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is mostly comprised of limestone, and is generally resistive compared to the overlying soil. The soil-bedrock in-
terface was determined through a trial and error approach using a sharp boundary feature in the inversion model.
The inferred bedrock surface determined from the inversions exhibited undulating patterns with troughs and
ridges. A near continuous trough ran alongside the stream within the floodplain, and is suggestive of a

gzﬂ’cfsr‘nappmg paleochannel among other interpretations of this feature. The structure of the electrical resistivity above the bed-
Soil texture rock showed small-scale elongated features. The chargeability from the IP method showed larger scale features.
Chargeability High values of chargeability were associated with the sediments in the floodplain, and low values were associated
Resistivity with bedrock, stream, and soil on the elevated banks above the stream. If the chargeability is associated with

Hyporheic zone membrane polarization characteristic of clayey soils, then IP seems to highlight the mere existence of clay,
while the resistivity may be more discernable of the relative proportion of clay. Vegetation differences may
also explain the chargeability distribution, where parts of the survey with high chargeability had dense pine

with no understory making the soils more organically rich.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Both exposed and buried lithofacies within hyporheic zones are a
significant controlling factor for mass transfer of nutrients and pollut-
ants at the groundwater-surface water interface. The hyporheic zone
acts as the bridge that links these two systems by active fluid mixing
and exchange (Anibas et al., 2016), ultimately serving as the regulator
of riverine ecosystems (Crook et al., 2008). Exchange through the
hyporheic zone spans a wide range of spatial scales, and is influenced
by stream morphology and heterogeneity (Boano et al., 2014;
Pryshlak etal,, 2015). As poignantly indicated by Ward et al. (2014), rel-
atively little is known about the distribution of hyporheic transport pro-
cesses in the subsurface. Even more recently, Clémence et al. (2017)
propounded that ‘despite many improvements in both general and
regional-scale studies, there is a lack of information of the local scale
and of precise descriptions of the mixture and movement of water
within riverbed sediments’. As evident by a large body of work, charac-
terizing the hyporheic zone is an ongoing, major, and multidisciplinary
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focus of study for many (e.g., Magliozzi et al., 2019; Ren et al., 2019;
Sherman et al.,, 2019; and the references contained therein).

Direct characterization of hyporheic sediments greater than a meter
or so is difficult due to access by heavy duty rigs needed to push or drill
for soil samples (Crook et al., 2008) and by scale limitations of the sam-
ples collected. On the other hand, many non-invasive geophysical stud-
ies have been conducted for hyporheic zone characterization. In fact,
geophysical methods often overcome the access limits based on lighter
equipment requirements and the ability to image deeply into the earth
from surface-only based measurements (Rucker, 2010). These studies
mainly focus on mapping the electrical properties of the subsurface
using ground penetrating radar (GPR) (e.g., Bianchin et al., 2011;
Mermillod-Blondin et al.,, 2015) and electromagnetics (Steelman et al.,
2017; Gaona et al., 2019). The focus on electrical and electromagnetic
methods mainly stem from the fact that many hydrogeological param-
eters important for hyporheic zone studies such as water content, tortu-
osity, porosity, and granular surface area can be related to electrical
conductivity, permittivity, and chargeability. A less popular side of geo-
physical methods for hydrogeology, seismic methods, have also been
applied to hyporheic zone studies and more broadly riparian systems
(Hsu et al., 2011; Schmandt et al., 2013; Roth et al., 2016) in order to
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help with understanding porosity and stratigraphy (McLachlan et al.,
2017).

By far, the most popular geophysical method for hyporheic studies is
the electrical resistivity imaging (ERI) or geoelectrical imaging method
(e.g., Cardenas and Markowski, 2010; Ward et al., 2010; Toran et al.,
2013). Miller et al. (2014) used ERI to image a gravel-dominated flood
plain and fines as it related to hydraulic conductivity. Crook et al.
(2008) used ERI to map structure and estimate the volume of fluvial de-
posits along streams. Time lapse ERI is also used to monitor changes in
resistivity as they may relate to tracer tests (Ward et al.,, 2010;
Clémence et al.,, 2017) or river stage (Johnson et al., 2012). A secondary
measurement of ERI, induced polarization (IP), has also been used in
hyporheic studies to map hydraulic conductivity differences in soils by
focusing on the amount and type of finely textured soils, for example
the studies by Mwakanyamale et al. (2012) and Benoit et al. (2019).
More generally, others have studied the strong link between
chargeability from IP and soil properties (e.g., Weller et al., 2015;
Nordsiek et al., 2016; Maurya et al., 2018). None of these works, how-
ever, specifically used ERI and IP to map bedrock and soil texture of a
shallow bedrock stream.

