include the Bogue Phalia basin, have suggested that less
than 5% of precipitation becomes recharge. Sediment-yield studies
conducted within the Delta (Fig. 1) in two watersheds over a 5 year
period concluded that precipitation is partitioned about equally
into infiltration and runoff (Murphree and Mutchler, 1981). By a
simple calculation done for the study presented here, assuming
that all of the infiltration is evapotranspired when crops are pres-
ent and 75% during periods of no canopy, about 12% of the total an-
nual precipitation becomes recharge. By the same analysis, a
similar study by Rebich and Knight (2001) suggests that about
12% of precipitation becomes recharge. Tyner et al. (2006) identi-
fied long-term preferential flow in field-scale experiments in Ten-
nessee, just north of the Mississippi-Tennessee border, over a 3
year period using a conservative tracer and a mass-balance ap-
proach. They estimated that 58% of recharge was due to preferen-
tial flow based on bromide losses with values as high as 83% at
some locations within the study plot.

While unsaturated flow can occur both through preferential
paths and diffusely through the collective pore space of the matrix,
the fastest flow will likely occur by preferential flow. The preferen-
tial flow definition adopted for this study is water that bypasses a
portion of the soil matrix resulting in shorter travel times from the
surface to the water table of some fraction of the applied water
(Flury et al., 1994). The fastest flow occurring in a hydrologic sys-
tem can have considerable practical importance, in the context of
minimum travel times, if this fast flow transports contaminants
in the subsurface. Several studies using bromide tracers in compa-
rable environments have demonstrated the importance of prefer-
ential flow through relatively fine-textured agricultural soils
(Tyner et al., 2006; Kohne and Gerke, 2005; Jaynes et al., 2001;
Yoder, 2001; Iragavarapu et al., 1998). Preferential flow decreases
the opportunity for sorption and degradation, which serve as nat-
ural remediation mechanisms in soils, by transmitting water
quickly to depths where these processes are typically much less
effective (Malone et al., 2004; Ray et al., 2004).

The main objective of the study was to provide a better under-
standing of the fate of infiltrated water, in particular flow through
the unsaturated zone, which has implications for the transport of
agricultural chemicals to surface and groundwater. This study
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aimed to: (1) ascertain the fate of water applied during a ponded
infiltration test by monitoring soil water and solute movement
over a 7 months period, (2) quantify the preferential flow
component of infiltration by extracting soil water after a period
of 7 months and conducting a mass balance, and (3) examine the
possible changes in unsaturated zone hydrology as a result of
extensive groundwater withdrawals.

2. Site description

The Bogue Phalia basin (Fig. 1), which receives about 130 cm of
precipitation annually (Arthur, 2001), is intensively row-cropped
with soybeans, corn, cotton, and sorghum as well as some aquacul-
ture (rice and catfish). The study area was in a 1.5-acre, non-irri-
gated soybean field located centrally in the Bogue Phalia basin
(Fig. 1) near Cleveland, MS. The unsaturated zone consists of a thin,
agriculturally disturbed layer in the upper 0.5 m underlain by 4-
5 m of subsoil. At a depth of 4-5 m there is a transition to the allu-
vial sand unit that hosts the aquifer. The primary surficial soil of
the region is the Sharkey Series, which is classified as a very-fine,
smectitic, thermic Chromic Epiaquert (Natural Resources Conser-
vation Service, 2009); however, measured particle-size distribu-
tions show that the soil at and near the study site are silt loam
textured, having less clay and more silt than is typical for this soil
series. The field is framed by a shallow ditch on the south, a gravel
road on the east, residences on the north, and residences and agri-
cultural storage warehouses on the west. The infiltration ring for
this field experiment was situated in the southeast corner of the
field, with associated instrumentation arranged radially from the
ring about 4 m north, east, and west, and about 15 m south to-
wards the ditch (Fig. 2). During the installation of the equipment
and the infiltration experiment, the field was fallow. Four months
after the experiment soybeans were planted, grew around the
experiment at a distance of about 7 m, and were harvested a few
weeks before the instrumentation was removed.

The soybean field used in this study has been managed in a con-
sistent manner since 1997. During this time, the field has only been
planted in soybeans, and has not been irrigated, tilled, or land-
formed. The field was not irrigated and glyphosate has been ap-
plied as needed, generally three times yearly by a spraying from
a ground rig. The landowner reported that 1.5 pints of basic gly-
phosate was applied to the field before planting in early March,
shortly after planting in mid-April, and before cultivating in mid-
May.

