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Abstract. Electrical resistivity surveys were conducted of an unconfined fluvial
aquifer in Columbus, MS. The aquifer consists of an upper 3 m thick clayey-silt
flood plain facies containing clay and silty-clay filled channels and alower 5 m thick
braided stream facies consisting of sand and gravelly-sand. A survey conducted in
2002 imaged the aquifer in a drained state. It was re-surveyed in 2004 when
saturated. The geometry and positions of the two surveys are identical, so changesin
resistivity are a direct result of aguifer saturation. The data was inverted to produce
cross sections of resistivity in the saturated and drained aquifer. The difference in
resistivity shows that water saturation decreases resistivity in the upper flood plain
facies by 0 to 600 ohm-m, with the greatest change outside the channels in the
clayey-silt flood plain deposits. In the channels, the resistivity remains approximately
unchanged. This is attributed to the low permeability of the clay, which does not
alow water to enter the channel fill. In the braided stream facies, resistivity increases
with saturation by 0 to 1100 ohm-m. The largest increases are in the poorly sorted
gravel-bearing deposits. Channels and major lithologic boundaries are well
constrained in both the saturated and unsaturated state, indicating that resistivity
images of drained outcrops provide a reliable analog that can be used for
interpretation of data from buried, saturated aquifers.

1. Introduction

The purpose of this study isto assess the use of geophysical surveys of
drained aquifers exposed in outcrop as analogs to guide interpretation of
geophysical data collected from buried saturated aquifers. Geophysical
imaging of aguifer systems is useful because such surveys are more time and
cost efficient than collecting sediment cores and well data. Also, geophysical
surveys provide non-invasive spatial images of the aquifer, while borehole
data only provides information of the aquifer in close proximity to the well.
However, interpretation of the geophysical data can be ambiguous if clear
correlations are not established between the geophysical attributes and the
hydrological and stratigraphic properties of the aquifer. Given the usual
sparsity of core and geophysical logs, establishing such a correlation is often
problematic. As an alternative, geophysical studies of outcrops of the aquifer
strata are often used (e.g., Wolfe and Richard, 1996; Hubbard, 2000).
Outcrop studies allow direct comparison of the geophysical data to geological

! Department of Geosciences
Colorado State University
Campus Delivery 1482

Fort Collins, CO 80523-1482
Tel: (970) 412-3922

e-mail: zsandmann@aol.com

©Hydrology Days 111


mailto:zsandmann@aol.com

Koster and Harry

observations. The problem is that outcrops are drained, whereas the aquifers
are, by definition, saturated. Water content affects a variety of geophysical
attributes, including electrical resistivity and seismic and radar velocity and
reflectivity (Heigold et al., 1979; Kelly and Frohlich, 1985; Mazac et a.,
1988; Ahmed et a., 1988; Smith and Jol, 1995; Doser et al., 2004), so thereis
a need to understand the effects that water saturation has on geophysical
attributes.

This paper presents a study of an outcrop in a heterogeneous,
unconfined, and unconsolidated fluvial aquifer system exposed at the Bacco
Materias Inc. sand and gravel quarry in Columbus, Mississippi (Figure 1).
The quarry site is approximately a half mile south of the MacroDispersion
Experiment (MADE) site on Columbus Air Force Base, which has been the
target of substantial hydrological, geological, and geophysica research
(Boggs et a., 1992; Macintyre et al., 1993, Feehley et a., 2000; Julian et al.,
2001). Study of the Bacco Quarry outcrop has been used as an analog for
interpretation of geophysical data at the MADE site (Bowling, 2005).

Buttahatchee River

Columbus
Air Force Base

-y

g
o
8
o]
2
5
=

Figure 1: The study areais located adjacent to Columbus Air Force Base in Columbus,
MS, and less than 1 km south of the MacroDispersion Experiment (MADE) site.

This paper focuses on comparisons between two electrical resistivity
surveys of the outcrop. The first survey was conducted in 2002 when the
aquifer was drained due to pumping while quarry was being excavated. The
second survey was conducted in 2004 after quarrying operations had ended
and the aquifer was saturated.