A deeper understanding of the hyporheic zone is necessary to ad-
vance our understanding of watershed function. Hyporheic water ex-
change may play an important role in contaminant fate and
transformation through processes such as sorption and desorption, pre-
cipitation and dissolution, and oxidation-reduction reactions that alter
chemical and toxicological behavior. Therefore, in this work we applied
ERI and IP to gain a deeper understanding of the hyporheic zone and
surrounding stream bank and flood plain to map bedrock architecture
and sediment soil texture along a third-order shallow limestone bed-
rock stream. The geophysical study is part of a larger effort to define
mercury (Hg) flux through the hyporheic zone along a reach of the
East Fork Poplar Creek (EFPC) near the Oak Ridge National Laboratory
(ORNL) (Brooks and Southworth, 2011). In the case of Hg, the processes
of methylation to form the potent neurotoxin monomethyl mercury
(MMHg) and demethylation of MMHg to re-generate inorganic Hg[II]
(Dong et al., 2010) are significant. Mercury methylation in the environ-
ment is mediated by several clades of anaerobic microorganisms under
anoxic conditions that occur in some hyporheic environments (Gilmour
etal, 2013).

We conducted ERI and IP geophysical surveys at a reconnaissance
scale, with 10 transects across a 250 m meandering reach of the EFPC
with the objectives of (i) identifying and delineating the unconsolidated
soils-bedrock interface, (ii) assessing variations in sediment texture,
and (iii) inferring underlying bedrock architecture. A secondary set of
analyses were conducted to test the best array to use across the survey
area, comparing the dipole-dipole array with a newer Alt3_Wenner
array (Cubbage et al., 2017). We also investigated different bedrock
picking algorithms. The overall results from all 10 lines show distinct
differences in architecture at point bars, straight runs, cut banks, and
floodplains. The work contributes to the small and growing body of re-
search characterizing the hyporheic zone with ERI and IP. Additionally,
this work is novel in terms of the type of stream, the scale at which
the geophysics was applied, the geophysical acquisition methodology,
and the unique findings.

1.1. Study area

The EFPC begins at the Y-12 National Security Complex (Y-12 NSC), a
US Department of Energy facility in the southern Appalachians of east-
ern Tennessee, USA (Fig. 1a). Itis a perennial stream with flow originat-
ing from springs, groundwater, storm water runoff, and process and
cooling water from Y-12 NSC operations (Brooks et al., 2017). The
creek flows generally westward for approximately 26 km to the conflu-
ence of Poplar Creek. Stations along the creek are designated EFKx
(which stands for East Fork, x kilometers from the stream mouth); our
specific study area was at EFK5.4 which is 5.4 km upstream from the
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confluence. In 2016, the stream flow rates at EFK5.4 varied from a late
fall base flow of 0.63 m>/s to a winter storm-derived high of 34.5 m?/s.
The average for the year was 1.45 m>/s. During the summer of 2017,
when the geophysical campaign started, flows were similar. Water con-
ductivity was 438 uS/cm and the temperature was 22C.

Mercury is the primary contaminant of concern along EFPC due to
the historic discharges at the headwaters and consequent contamina-
tion of creek sediments and floodplain soils (Brooks and Southworth,
2011). Although remedial actions over the past 25 years have signifi-
cantly decreased overall Hg releases to the environment, low levels of
Hg continue to be released, and the surface water, bed sediments,
creek banks, and floodplain soils contain high levels of residual Hg as a
consequence. Recent detailed sampling and calculations, coupled with
stable Hg isotope fractionation patterns, indicate that more than 50%
of the Hg load in EFPC originates from diffuse legacy sources of Hg out-
side of Y-12 NSC, and that interstitial pore water within the hyporheic
zone may be an important secondary source of the additional Hg load-
ing to the surface water (Demers et al., 2018; Peterson et al., 2018).