3. Methods
3.1. Preliminary site evaluation

A field method designed to rapidly measure field-saturated
hydraulic conductivity (Kz) of soils was used at 42 locations in
the Bogue Phalia basin, some of which were near the 2-m ring infil-
tration site. The sites were chosen based on accessibility and varied
in degree of cracking and initial water content. These tests were
performed before the 2-m ring infiltration test to assess spatial
variability and to guide site selection for the larger-scale infiltra-
tion test. The technique uses a portable falling-head, small-diame-
ter, single-ring infiltrometer and an analytical formula for K that
compensates both for the falling head and for subsurface radial
spreading (Nimmo et al., 2009). The infiltrometer, about 28 cm in
diameter, was inserted into the ground to a depth of 5-8 cm.
Where surface cracking was evident, numerous crack-depth mea-
surements were made and an average value calculated. These tests
provided insight in to the spatial and temporal variability of infil-
tration processes.
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Fig. 2. Map view of the instrumentation layout at the experimental site.

3.2. Field experiment

A constant-head ponded infiltration test was conducted in
November 2007 with continued subsurface monitoring and sam-
pling through June 2008 with aquifer monitoring continuing until
November 2008. A 2-m diameter metal ring was inserted about
5 cm into the soil and sealed around the edges with bentonite to
prevent leakage. Tracer-laden water (a total of 1.1 m, 3.45 m> in
total volume) was added to the ring where the head was held
constant near 12 cm for 48 h by means of an automated head-
maintaining and data logging device. Once the water supply was
shut off, the head dropped for an additional 21 h until the pond
was empty. Tracers included rhodamine WT at a nominal concen-
tration of 2.68 kg/m?, which, due to sorption, served mainly as a vi-
sual marker to guide the collection of samples, and calcium
bromide at a nominal concentration of 2.37 kg/m>. Subsurface
instruments included time domain reflectometry (TDR) probes to
measure water content (0), tensiometers to measure matric pres-
sure (), suction lysimeters to obtain samples for measuring tracer
concentrations, and piezometers to sample for tracer in the
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saturated-zone and to monitor groundwater water levels with
pressure transducers. The water content probes used were Camp-
bell Scientific model CS616 water content reflectometers, which
were logged once per minute during the first 2 weeks, then every
15 min throughout the rest of the monitoring period. The tensiom-
eters were installed using a coring tool slightly smaller in diameter
than the tensiometer body and porous cup to ensure good contact
with the soil and avoid annular flow. The tensiometer data collec-
tion scheme was the same as for the TDR probes. The lysimeters
were installed with the porous cups dry, suctions of 15-20 psi
were applied during samplings. Precipitation data were collected
2.4 km from the site. Subsurface instruments were installed in a ra-
dial pattern (Fig. 2). Lysimeters and piezometers were sampled
immediately prior to the tracer test to obtain background (native)
bromide concentrations. Subsurface probes were logged once per
minute. Tracer samples were taken from most lysimeters every
20 min to 2 h for the first 48 h (with the most frequent samplings
being closest to the pond), two to three times daily over the follow-
ing week, and monthly over the following 7 months. The piezome-
ters were sampled daily for the first week, every other month for
5 months, and less frequently through the rest of the year. Samples
from the lysimeters and piezometers were analyzed for bromide
concentrations using ion chromatography. After 7 months, 48 con-
tinuous soil cores were collected (using a Geoprobe, sample diam-
eter of 5 cm) for bromide extraction and analysis: 35 cores to 1-m
depth, 10 cores to 5-m depth, 2 cores to 8-m depth, and 1 core di-
rectly below the pond to the water table at 12-m depth (Fig. 3).
Bromide was extracted from the soil cores using a 10:1 water to
dry sediment mixture in order to calculate a mass balance (McMa-
hon et al., 2003).

3.3. Bromide mass calculations

The mass of bromide in the unsaturated zone was computed
based on measured concentrations in cells of a 3-dimensional grid
imposed on the study area. The mass of bromide in the unsaturated
zone, for this study, indicated the mass transported by matrix flow.
The difference between that amount and the amount applied to
land surface indicated the mass transported by preferential flow.
The fraction of infiltrating water that is transported by preferential
flow (Ir) was calculated by the tracer budget method of Tyner
et al. (2006). Then the preferential flow fraction is defined as

