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Abstract

The floodplains of many gravel-bed streams have a general stratigraphy that consists of a layer of topsoil cover-
ing gravel-dominated subsoil. Previous research has demonstrated that this stratigraphy can facilitate preferential
groundwater flow through focused linear features, such as paleochannels, or gravelly regions within the vadose
zone. These areas within the floodplain vadose zone may provide a route for interactions between the floodplain
surface and alluvial groundwater, effectively extending the hyporheic zone across the floodplain during high stream
stage. The objective of this research was to assess the structure and scale of texture heterogeneity within the va-
dose zone within the gravel subsoils of alluvial floodplains using resistivity data combined with hydraulic testing
and sediment sampling of the vadose zone. Point-scale and broad-scale methodologies in combination can help
us understand spatial heterogeneity in hydraulic conductivity without the need for a large number of invasive hy-
draulic tests. The evaluated sites in the Ozark region of the United States were selected due to previous investi-
gations indicating that significant high conductivity flow zones existed in a matrix which include almost no clay
content. Data indicated that resistivity corresponded with the fine content in the vadose zone and subsequently
corresponds to the saturated hydraulic conductivity. Statistical analysis of resistivity data, and supported by data
from the soil sampling and permeameter hydraulic testing, identified isolated high flow regions and zones that can
be characterized as broad-scale high hydraulic conductivity features with potentially significant consequences for
the migration of water and solutes and therefore are of biogeochemical and ecological significance.

Keywords: Electrical resistivity imaging, Floodplain, Gravel, Hydraulic conductivity, Permeameter, Vadose zone

Abbreviations: BFC, Barren Fork Creek; ER, electrical resistivity; ERI, electrical resistivity imaging; FC, Flint Creek;
HC, Honey Creek; K__., saturated hydraulic conductivity; PFP, preferential flow pathway
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1. Introduction

Heterogeneity in the subsurface has important ramifications for many
aspects of hydrology, most commonly aquifer storage (Fetter, 2001)
but also in understanding hyporheic flow in floodplains (Poole et al.,
2006; Jones et al., 2008). Efforts to understand the heterogeneity of
aquifers have utilized down-well flowmeters (Rehfeldt et al., 1992),
tracer tests (Sudicky, 1986), pumping tests (Cardiff et al., 2009; Berg
and Illman, 2011), and the joint analysis of those methods (Li et al.,
2008; Bohling et al., 2012). However, investigators have acknowl-
edged that, in highly heterogeneous settings, the ability to model het-
erogeneity is dependent on the density and spatial distribution of the
data points (Rehfeldt et al., 1992; Slater, 2007; Alexander et al., 2011).
Investigations designed to investigate heterogeneity based on conven-
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tional methods thus need to balance data density on the one hand and
the time and expense of data collection on the other (Igbal et al., 2005).
Additionally, the performance of numeric models of heterogeneous
systems can suffer from cell fabrics that are too fine, and research has
been focused on methods to generalize heterogeneous systems to re-
duce model run time without compromising the realistic portrayal of
the physical system (Fleckenstein and Fogg, 2008).

Like the saturated zone, the vadose zone contains heterogeneity that
is of research interest. For instance, Fuchs et al. (2009) and Heeren et
al. (2010) investigated a horizontal preferential flow path (PFP) orig-
inating in a gravel subsoil layer within the vadose zone of an alluvial
floodplain. The rate of flow and horizontal transport within the PFP
limited the sorption of dissolved phosphorus (P), and consequently P
was transported several meters through the subsurface gravel. How-



230

MILLER ET AL. IN JOURNAL OF HybroLOGY 513 (2014)

ever, investigations examining the heterogeneity of the vadose zone
are limited relative to the saturated zone by the fact that pumping and
tracer tests, which depend on groundwater movement, are impossible.
Those studies must utilize other methods, including particle size anal-
ysis (Nimmo et al., 2004; Dann et al., 2009), air permeability (Dixon
and Nichols, 2005; Chief et al., 2008) and permeameter testing (Xiang
et al., 1997; Reynolds, 2010; Miller et al., 2011). When the vadose
zone is dominated by coarse gravel such efforts are made more diffi-
cult by the problems associated with sampling in gravel: large parti-
cles resist penetration by and clog samplers, excavated pits are prone
to collapse, and high hydraulic conductivity rates require large vol-
umes of water for in situ permeameter testing.