Hydrogeologically, the principal groundwater-containing forma-
tions in this area include Knox Dolomite and Chickamauga Limestone
(Loar et al., 2011). The substrate in EFPC consists predominately of a
mixture of gravels and cobbles, with outcrops of bedrock distributed
through the entire length of the stream. Fine-grained deposits line the
channel margins. Several studies over the years include some level of
sediment characterization, soil bank mapping, and spot drilling within
the hyporheic zone (Fig. 1b, c). Detailed soil texture information for
samples collected from the surface of the exposed creek bank are pro-
vided in Dickson et al. (2015, 2019). Surface sediment samples collected
at low spatial density provides some level of confirmation and context
of soil texture (Brooks et al., 2017). The few borings that exist have de-
tailed soil data associated with them, and also show where the borings
hit bedrock by refusal. The point of refusal could have been a weathered
bedrock surface, as it is unknown if the material was competent while
still showing refusal. In 2012, the four NHSB series of piezometers
were installed with a Geoprobe to refusal (2.8-2.9 m). The soil descrip-
tions for these four geological logs are very consistent among each other
with a maximum distance between any pair being 4.8 m. The water
level recorded in these piezometers was just above 230 m (above
mean sea level, amsl); the elevation of the streambed along Line 2
was measured with a GPS at 229.84 m amsl, suggesting a hydraulic gra-
dient towards the gaining stream. The most recent set of drilling, holes
D-1 through D-3, were conducted with a shallow auger rig. Drillhole D-1
was open, meaning that no refusal was met by the 3 m drill. D-3 was the
only hole that had a geological description in the driller's log (sands and
gravels).

2. Methods
2.1. Geophysical acquisition

The ERI method is conducted by passing electrical current and mea-
suring the resulting electrical field through a series of grounded elec-
trodes evenly spaced along a 2D transect (Loke et al., 2013). A
resistivity acquisition system using a computer-based switching system
controls which specific electrodes transmit or receive electrical current
or voltage (Loke et al., 2020). The acquisition system can be powered by
vehicle batteries or a generator, with a transformer that controls how
the output current is transmitted. A square wave with on and off
times, incorporating polarity reversal, is a popular means of current
transmission. In our study, we used the 8-channel SuperSting R8 (Ad-
vanced Geosciences, Inc., Austin, TX) with stainless steel electrodes
spaced 3 m apart along an 81 m transect. Through the stream, which
had widths of 6 to 14 m and upwards of 0.5 m of water, the cable was
placed at the bottom of the stream. The specific spatial arrangement of
current electrodes relative to voltage measurement electrodes is re-
ferred to as an array. The dipole-dipole array is rather popular for
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Fig. 1. Site description of the geophysical study along the East Fork Poplar Creek near Oak Ridge, TN: a) generalized site location and the stream gage at EFK5.4; b) detailed site layout of
geophysical lines of ERI/IP and soil characterization studies that have occurred over a number of years; c) lithology and soil characterization from borings and observations (from Dickson
et al., 2015; Brooks et al., 2017, and unpublished sources). Note 0. = open hole at the base of D-1 and r. = refusal in D-2, D-3, and NHSB-01.

hyporheic studies because it has a long historical context and is easy to
program in multi-channeled resistivity systems (e.g., Ward et al., 2014;
Benoit et al., 2019; Busato et al., 2019).

During resistivity measurements, the voltage is normalized to the
input current to obtain a transfer resistance, R, comprising a primary
voltage normalized by transmission current. When completed, a

transect may have hundreds to thousands of resistance measurements
depending on the number of electrodes deployed and the array type.
From the resistance and geometric factor, an apparent resistivity can
be calculated. For the IP method, the resistivity meter measures the sec-
ondary voltage decay curve after the current transmission is terminated
to produce an apparent chargeability. For the hyporheic sediments
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along the EFPC, we expect the chargeability measured with IP to be con-
trolled by clay mineral membrane polarization (Johansson et al., 2015).
Since the secondary voltage is very small compared to the primary volt-
age, an integral measure of the decay curve is calculated to extract the IP
signal (Ntarlagiannis et al., 2016). There is an initial delay of 65 millisec-
onds (ms) within our resistivity meter. To improve the accuracy of the
integration, the decay curve was parsed into six windows (or gates)
that are linearly distributed across the voltage decay time. For each of
the six windows, the equipment provides a partial chargeability value
(Florsch et al., 2011) and the final summed apparent chargeability in
the raw data file.