Ipref _ Bappéied - Bsoil (l)
applied
where Bgppiieq is the mass of the applied bromide and By, is the total
mass of the bromide residing within the volume accessible by dif-
fuse transport. With the experimental site fallow during the study
period and the infiltration confined within the 2-m ring, a simplified
mass balance could be used to infer preferential flow. The simplifi-
cations in the computation included neglecting plant uptake of bro-
mide, plant degradation and soil re-entry of bromide, and loss of
bromide in surface runoff which were perceived as unimportant
in the particular study due to the controlled field conditions.
Bromide was extracted from three depths within the upper 1 m
of soil, and every meter from 1 m depth down to the water table.
For estimating Bs,; from measurements on individual cores, the
data from the upper 1 m were of sufficient resolution (93 cores
representing a volume of 11.1 m?) to create contoured volumes
from which bromide mass residing in the upper 1 m of soil was cal-
culated. Because the soil core sampling did not establish the max-
imum lateral extent of diffuse transport in the south and west
directions, estimates were based on a maximum possible travel
distance of 13 m, which is farther than the tracer was detected in
the lysimeter most distant from the pond. For the bromide mass
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Fig. 3. Map view of continuous core retrieval locations for bromide extraction.

calculation below 1 m depth, data were available from the south
transect only (Fig. 3); therefore a specific geometry based on sam-
ple location and measured concentrations was assumed to calcu-
late bromide mass. The measured bromide concentrations were
assigned to discrete volumes of soil; concentric doughnut shapes
of 1-m thickness.

To interpret the mass balance estimation of the preferential
fraction of flow, bromide concentrations in aquifer water were
used to back-calculate the mass of bromide entering the aquifer
from the unsaturated zone between sampling events. This was
done using several scenarios represented by different effective vol-
umes of aquifer water that were assumed to dilute the tracer that
entered the aquifer. Various dilution scenarios were tested as the
effected volume was unknown; volumes selected included a 2-m
radius x 1-m thick, a 2-m radius x 2-m thick, a 4-m radius x 2-m
thick, and an 8-m radius x 4-m thick cylinder near the top of the
aquifer fed by tracer from the unsaturated zone (Fig. 4). The tracer
distribution was assumed to be spatially uniform within that vol-
ume even though the amount and frequency of tracer leakage to
the aquifer was unknown, and very likely could be random due
to complex unsaturated-zone processes.

For each aquifer cylinder scenario, the volume of water in each
cylinder was calculated by multiplying the volume of the cylinder
by an assumed porosity. The estimated tracer mass was calculated
by multiplying the average piezometer sample concentrations cal-
culated for each month by the volume of water computed for each
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Fig. 4. Depiction of geometry for aquifer cylinder dilution scenarios.

cylinder. The result then is the estimated tracer mass that would
reach the aquifer to cause the measured piezometer detection.
The aquifer flow rate (0.05 m/day), which was required to deter-
mine movement of tracer away from the designated hypothesized
volume over time, was calculated using the known local gradient
as determined from piezometer water levels (0.025) and the
hydraulic conductivity of the aquifer material. The hydraulic con-
ductivity value was 1.9 m/day based on particle size analysis re-
sults and from shallow, single-well aquifer tests (Rose, 2007).

The key assumption of the study is that at the time of soil core
sampling, tracer transported by preferential flow has moved fur-
ther from the point of infiltration than would be possible by diffuse
(nonpreferential) modes of transport. This requires the core sam-
pling to be extensive enough to include the farthest reaches of dif-
fusely transported tracer, and detailed enough that it supports an
estimation of tracer mass throughout the volume affected by dif-
fuse flow.

4. Results
4.1. Hydraulics

For the first 38 min of the constant-head period, the infiltration
rate within the pond was 5.6 x 107> m/s thereafter remaining stea-
dy at 5.2 x 10" m/s (Fig. 5). The high initial infiltration rate is
caused in part by the low initial saturation state of the shallow soil
and filling of shrink-swell cracks and other large macropores be-
neath the pond. Shallow subsurface transport speeds as inferred
from TDR probes and tracer arrivals beneath the pond were highly
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Fig. 5. Plot of cumulative infiltration with respect to time. Small deviations from
the overall linear nature of the curve are an artifact of the effort to maintain a
constant head during the infiltration test.

variable both vertically and laterally, indicative of non-uniform
flow (Fig. 6). Because they were logged once per minute, the TDR
probe readings more precisely indicated minimum travel time
than the lysimeters which were sampled at approximately
45-min to 2-h intervals. In Fig. 6, horizontal bars are shown for
each lysimeter to indicate a range of possible values as the tracer
arrived at some time between the two samplings. Within 1 month,
all instruments down to 60-cm depth had detections (either tracer
or water content change), as well as most (70%) instruments down
to 120-cm depth. There were no detections at 2.5-m depth; how-
ever there was one detection at 5-m depth, 2 m away from the
pond in the northeast direction. Within 2 months, all samplers
had detections except for the 1-m deep lysimeter 13 m from the
pond in the south direction. Bromide was detected in the aquifer
12 m below land surface after 10 weeks. Because bromide was de-
tected at relatively low concentrations, background values were
considered in determining the validity of the detections. Back-
ground bromide concentrations averaged 3 x 10~* kg/m> with a
standard deviation of 9 x 107> kg/m>. Detections considered to
be significant were those that were more than three standard devi-
ations above the mean background value (Fig. 7). Of additional
importance was the observation of very shallow lateral flow, which
may be enhanced by effects of agricultural disturbance near the
surface (planting, cultivating, and disking). The soil became wet
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Fig. 6. Plot of minimum travel time of water indicated by TDR probes (diamonds)
and suction lysimeters. Lines are shown for each lysimeter to indicate a range of
possible values as the tracer arrived at some time between the two samplings. The
vertical lines indicate the average and range of values predicted by the Nimmo SRPF
model for a continuous water source.
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Fig. 7. Bromide concentrations for the aquifer samples showing first arrival after
10 weeks. Piezometer 3 (PZ3) was destroyed following the April 2008 sampling.