2. Survey Description

The quarry pit is approximately 10 m deep and exposes the entire
aquifer stratigraphy (Figure 2). The aquifer is composed of an upper fluvial
flood plain facies composed of clayey-silt with meter scale clay and silty-clay
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filled channels and a lower braided stream facies composed predominantly of
sand and gravelly-sand. There is a terrace surface at approximately 4 m depth
that separates these facies. The terrace was identified by outcrop observation
(Bowling, 2005). The bottom of the quarry exposes a clay-rich layer
(identified as the Eutaw Formation by Boggs et al., 1992) that forms the

aquitard beneath the aquifer.
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Figure 2: A photo-mosaic of the eastern quarry pit wall taken during the first survey. The
pit is approximately 10 m deep and the wall extends for approximately 100 m along a

north-south trend. The survey lines were collected 15 m east of the pit and a core was
collected 25 from the south end of the profile. After Bowling (1995).

A 9.8 m deep sediment core, 3.81 cm in diameter, was collected
approximately 15 m east of the quarry wall, along the trend of the geophysical
survey line described in this paper (Bowling, 2005). The core was encased in
a plastic liner when collected and the ends were capped in the field to
preserve the in situ conditions of the aguifer. In the laboratory the core
resistivity was measured using a 4-point needle probe system with 5 cm
between the potential and current electrodes (Bowling, 2005). The core
sediment was then sieved a 5 cm intervals to determine the grain size
distribution in the aquifer (Figure 3).

The electrical resistivity surveys were collected along a 94 m long
profile beside a dirt roadside paralel to and 15 m east of the quarry pit wall.
Both survey lines cross the location of the core described in Figure 3. The
first survey, collected in 2002, was taken when the aquifer was pumped and
completely dry. The second survey, collected in 2004, was taken when the
water level in the quarry pit was less than 5 m below the ground surface. At
the time of the second survey there was standing water in ditches, puddles,
and other low lying topographic areas and there had been no precipitation for
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Figure 3: Grain size analysis (left) and resistivity measurements from a 3.81 cm diameter
sediment core, 9.25 m long collected at the quarry. Grain size and resistivity were measured
in 1.2 m intervals. The location of this core was 25 m from the south end of the surface
resistivity survey line. Grain sizes are: silt + clay (< 0.0625 mm), fine sand (0.0625-0.25
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mm), medium-coarse sand (0.25-2 mm), and gravel (>2 mm). After Bowling (1995).
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approximately three weeks, so the standing surface water is believed to be the
water table surface. The survey area is flat, so no topographic corrections to
the data are required.

The surveys used a Syscal Pro resistivity imaging system with 48
electrodes spaced at 2 m intervals, deployed in a Wenner-Schlumberger array.
A pine tree located near the south end of the survey line provided a fiducial
point so that the two survey lines could be co-located. The difference in
electrode placement between the two surveys is estimated to be lessthan 1 m,
which is half of the electrode spacing.

The Res2DINV software by Geotomo Software (deGroot-Hedlin and
Constable, 1990; Loke and Dahlin, 2002; www.geoel ectrical.com) was used
to invert the data to obtain subsurface resistivity images. No obvious outliers
were identified in the data, so no data filtering was conducted prior to
inversion. The inversion process calculates the subsurface resistivity values
on a 2-D cross section grid that are required to model the voltages measured
at the surface electrodes. The model grid extends horizontally the length of
the resistivity profile with grid spacing of 1 m, and vertically to 10.5 m depth
in eight layers with layer thicknesses ranging from 1 m near the surface to
1.75 m at the bottom. The inversion was terminated when the RMS
difference between the measured and modeled voltages was less than 3%.
Experimentation with different grid sizes, convergence criteria, and
regularization parameters showed that these inversion parameters were
optimal for this survey.

The 2D resistivity cross sections obtained from the inverse modeling
were subtracted from one another to create a resistivity difference cross
section. In order to verify co-location of the surveys, the gridded images were
shifted horizontally by 0 m, 2 m north, and 2 m south with respect to each
other before differencing. The shifted cross sections showed only slight
differences, indicating that misalignment of the survey lines did not bias the
results.

3. Results

The channels in the meandering stream facies and the boundary
between the meandering and braided stream facies are imaged in the surveys
of the aquifer in both the drained and saturated state (Figures 4 and 5). The
clay and silty-clay filled channels in the flood plain facies have similar
resistivity values, less than 200 ohm-m, in both surveys. Thisis attributed to
the low permeability of the channel-fill, which minimizes ground water
penetration between surveys.