An automated inverse methodology, applied through numerical
models, was used to convert the measured resistance and apparent
chargeability to an estimate of the true resistivity and chargeability.
The inverse method relied on nonlinear optimization, requiring an iter-
ative procedure to march towards a solution. Its objective was to mini-
mize the difference between the modeled and measured data, using a
weighted least squares algorithm. The objective function has been up-
dated many times over the years to also include other terms, such as
smooth model constraints (i.e., a smooth model based on minimizing
the second spatial derivative of the resistivity). In our work along the
EFPC, inverse modeling was carried out for ERI and IP using
RES2DINVx64 (Loke, 2017). For a more detailed discussion of inversion
methodology, equations, and assumptions, please refer to Loke et al.
(2013).

2.2. Survey design

Given that the array type can greatly influence data quality and res-
olution, we compared the dipole-dipole array and Alt3_Wenner array
(Cubbage et al., 2017) along Line 4 (Fig. 1b) to determine which was
best for data acquisition across the entire field study. The dipole-
dipole array has its voltage measurement electrode pairs external to
the current electrode pairs. It is the array of highest overall resolution
(Loke et al., 2010), but with the lowest signal-to-noise. Historically, it
has been a popular array to use for hyporheic studies. The Alt3_Wenner
array was created as an alternative to the Wenner array, an array that
can only use one channel, by filling the remaining unused channels of
a multi-channel acquisition system with gradient array measurements.
The spatial resolution of the Wenner array is not as good as the dipole-
dipole array in the near surface, however its signal to noise is far supe-
rior and data are less noisy at depth. The resolution of the Wenner
array is greatly enhanced with the addition of the gradient array and
the total number of resistance measurements exceeds that of the
dipole-dipole array.

Both arrays were tested with 28 electrodes, creating 216 data re-
cords for the dipole-dipole array in 96 min and 543 data records for
the Alt3_Wenner in 55 min (Table 1). Both arrays have similar mea-
sured apparent resistivity and chargeability values. However, a statistic
that stands out for representing data quality is the ‘Percentage of decay
curves with a negative value’, where a negative value occurs in at least
one of the six integrated windows of the decay curve. This is one of
the parameters used to help filter noisy data from eventual inverse
modeling. Here, the Alt3_Wenner has a significantly lower number
than dipole-dipole. Seeing that the dipole-dipole array is starting from
a lower number of total measurements, the higher noise from IP
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measurements significantly reduces its data contribution to inverse
modeling.

The data for the two arrays were inverted using the robust model
constraint, based on the L1 norm, and higher dampening for the first
layer, which are common settings within RES2DINVx64. The grid struc-
ture for each array was based on the finite element method, with the
dipole-dipole array having 351 cells and the Alt3_Wenner having
1026 cells. The larger number of cells for modeling of Alt3_Wenner
data was justified by the larger number of measurements. The inversion
model results, displayed in Fig. 2, show very similar outcomes between
the two arrays, but with subtle differences. First, both sets of results
show the resistivity generally transitioning from near surface conduc-
tive material to deeper resistive material (Fig. 2a and d). The
chargeability also shows segregated higher values in the near surface
at the beginning of the line and very low values in the stream with ex-
posed bedrock (from about 42 to 55 m along the line), as shown in
Fig. 2b and e. The normalized chargeability (Fig. 2c¢ and f), where
chargeability is divided by the resistivity on a cell-by-cell basis, is also
very similar in overall character. The main difference in the resistivity
is the split in the resistive material for the dipole-dipole array at around
37 m. In addition, the edges of the high resistivity layer appear to dive
deep for dipole-dipole likely due to lower resolution for this array on
the edges. The chargeability data for the dipole-dipole array shows a
moderate vertical feature at around 55 to 60 m, which is not present
in the Alt3_Wenner array.

Based on data quality, quantity, and modeling results (including the
root mean square (RMS) error between measured and modeled resis-
tance data), we collected the remaining nine geophysical lines with
the Alt3_Wenner array (Fig. 1b). While the original work on this array
from Cubbage et al. (2017) only focused on resistivity, we believe it is
perfectly suited for chargeability as well based on the low noise statis-
tics presented in Table 1. The decay curves were less noisy with fewer
decay curves comprising a negative value and are more numerous over-
all. Lastly, the array enhances visualization of the subsurface at the
edges of the line. Normally, due to low model resolution and data sensi-
tivity in the lower corners, the model results are cut in a triangular
shape. The dipole-dipole results confirm the low sensitivity with verti-
cal contours in the lower corners. The horizontal contouring for the
Alt3_Wenner demonstrates the sensitivity of the array remains rela-
tively high with depth.