at the surface as far as 3-4 m from the pond due to flow in the shal-
low subsurface which wetted the dry soil above by capillarity.

During the period of study, 79.4 cm of precipitation was mea-
sured at the rain gage located 2.4 km from the site.

4.2. Tracer distribution in the unsaturated zone

Bromide concentrations from core extractions were used to
evaluate the extent of transport and calculate the mass of bromide
remaining in the unsaturated zone 7 months after the infiltration
experiment. Data density was sufficient in the upper 1 m (93 sam-
ples total from three depths down to 1 m) of soil to create volume
contours useful for mass calculations (Fig. 8). The concentrations
were calculated using basic volume formulas approximating the
basic shape of each contour (cylinder, cube, etc.), each 33-cm thick
(Table 1). All calculations below 1 m assumed 10 m maximum
diameter radial symmetry (Fig. 9) based data from the south tran-
sect (Fig. 3). Tracer was not detected in any core samples below
4.5 m; however, integration of the tracer data was extended down
to the water table in order to assess the effect of tracer being pres-
ent but undetected by the point measurements; the additional
mass was found to be negligible (about 30 g total). The calculation
of mass below 1 m used measured concentration values assigned
to uniform volumes around the measurement points. Table 2 lists
the calculated mass of bromide from 1 to 5 m depth. The analysis
provides possible values for preferential infiltration.

The sampling domain was bounded by zero bromide concentra-
tion values in the horizontal and vertical directions; therefore, it
could be assumed that all of the mass within the unsaturated zone
was within the sampling domain, although this may not be the
case. The textural boundary between the silt loam and sand at
4-5m likely acts as a capillary barrier, and may cause fingering,
as demonstrated by Glass et al. (1989), or other types of preferen-
tial flow below 5 m. If finger flow occurred through the sand layer
to the water table it would be very difficult to detect using point
measurements. Therefore, it is unlikely that all of the tracer mass
in the sampling domain is accounted for. Deeks et al. (2008) found,
with point samplers, that only 2 of 20 samplers happened to be
located in preferential flow paths. For these reasons, conservative
assumptions that would tend to underestimate preferential flow
contributions were examined.

Calculations based on contour plots result in an estimated
2.2 kg of bromide residing in the upper 1 m of soil (Table 1). Con-
tour lines are dashed where uncertain (Fig. 8). Extending the
dashed contours outward as much as 13 m from the pond resulted

0-33 cm 8 .

. ; <N

Bromide Conc.
(kg bromide/kg soil)
[ >0-0.001

[] 0.001-0.01

[ 0.01-0.03

[ 0.03-0.06

[ 0.06-0.10

°

Fig. 8. Bromide concentration contours from the June core sampling for the upper
1 m of soil used in the mass balance calculations. The white ring represents position
of the infiltration pond.

Table 1
Bromide mass (kg) calculated for three layers in the upper 1 m of soil based on data
from 93 core samples.

Concentration (kg bromide/kg soil) Bromide mass (kg) for each depth range

0-33cm 33-66 cm 66-100 cm

>0-0.001 0.01 0.03 0.01
0.001-0.01 0.14 0.05 0.06
0.01-0.03 0.04 0.16 0.08
0.03-0.06 0.19 0.30 0.23
0.06-0.10 0.29 0.47 0.16
Total mass for each depth range 0.66 1.00 0.55
Total mass in upper 1 m of soil 2.22

in little change in mass because the concentrations are so low at
these distances from the pond. About 75% of the mass in the upper
1m of soil is within the two highest concentration contours
shown, which are within a few meters of the pond. The mass in
the upper 1 m (2.2 kg) was added to the mass calculated below
1 m (2.3 kg, Table 2) and then subtracted from the total amount
applied (8.0 kg) to estimate the mass of bromide likely carried by
preferential flow beyond the range of sampling. The calculated
amount of tracer transported by preferential flow is 43% of the to-
tal flow. Bromide is considered a conservative tracer, but if a sub-
stantial amount of bromide was absorbed, this estimate of mass
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detected below 5 m.