In the flood plain facies, outside of the channels, resistivity in the
saturated aquifer ranges from O to 600 ohm-m less than that measured in the
drained aquifer (Figure 6). This drop in resistivity is attributed to two factors.
First, the groundwater acts as an electrolytic conductor, producing an ionic
current that reduces the bulk resistivity in the saturated soil (Telford et al.,
1990). Second, the dispersed clays in the splay deposits which compose the
upper flood plain facies are more conductive when damp, providing a solid-
phase pathway for current flow.
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Figure 4: Results of 2002 resistivity survey, when the aquifer was drained by pumping in the
adjacent quarry pit. a) Observed pseudosection. b) Modeled pseudosection. ¢) Subsurface
resistivity profile obtained from inverse model. Pseudosections plot apparent resistivity
(measured voltage divided by input current, corrected for electrode geometry) as a function of
pseudodepth (distance between current and voltage electrode pairs). This allows a direct
comparison of measured and modeled data. The subsurface resistivity profile represents the
true subsurface resistivity structure that best fits the measured voltages. Note the location of
the core described in Figure 3.
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Figure 5: Results of 2004 resistivity survey, when the aquifer was saturated. a) Observed
pseudosection. b) Calculated pseudosection. ¢) Resistivity inversion model of the second
survey line collected in 2004. See caption to Figure 3 for explanation of pseudosections.
Note the location of the core described in Figure 3.
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The resistivity in the braided stream facies is 0-1100 ohm-m higher
when saturated than when drained (Figure 6). The reason for such a large
magnitude decrease is enigmatic. The presence of meteoric water in the pore
space should either have no effect on resistivity if the water is not ionized, or
if ionized, the water should provide an electrolytic conductivity pathway that
results in a decrease in resistivity. One possible explanation for the increase
in resistivity is that the small discontinuous clay bodies in the braided stream
facies develop surface charges and act as capacitors in the electrical circuit
(e.g., develop a Nernst potential; Telford et al., 1990). The clay bodies, when
drained, would have only a minor affect on the resistivity of the facies
because they make up only a small fraction of the facies. When saturated,
they become negatively charged on the surface, inhibiting ion flow in the pore
Space.
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Figure 6: Difference in resistivity obtained by subtracting the unsaturated model (Figure 5c)
from the saturated model (Figure 4c).

4. Summary

The affects of groundwater saturation on electrical resistivity in the
unconfined fluvial aquifer studied here are strongly dependant on the
sedimentary facies. Resistivity generally decreases with water saturation in
the meandering fluvial facies, which is dominated by silt and clayey-silt flood
plain deposits. Thisis attributed to ionic currents in the pore fluid. Clay and
sility-clay filled channels within this facies show very little change in
resistivity with changing bulk-saturation of the aquifer. Thisis attributed to a
lack of groundwater penetration into these relatively impermeable deposits.
In the braided fluvial facies, resistivity generally decreases with increasing
water saturation. The cause of this is uncertain, but may be related to the
development of surface charges on saturated clays, which act as capacitors
and impede subsurface current flow.

The saturation dependence of resistivity complicates the use of
outcrop-based resistivity measurements as a quantitative tool to estimate clay
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content in similar buried (saturated) aquifers in clay-poor soils. However,
outcrop studies do provide a robust qualitative tool for identifying major
stratigraphic features on the basis of their resistivity character. In particular,
the channel boundaries and lithol ogic contacts between the major sedimentary
facies (meandering vs. braided stream deposits) are well constrained in both
the drained and saturated surveys, and the characteristic differences between
the two facies identified in the drained outcrop study can be applied to the
saturated agquifer. The braided fluvia facies has arelatively high resistivity in
comparison to the meandering fluvia facies in both the saturated and drained
aquifer, and the clay and silty-clay filled channels are easily recognized by
their extremely low resistivity in both survey lines. These observations
indicate that studies of electrical resistivity surveys of drained outcrops
provide a good basis for mapping facies in similar buried saturated aguifers,
a least those involving the types of fluvia facies studied here. However,
guantitative predictions of clay or clay + silt content (often of interest due to
it's correlation with hydraulic conductivity) on the basis of resistivity values
islessreliable.
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