2.3. Interface picking

It is fairly common to use automated routines to find interfaces in re-
sistivity data (e.g., Nguyen et al., 2005; Hsu et al., 2010). For bedrock sys-
tems, Chambers et al. (2013, 2014) have demonstrated a number of
methods that include calculating the second derivative along the z
axis of modeled data (called the steepest gradient method, or SGM),
picking a known reasonable resistivity value that would represent the
top of the bedrock (referred to as the known interface method, or
KIM), and a c-means clustering method (or CLS). An example of KIM
is shown in the resistivity profiles of Fig. 3, where a value near 500 -
m (or log transformed resistivity value of 2.7) has a thick solid black
line to estimate the transition that likely results from unconsolidated
sediment changing to bedrock.

Table 1
Data statistics for the array comparison along the EFPC, acquisition Line 4.
Array Number of Acquisition time Avg. apparent resistivity Avg. apparent Percent of decay curves with a RMS® error at
measurements (min) (ohm-m) chargeability (ms) negative value iteration 5
Dipole-Dipole 216 96 287 447 19 35
Alt3_Wenner 543 55 285 5.69 7 1.2

2 RMS = root mean square.



D.F. Rucker, C.-H. Tsai, K.C. Carroll et al.

Journal of Applied Geophysics 188 (2021) 104306

log Resistivity (ohm-m)

Alt3 Wenner Array

StreamsEFPC) ’
. - —— —

/_\' 7,

Elevation (m)

S

Dipole-Dipole Array
Stream (EFPC)

www
& O 0o

230

Elevation (m)

225

2201 T T
0 10 20 30 40 50 60 70 80

g Stream (EFPC) O \\ [

Stream (EFPC) u !
b g

AN

50 60 70 80

Stream (EFPC)

Elevation (m)
8

0 10 20 30 40 50 60 70 80

Distance (m)

Stream (EFPC)
R, V¥

Elevation (m)

40

Distance (m)

70 80
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Elwaseif and Slater (2012) used a first derivative filter on resistivity
models called the Roberts' cross-gradient operator (Roberts, 1963).
They further used the edge detection in a two-step inversion by incor-
porating it as an initial guess and conducting a ‘disconnect’ inversion
with the location of the interface updated iteratively. The disconnected
boundary removes the smoothness constraint across the layers to allow
for sharp transition in resistivity values above and below the interface.
In RES2DINVx64, this boundary is referred to as a sharp boundary and
can be assigned a fixed value for cells above or below the boundary, or
left open for the inversion process to calculate the resistivity above
and below the boundary.

For the resistivity data collected along EFPC using the Alt3_Wenner
array, we compared the Roberts' filter of Elwaseif and Slater (2012)
and KIM interface methods. The KIM was applied by assuming the
sharp boundary coincided with log resistivity values of 2.4, 2.7, and
3.0 (Fig. 3a). The location of each threshold is shown across the profile
as a different line style. The sharp boundary inversion was conducted
using identical parameters as the no sharp boundary model (Fig. 3a),
but with a sharp boundary that assumed no values either above or
below it. Using the KIM, the model with the lowest RMS error was
that with a boundary at 2.7 (Fig. 3c). The fitted resistivity values for
the high resistivity material are uniform across the space compared to
the other models which show a larger variability in basement resistivity
values (Fig. 3b and d).

A Robert's filter, as implemented through the software Surfer
(Golden Software), was applied to the no boundary model (Fig. 3e).
Values for filtered data ranged from about —300 to over 400 Q-m/m. In-
terface threshold values of 30, 90, and 150 were chosen for
comparison. The location of each threshold is shown across the profile
as a different line style. When the contour for a particular threshold

value was not continuous across the profile or if more than one contour
was present along any lateral position, we used expert judgment to pick
the best interface location. The interface for the Roberts’ filter was sim-
ilar to KIM, but subtle differences can be seen.

The model with a threshold of 90 Q)-m/m has the lowest RMS and a
lower variability in basement resistivity (Fig. 3g) compared to the other
two models (Fig. 3f, h). The RMS is on par with the no boundary option
and with KIM using a threshold of 2.7. However, the variability below
the interface is higher with the Roberts' filter method as it appears to
have fit lower values than the overall mean value towards the end of
the line. For this reason, the KIM was used to process all the lines.