Table 2

Bromide mass (kg) calculated for four layers from 1 to 5 m depth based on data from the south sampling transect.

Doughnut lateral dimensions (m, where 0 is center of pond)

Doughnut thickness

1-2m 2-3m 3-4m 4-5m

0-0.75 1.81 x 107" 430 x 1072 3.57 x 1072 3.96 x 107
0.75-1.75 1.52 x 1072 1.18 x 107 6.59 x 107 0.0
1.75-2.25 1.61 x 1072 1.08 x 1072 1.09 x 1072 0.0
2.25-3.50 1.19 242 x 107 5.04 x 107! 0.0
3.50-5.00 330 x 1072 0.0 0.0 0.0
Total mass for each depth range 1.44 3.08 x 107" 5.57 x 107" 3.96 x 107
Total mass from 1 to 5 m 2.30

transported by preferential flow would represent an upper limit of

the preferential transport fraction.

4.3. Tracer mass in the saturated zone

The piezometer concentration data were used to estimate the
amount of tracer moving from the unsaturated zone to the water
table in an attempt to reconcile the bromide unaccounted for in
the unsaturated-zone mass balance computation. The time range
of the tracer mass reaching the water table was known from the
piezometer detections, which were interpolated linearly for the
months where no data were available due to the limited availabil-
ity of sampling personnel (Fig. 10). Table 3 lists the monthly bro-
mide concentrations and masses associated with various cylinder
dimensions (Fig. 5). The flow rate for the aquifer, 0.05 m/d, implies
that for a 2-m diameter cylinder the mass would move out of the
zone of tracer addition within 43 days. For a 4-m and 8-m diameter
cylinder the times are 86 and 172 days, respectively. Assuming
each discrete sampling event represents a monthly pulse of tracer
(i.e. using the conservative assumption that all tracer moves out of
the area of input within a month), the total mass of bromide added
to the aquifer from the first detection through the June core sam-
pling ranges from 0.005 to 0.042 kg (Table 3). From June through
the final sample in November, an additional 0.006-0.049 kg
reached the aquifer (Table 3).

1.0E-02 ¢

1.0E-03 ¢

W

& Measured
< Interpolated

Bromide Concentration (kg/m?3)

1.0E-04 T

A S O N D

Fig. 10. Bromide concentrations in the alluvial aquifer. Data for the three
peizometers were averaged and linearly interpolated between measured points.

4.4. Spatial Variability in the shallow subsurface

The initial small-scale infiltrometer tests were conducted from
July 2007 through December 2007. Forty-two tests were com-
pleted under a variety of conditions at five field sites, under two
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Table 3

Bromide mass reaching the aquifer assuming various cylinder sizes (diameter x height). Asterisks indicate interpolated concentration values.

Month (precipitation)

Bromide mass (kg) for each cylinder scenario

Concentration (kg/m?) 2x1m 2x2m 4x2m 8 x4m

January (20.1 cm) 7.00 x 10~ 8.30 x 10 1.65 x 107% 6.59 x 107% 5.28 x 10~
Februarysx (0.0 cm) 6.50 x 107%4 7.70 x 107% 1.53 x 1079 6.12 x 107 4,90 x 1072
March (21.3 cm) 6.00 x 10-% 7.10 x 107% 1.42 x 107% 5.65 x 107% 452 x 107
April (12.5 cm) 7.50 x 10-% 8.90 x 107% 1.77 x 107% 7.07 x 107% 5.65 x 1072
May (0.0 cm) 8.40 x 107% 9.90 x 107% 1.98 x 1079 7.89 x 10793 6.31 x 10792
Junex (26.5 cm) 930 x 107% 1.09 x 107% 218 x 107% 8.71 x 107* 6.97 x 107
July= (6.9 cm) 1.01 x 107% 119 x 107% 2.39 x 107% 9.54 x 107% 7.63 x 1072
August (13.5 cm) 1.10 x 1079 130 x 1073 2.60 x 10793 1.04 x 10792 8.29 x 10792
Septembers (0.0 cm) 117 x 107% 1.26 x 107 252 x 107 1.01 x 10792 8.04 x 1072
Octoberx (0.0 cm) 1.03 x 107% 1.22 x 1079 2.44 % 107% 9.73 x 107% 7.79 x 107
November (27.0 cm) 1.00 x 1079 118 x 107 2.36 x 10°% 9.42 x 10°% 7.54 x 10~
Total mass added through June (kg) 527 x 1079 527 x 1079 1.05 x 10792 420 x 10792
Total mass added June-November (kg) 6.15 x 107 6.15 x 107 1.23 x 1079 491 x 107

crop types, and different agricultural management practices. The 1.0E+00

measured K values varied over more than four orders of magni- B Pace-|

tude, from 1.6 x 107! to 9.3 x 10~® cm/s. The Kfs values vary over @ Pace-NI

time, and the range in measured values is influenced by agricul- 1.0E-01

tural management practices, antecedent soil moisture conditions,

and spatial soil heterogeneity.
Table 4 gives the average of hydraulic conductivity measure-

ments made with infiltrometers for each field site and illustrates @ 1.0E-02 4

how the differences in agricultural management practices can af- 5

fect the infiltration capacity. For example, Pace-I and Pace-NI sites ]

are within 1.6 km of each other and are both soybean fields; how- < 1.0E-03 1

ever, Pace-l is irrigated and Pace-NI is not. Infiltrometer tests were

done during the same seasons, yet the average K for all tests run

at Pace-NI is higher (1.9 x 1072 cmy/s) than the average of Kj; for all

tests run at Pace-1 (4.7 x 10~* cm/s). Without irrigation to keep the 1.08-041

soil moist, the Pace-NI site probably developed more substantial

macropores, as shrinkage cracks, than Pace-I site. Multiple tests

were conducted on the Pace-NI field on four separate occasions: 1.0E-05 -

early September, mid-September, early October, and mid-Decem-
ber. The K values were averaged by date (Fig. 11). The early Sep-
tember tests were conducted soon after harvest and disking.
Because lateral flow throughout the disked layer is probable, the
September average K at the Pace-NI site was higher than at any
other time (4.3 x 10~ cm/s). This higher Kj also may be attributed,
in part, to the presence of larger or more numerous macropores
within the disked layer compared to those at the Pace-I site due
to lack of irrigation, which would limit swelling potential. In
mid-September, when surface soil cracks were 1.3 cm deep on
average, the average infiltration capacity was 5.6 x 103 cm/s. This
was lower than in early September 2007. This change of K, likely is
caused by the settling of surface soil after disking. By mid-Decem-
ber, the average Kj; of the field was lower than in mid-September,
at 5.4 x 10~* cm/s, despite 0.3 cm cracks at the surface; the pro-
longed wet conditions of the winter season likely contributed to
the reduction of macropores at and near the soil surface.

Table 4

Jul-07  Aug-07 Sep-07 Oct-07 Nov-07 Dec-07
Date

Fig. 11. Saturated hydraulic conductivity values averaged for each measurement
date.

5. Discussion

Evidence for preferential flow includes the variability of mini-
mum travel times below the pond (Fig. 6), detection of bromide
at depths of 5 m prior to detection at 2 m, spatially variable bro-
mide concentrations below 1 m (Fig. 9), and piezometer detections
of bromide in groundwater with no detections in the unsaturated
zone below 5m depth (Fig. 7). For comparison, the Nimmo
(2007) Source-Responsive Preferential-Flow (SRPF) travel-time
model was used to estimate minimum travel time from the land
surface to the aquifer. As the dominant influence on travel times,

Average initial K, field conditions, and precipitation data for small-scale infiltrometer tests in Pace, MS.

Field site Date Average Kg/standard deviation (cm/s) Field condition Precipitation since last test (cm)
Pace-I 07/10/07 6.8 x 10741.1 x 1073 Before harvest -

Pace-I 09/05/07 1.5 % 107%/5.1 x 107> Before harvest 0.3

Pace-I 10/10/07 6.4 x1075/7.4 x 107° Harvest and disk 10/4; not smoothed 7.1

Pace-NI 09/05/07 43 x107%/53 x 1072 After harvest and disking -

Pace-NI 09/18/07 5.6 x 1073/4.2 x 1074 1.3 cm cracks at surface 53

Pace-NI 10/04/07 5.4 x1073/4.1 x 1073 No information 1.8

Pace-NI 12/18/07 54 x107%/5.7 x 1074 0.3 cm cracks at Surface 12.7
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this model emphasizes the temporal nature of water supply that
drives flow along preferential paths. With the assumption that
preferential flow is the dominant mode of travel, the model can
provide an order-of-magnitude estimate of the fastest travel times.
The model makes a strong distinction between cases where this
water supply is (1) continuous, as is common in Mississippi rice
fields, irrigation ditches, and areas of persistent standing water;
and (2) intermittent, such as immediate infiltration of rainfall. A
simple formula is applied for continuous cases, and a modified ver-
sion of that formula to intermittent cases. The value of this ap-
proach is supported by collective evaluation of numerous case
studies (Nimmo, 2007), in which fastest travel times correlate
strongly with the nature of the water supply but not with the par-
ticular earth materials involved.