3. Results
3.1. Inversion of remaining lines

Having selected the Alt3_Wenner array and KIM methods for data
acquisition and processing, all ten lines along the EFPC underwent the
same processing procedure for inversion and iterative interface picking
to model both electrical resistivity and chargeability from the IP
method. The interface is shown as a heavy black line that separates
the upper conductive material and lower resistive material. Fig. 4
shows the results for the first five lines, which were acquired along
the straight run of EFPC. Line 5, which is closest to the stream curve
and a large cut bank on the north side, is approximately nine stream-
widths downgradient of the curve. A floodplain exists on the southern
portion of each line and a steep bank is on the north. Lines 1 and 2
were placed near a small unnamed ephemeral tributary to EFPC. The
chargeability from IP models all show very low to moderately low
values that generally range from 2 to 4 ms. Notice Line 5 is missing an
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IP model, because excessive noise in the data prevented reliable model
generation.

Similar to Lines 1 through 5, in Lines 6 through 10 the resistivity has
a fairly narrow range of values below the interface (Fig. 5). The excep-
tion is Line 7, which shows a strong vertical conductive feature at the
base of a headcut starting at about 50 m. The IP data for the bedrock
shows fairly low chargeability values with the exception of Line 9,
where chargeability is around 5.5 ms near the beginning of the line.

3.2. Geostatistical interpolation of geophysical data

The elevation of the interface from each of the electrical resistivity
lines was georeferenced, interpolated with ordinary kriging (Priya and
Dodagoudar, 2020), and contoured (Fig. 6). We used an isotropic spher-
ical variogram model with a sill of 7 and range of 65 m. Cross validation
revealed a very low RMS error between fitted and the inversion model-
inferred elevations at 0.32 m. The interface elevation map shows a cor-
relation with surface elevation as expected, where the northern bank is
higher than the southern bank from Lines 1 through 7. It transitions to
the opposite for the last three lines, where surface and interface eleva-
tion are higher. Along Line 4, however, a ridge appears that breaks an
otherwise near continuous trough across the site. There are also obvious
shortcomings in the data, evident by closed circles of low elevations in
nearly all lines, suggesting that the lines should have been placed
more closely together despite having a range greater than the mean
line separation. Nevertheless, the existing dataset provides a good initial
understanding of details of the interface.

The same geostatistical procedure was applied to the electrical re-
sistivity and chargeability, using slices at constant depths (Fig. 7). At
the shallowest depth, the electrical resistivity data show elongated
conductive features that run along either side of the EFPC (Fig. 7a).
In the middle depth, the elongated features are more isolated, but
still elongated with direction of stream flow (Fig. 7b). At the deepest
depth the elongated bodies are retained but weaker, and the influ-
ence of material below the interface at the center of the creek be-
comes apparent (Fig. 7c). We have observed bedrock in the stream
itself and perhaps one of the largest downfalls of the methodology
is not accounting for that in the upper slice. The model resolution
of electrical resistivity decreases with depth, so targets become
broader and larger in Fig. 7c.

The interpolated chargeability data shows a consistent pattern in all
three slices (Figs. 7d-7f) with significantly higher values south of the
stream below the stream curve. Upstream of the curve, the high
chargeability values are on the north bank where the land elevation is
lower than the south bank. The correlation length of the chargeability
is also larger than that of the resistivity and continuity of high values
are shown across the lines. The chargeability and resistivity data are
not perfectly correlated suggesting different processes for each data set.