Two possible flow scenarios for the Mississippi soil were exam-
ined by applying the SRPF model. In one scenario, if preferential
flow was vertical all the way to the water table driven solely by
water infiltrated during the experiment, the maximum velocity
predicted by the SRPF model is 1 day. This rate is much faster than
the bromide tracer was detected in any of the deep lysimeters or
piezometers. It is, however, consistent with the timing of the shal-
low tracer detections suggesting that such flow was driven solely
by the infiltration event (Fig. 6). The second, and seemingly more
realistic scenario in terms of water flow to the aquifer, considers
that some of the infiltration is not vertically downward, but ini-
tially spreads laterally (as observed) and subsequently driven
downward to the water table in response to intermittent precipita-
tion (79.4 cm of precipitation fell during the period of study) with
start-and-stop preferential flow. In this scenario, the model pre-
dicts a travel time of about 6 months. This rate is 2.4 times slower
than travel times of the measured detections of bromide at the
water table, but within the model’s factor-of-10 expectation of
accuracy. This analysis suggests that most recharge to the aquifer
does not move through the unsaturated zone on the timescale of
individual infiltration events but rather as the collective result of
infiltration over a few months or years.

The mass balance results along with the aquifer dilution calcu-
lations indicate that much of the tracer was still residing in the
unsaturated zone (as much as 3.5 kg of the 8.0 kg added to the sys-
tem) at the time the core samples were taken and through the end
of the monitoring period (approximately a year after the tracer
application). From the first detection of bromide in the aquifer
through the June core sampling the mass of tracer added to the
aquifer was less than 42 g. This suggests that 40-43% of the
amount of bromide mass was still residing in or in the matrix adja-
cent to preferential flow paths within the unsaturated zone after
7 months. By the last sampling in November, aquifer concentra-
tions were still rising and an additional 6-49 g of tracer may have
entered the aquifer, suggesting between 35% and 43% of the bro-
mide mass remained in the unsaturated zone, possibly within iso-
lated zones of high concentration that were underrepresented in
the core sampling.

Because the hydrology of the unsaturated zone at this site has
changed dramatically since the time forests were cleared for agri-
culture and surface and groundwater were used for irrigation, it is
critical to consider the past and present conditions to understand
the implication of a lower water table on aquifer recharge and agri-
cultural chemical transport . The observation of rapid vertical flow
and shallow lateral flow in the root zone is useful in reconstructing
past conditions. As the top 1 m of soil has undergone little change
in agricultural practices over time, it may be assumed that shallow
processes have remained stable over this relatively short time
period.

Based on the available data and observations, two conceptual
models are considered. Fig. 12a depicts a conceptual model repre-
senting the higher water table that existed until the mid-1990s be-

fore substantial declines occurred as a result of withdrawals for
irrigation and other purposes. Prior to these withdrawals, water
would have reached the aquifer rapidly, possibly causing a sub-
stantial water level rise during large storms. The water would have
been mostly diverted into irrigation ditches and streams through
lateral flow within the shallow soils, as observed during the exper-
iment, as well as near the surface of the water table with the pre-
vailing groundwater flow direction (aquifer water was discharging
to streams prior to widespread groundwater withdrawals). Fig. 12b
depicts a plausible conceptual model of unsaturated zone water
movement at the present water table depth. Detections of bromide
in the unsaturated zone and at the water table provide evidence of
preferential flow mechanisms that are important given the current
thickness of the unsaturated zone. Lateral flow occurs in the shal-
low soil layer as observed and is likely at the principal textural
boundary at the 4-5 m depth. Flow into the alluvial sand may pro-
ceed by fingering or other preferential flow mechanisms to reach
the aquifer. If the model of Fig. 12b reasonably represents actual
field conditions, there is greater potential impact on unsaturated-
zone and aquifer water quality than there was in earlier periods
when the water table was higher; subsurface water quality is more
vulnerable to degradation as less infiltration makes its way directly
to ditches or streams. Under the lower water table condition, infil-
trated water may reach the aquifer rapidly through preferential
flow paths or temporarily reside in unsaturated zone storage, as in-
ferred from the results of aquifer dilution calculations, until subse-
quent infiltration initiates movement to the aquifer.