4. Discussion
4.1. Bedrock architecture

Examining all of the electrical resistivity lines, we believe the inter-
face modeling is a good proxy for identifying the top of the bedrock. The
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best performing bedrock interface value using the KIM is represented
by a thick black line in each of the line's inversion model. Throughout
much of the survey lines, the bedrock interface correlates with the sur-
face topography. Unfortunately, very little ancillary evidence exists for
the accuracy of the interface, other than refusal depth in NHSB-01
through —04 which ranged in elevation from 229.5 m to 229.7 m and
D-2 and D-3 with elevations of 229.7 m and 229.5 m, respectively.
These data are shown for reference in Figs. 4 and 5. The open hole in
D-1 had a completion elevation of 229 m (Fig. 1c). NHSB-01 and
NHSB-02 are near Line 2 and the interface for this line at the borings
is above 228 m, a difference of approximately one meter. The resistivity
data shows a highly resistive feature that is roughly 3.8 m across and
0.9 m thick; the feature may be causing the refusal. Line 5 is close to
D-1 and shows the interface to be around elevation 225 m, which is
consistent with the lack of refusal during drilling. The modeled resistiv-
ity values for bedrock generally range from 2.9 to 3.1 in log scale resis-
tivity. Line 4 showed much higher values of 3.4. It is unclear, without
additional expensive bedrock drilling, if the variation in bedrock resis-
tivity is a function of model variability or if the range of values are rep-
resentations of a degree of fracturing or porosity in the limestone. In
Fig. 5, Lines 6 through 10 also exhibit narrow bedrock values, with
Line 7 having a vertical feature that could be interpreted as a fault, but
doesn't carry through to any of the adjacent lines for validation.
Generally, the bedrock has been reported as having low porosity, but
karst is possible (McMaster, 1963). The IP data for the bedrock shows

fairly low chargeability values with the exception of Line 9, where
chargeability is around 5.5 ms near the beginning of the line. Low bed-
rock chargeability values with high resistivity values implies an absence
of clay. If the limestone bedrock has appreciable porosity, fracturing, or
karst, it is likely filled with water and not clay. Additional drilling would
be needed to confirm this hypothesis.

The geostatistical interpolation of the bedrock interface reveals po-
tential unique architecture that could contribute to the difficulty in
explaining the Hg mass flux. The low bedrock elevation on the south
bank of EFPC could trap Hg during very low flow periods or push the
Hg inland during sudden stream surges if the hydraulic gradient reverses
during initial high flows. Then, during the receding flows, the gaining
reach of the stream could see a slow mass influx. This hypothesis
would need to be validated with additional piezometers, high frequency
monitoring, and detailed modeling, all of which are beyond the scope of
this paper. However, the work here in identifying the bedrock interface
would provide a reasonable starting point for model geometry.

4.2. Soil texture and hyporheic zone

Overlying the bedrock interface is a layer of soil reaching up to 6 to
8 m in thickness according to the geophysical results. The soil is thicker
south of the stream bank in the floodplain compared to the north in
Lines 1 through 7. Undulations in the interface along the south bank
causes the soil to be much thicker above troughs. Two notable troughs
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include one that is immediately south of the stream and another near
the beginning of most of the lines. The variability in the bedrock inter-
face and thickness of the overlying soil sediments illustrates the ubiqui-
tous heterogeneity of the subsurface and the need for the development
of subsurface characterization methods (e.g., Yeh et al., 2015).

The sediments are significantly more electrically conductive than
the bedrock below. Chambers et al. (2014) showed slightly different
results with conductive bedrock and resistive sediments based on
the geological makeup of the material. The sediment descriptions
for our site along EFPC mostly include loam, silty loam, silty clay
loam, clay loam, and clay, which are mostly shown in the upper ele-
vations. A few samples from NHSB-01 through NHSB-04 and D-3 list
sands and gravels at lower elevations, with gravel percentage in-
creasing with depth until refusal. The chargeability information is
one discriminator of higher clay content and Lines 1, 3, and 4 all
show high chargeability values on the order of 7 to 10 ms. The high
chargeabilities are closer to the surface, but occasionally reach bed-
rock (e.g., Line 1 near the south stream bank). On the south bank of
Line 7 is a point bar with shallow bedrock. The drilling that occurred
at D-3 (Fig. 1¢) discovered shallow sands and gravels before hitting
refusal at around an elevation of 229.5 m. This is exactly where the
resistivity model shows the interface to exist.

The stream itself is shown to be extremely low chargeability. Anec-
dotally, the creek bed has the appearance of being armored with gravel
and cobbles on top and finer grained materials in the interstices and un-
derlying the armored surface. There is also a lateral textural gradient
across the channel with accumulation of fine grained materials at the
channel margins and coarser materials near the thalweg. However,
overall the unconsolidated materials are a relatively thin veneer over
the bedrock in the creek channel proper.

One last observation is that the resistivity features in the lower two
slices of Fig. 7b and ¢ mildly resemble stream braiding, especially where
the bedrock elevation was at its lowest. However, this is one of several
possible interpretations that could include simply a unique depositional
pattern or errors in the interpolation methodology. Additional data, in-
cluding confirmatory drilling and analysis, with higher density geo-
physical surveys are needed to evaluate which of the interpretations
may be more likely.