Simplifying assumptions and measurement uncertainties in this
study impose cautions in applying its results. (1) The assumed ra-
dial symmetry of tracer distribution deviates from the actual distri-
bution. Measurements in the upper meter of soil indicate some
degree of symmetry. However, due to the availability of data in
only one direction for the deeper samples, it is not known how
much of this symmetry persists as tracer is carried deeper. This
uncertainty implies a possible over- or underestimation of mass
below 1 m depth as there might be higher or lower concentrations
existing in other radial directions. (2) The core samples represent a
very small volume relative to the volume of tracer-containing soil,
which could lead to significant over- or underestimation of the
mass of bromide remaining in the unsaturated zone. (3) For the
dilution calculations, the estimated saturated-zone flux away from
the measurement zone was based on measured bromide concen-
trations and the known local hydraulic gradient with the assump-
tion of discrete volumes of water moving away on an
approximately monthly basis. This assumption could underesti-
mate the bromide mass entering the aquifer under the more likely
scenario that bromide enters the aquifer more steadily between
calculation periods. However, the measured aquifer concentrations
are quite small and even if increased by an order of magnitude, the
mass would still only be on the order of a few hundred grams, not
enough to significantly decrease the calculated mass assumed to
reside in the unsaturated zone. (4) The random instrument error
in the bromide concentration measurements (determined from
duplicate samples) may be as much as 20%, which would also influ-
ence the calculated masses (either increasing or decreasing). All of
these factors considered, the calculated masses could be higher or
lower in the unsaturated zone and the aquifer, but the magnitude
of discrepancy would not influence the basic interpretation of the
importance of preferential flow in agricultural environments and
the probable effects of groundwater depletion.

Of additional importance is the effect of the mode of water
application on preferential flow. Several studies have found more
pronounced preferential flow under ponded conditions than under
sprinkling (Flury et al., 1994; Ghodrati and Jury, 1990); however,
another comparative study by Ghodrati and Jury (1992) showed
that the method of water application had no effect on pesticide
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Fig. 12. Conceptual models of flow through the unsaturated zone with the historic water table (a) and the current configuration of the water table (b).

transport. In this study, ponding may have activated preferential
flow paths that would not be active under natural rainfall; how-
ever, much of the water movement occurred in the days and weeks
after the experiment suggesting that rainfall subsequently drove
the tracer downward to the water table in response to intermittent
precipitation (79.4 cm of precipitation fell during the period of
study) with start-and-stop preferential flow.

The results of this study have practical implications for similar
agricultural areas. Groundwater depletion can lead to a hydrauli-
cally significant thickening of the unsaturated zone, where flow
processes are complex and highly nonlinear. This has a direct effect
on the variety of mechanisms for solute movement, some possibly
allowing faster movement, such as preferential flow, and some that
may retard movement allowing degradation of contaminants, such
as increased storage time in the unsaturated zone. Possibly altered
proportions of vertical to lateral flow may reduce the threat of sur-
face water contamination and increase the threat of agricultural
chemicals in groundwater. For the Mississippi study site, glyphos-
ate, which has an average half-life of about 50 days, is the main
contaminant of interest. Increased residence time in the unsatu-
rated zone could be a positive effect of a lower water table, allow-
ing degradation of much of the chemical mass rather than fast
travel to surface water ecosystems where aquatic organisms might
be affected. For contaminants having longer half-lives, preferential
flow may increase the likelihood of persistent contamination to
aquifer resources.

6. Conclusions

Infiltration rates from a series of small-scale infiltration tests
and with a 2-m diameter infiltration ring were higher than ex-
pected based on prevailing concepts of low regional infiltration
rates and recharge. Measured Ky values within the Bogue Phalia
basin vary more than four orders of magnitude from 1 x 10! to
9 x 107% cm/s. Hydraulic conductivity was shown to vary spatially
within an agricultural field and temporally due to soil moisture
conditions and agricultural management practices. The relatively
high infiltration rates are attributed in part to shallow lateral
spreading and preferential flow. In the 2-m ring test water move-
ment was detected below the root zone in less than an hour and
lateral flow was non-uniform and extensive at shallow depths.
There are multiple lines of evidence for preferential flow including
detection of bromide at a depth of 5 m prior to detection at 2 m,
spatially variable bromide concentrations below 1 m, and detec-
tions of bromide in the aquifer but not in the deep unsaturated
zone. Core samples were taken to calculate a mass balance, where
about 43% of the infiltrated bromide was missing from the sampled
volume, also indicative of preferential flow which is difficult to
capture in point measurements. A boundary between silt loam soil
and alluvial sand at 4-5 m depth promotes lateral flow and may
lead to fingered flow into underlying sand. Based on measured
aquifer concentrations over time, it is likely that much of the
applied bromide mass was still residing in the unsaturated zone,
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possibly in isolated flow paths, as much as a year after application.
Lowering of the water table over the past couple of decades prob-
ably has decreased the likelihood of infiltrated water being trans-
ported laterally in the shallow subsurface to nearby streams and
ditches, but may have led to deeper transport and greater quanti-
ties of agricultural chemicals reaching the aquifer and residing in
unsaturated zone storage where degradation may occur.
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