4.3. Influences of vegetation

Another interpretation of the IP results is that the organic carbon
content may also be influencing the chargeability. There is a distinct
change in dominant vegetation in the floodplain that spatially correlates
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with the high chargeability, from a dense evergreen stand with no un-
derstory to deciduous trees and an herbaceous understory. The work
by Slater and Reeve (2002) on peatlands showed that the high surface
charge and high cation exchange capacity of partially decomposed or-
ganic matter was more polarizable than the marine clays.

To further investigate the vegetation correlation between evergreen
and deciduous forest, we first mapped all forest canopy using 2015
LiDAR data and 2014 USDA NAIP color infrared (CIR) imagery (Fig. 8a).
We identified forest canopy by first generating a bare earth digital eleva-
tion model (DEM) using LiDAR ground returns and a first return digital
surface model (DSM). DEM values were then subtracted from DSM
values to identify areas where first returns were fifteen feet or greater
from ground returns. Then we calculated the Normalized Difference Veg-
etation Index for the potential forest areas (i.e. areas where (DSM-
DEM) > 15’) from the NAIP imagery to find areas of healthy vegetation
and remove man-made structures from the forest layer. Finally, we ran
an unsupervised image classification of the NAIP CIR imagery within
the forest layer to distinguish between deciduous and evergreen forest
(Fig. 8b). The series of contoured chargeability plots in Fig. 8 focused
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on high values above 6 ms and have different color scales in order for
the data to be easily visible with false color vegetation in the figures.
These data show that there is a link between vegetation type and
chargeability. Two hypotheses that could explain the correlation include:
1) the evergreen forest is providing a level of organic material to the soil
that is directly causing increased chargeability; and 2) the evergreen for-
est prefers soils of high chargeability, as these soils are likely more clay
rich. To validate either hypothesis, further investigation is needed.

5. Conclusions

The hyporheic zone and adjacent stream bank sediments along a
short reach of the EFPC was investigated with electrical resistivity and
IP to better understand bedrock architecture and soil texture. The data
were collected along ten profiles spaced about 50 m apart and covered
different aspects of the stream environment that included floodplains,
banks, point bars, and variability in vegetation. A unique acquisition
and modeling method was undertaken to synthesize the data into inter-
pretable formats that included: 1) acquiring electrical data with an array



D.F. Rucker, C.-H. Tsai, K.C. Carroll et al.

that has both high resolution and high signal to noise; 2) iterative bed-
rock picking workflow that minimized model errors; 3) interpolation of
model information across the survey area that accommodated the
unique geostatistical structure offered by the different datasets. The der-
ivation of final model products were not necessarily efficiently pro-
duced, but their careful creation allowed for detailed analysis of
features that would not necessarily been observed using other
methodologies.

The general model behavior showed that for each profile, the bed-
rock was comprised of low conductivity, low chargeability material,
with low variability. The soil above was higher in conductivity and
chargeability and also highly variable. We were able to delineate the
soil from bedrock using the known interface method, picking logarith-
mically transformed resistivity values that ranged from 2.4 to 3.0. The
interface was then used in sharp boundary modeling to decouple the
bedrock from the unconsolidated sediments. The elevation of the inter-
face was shown to be somewhat correlated with the land surface but
with undulations in the flood plain. The interpolated bedrock elevation
map taken from georeferenced interface picks showed a nearly contin-
uous trough running alongside the EFPC, except for a bedrock ridge in
Line 4. The data from Line 4 seem out of place and perhaps speaks to
the uncertainty in the method.

The electrical resistivity data above the interface, representing vari-
ously textured soils at different degrees of saturation show small scale
features that resemble a braided stream channel, although this interpre-
tation is speculative. The braiding is correlated with floodplain location
and the bedrock trough. The chargeability data, on the other hand, is
comprised of large scale features, where the floodplain material is
high, and low everywhere else including on the steeper slopes above
the stream and in the stream itself. When chargeability is coupled
with the resistivity, we may be seeing some variability of sandy clay
or clayey sand based on slight changes in resistivity values. Alterna-
tively, a vegetation classification between evergreen and deciduous for-
est could explain the chargeability observations. A larger view with
more resistivity lines spread across larger parts of EFPC and deeper in
the floodplain would help provide context to these findings and to un-
derstand if it is a larger pattern to help explain mass transport of mer-
cury in an out of the hyporheic zone.
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