Most applications of borehole permeameter methods involve fine
grained soils that allow hand-augering of test holes and which only re-
quire a small water reservoir to maintain a constant head. However, in
non-cohesive gravels, test holes are difficult to excavate by hand, un-
supported holes are prone to collapse, and large volumes of water are
necessary to maintain a constant head for the duration of a hydraulic
test. To overcome the difficulties presented by coarse alluvial gravels,
Miller et al. (2011) designed a steel permeameter that used a direct-
push drilling machine to place a slotted-pipe at a specific sampling
depth and a 3790 L (1000 gal) trailer-mounted water tank to maintain
constant head conditions. A standard 48 by 3.25 in (1.22 by 0.082 m)
section of Geoprobe Systems (Kejr Inc., Salina, KS) direct push pipe,
with a 0.3 in (7.9 mm) wall thickness, was modified to create a screen
by cutting 27 vertical slots 0.002 m (0.07 in.) wide by 0.203 m (8 in.)
long arranged in three groups around the pipe perimeter and sepa-
rated by solid (unslotted) areas. With this method, measurements can
be made at successive depths at the same test location (Miller et al.,
2011; Fox et al., 2012).

However, borehole permeameters quantify the soil hydraulics via
hydraulic conductivity at a point scale with significant effort in gravel
soils. A broad-scale non-invasive survey technique to investigate the
subsurface would potentially allow rapid and broad spatial scale es-
timation at potentially fine spatial resolutions of vadose zone hetero-
geneity, compared to other point scale techniques which provide only
local estimates of hydraulic properties (Bohling et al., 2007). The
point-scale techniques can be used to ground-truth the broad-scale
survey. Hydraulic tomography is commonly used for hydrogeologic
characterization but requires the use of multiple pump tests to produce
a series of pressure excitation/response data valid for saturated subsoils
(Cardiff et al., 2009; Alexander et al., 2011; Berg and Illman, 2011).

Electrical resistivity imaging (ERI) is a rapid, non-invasive geo-
physical method that investigates the shallow subsurface by measur-
ing how the materials affect a current of known amperage passing from
one electrode to another through the ground (Telford et al., 1990; Her-
man, 2001; Milsom, 2003; Burger et al., 2006; Slater, 2007). A collin-
ear array of multiple electrodes produces a dataset consisting of appar-
ent resistivities at depths determined by the geometry of the electrode
configuration (Herman, 2001). Mathematical inversion of the “appar-
ent resistivity” creates a two dimensional (distance and depth) model of
the resistivity of the earth material (Loke and Dahlin, 2002; Halihan et
al., 2005; Slater, 2007). The resistivity of earth materials is non-unique,
with many different materials having similar and overlapping resistiv-
ities (Zohdy et al., 1974; Burger et al., 20006), and interpreting the ge-
ology of subsurface resistivity patterns requires independent evidence,
such as site stratigraphy, in situ or laboratory testing, or core samples.

ERI has been used to map floodplain fluvial sediments (Baines et
al., 2002; Bersezio et al., 2007; Crook et al., 2008; Tye et al., 2011;
and Ward et al., 2012), to detect gravel for commercial gravel pros-
pecting (Auton, 1992; Beresnev et al., 2002), for geologic investiga-
tion of glacial deposits (Smith and Sjogren, 2006), for mapping buried

paleochannels (Gourry et al., 2003; Green et al., 2005), and for imag-
ing hyporheic zone solute transport (Ward et al., 2010; Menichino et
al., 2012). Anterrieu et al. (2010) found that two-dimensional ER pro-
files of a mining waste-rock pile correlated well with a model created
from independently acquired data including cores, particle size distri-
butions, and other geophysical surveys. ER techniques have also been
applied to estimating the rock particle content of coarse, heterogeneous
soils where the rock fragments are dispersed within a fine soil matrix
(Huntley, 1986; Rey et al., 2006; Rey and Jongmans, 2007; Tetegan
et al., 2012). These studies have shown that ERI can be used to detect
gravel in contrast to other fine-grained sediment; thus the method has
potential to reveal heterogeneity within the gravel of the floodplain va-
dose zone of the study sites.

Gravel soils tend to have high hydraulic conductivities and high
resistivities, as well as the tendency to drain and achieve field ca-
pacity quickly (Lesmes and Friedman, 2005). Recent work has ad-
vanced understanding of gravel soils by modeling them as binary
systems consisting of mixtures of coarse and fine elements where
the particle size of the fine fraction is smaller than the pore size of
the coarse fraction, and the coarse particles have no secondary po-
rosity (Koltermann and Gorelick, 1995; Zhang et al., 2011). In those
models, a “coarse porosity” maximum (¢ ) exists when the fine frac-
tion is zero and the entire soil consists of self-supporting coarse sed-
iment with large, open pores resulting in high electrical resistivity
and high hydraulic conductivity, and a fine porosity maximum (¢
exists when the soil mixture contains only the fine fraction leading to
a low electrical resistivity and low hydraulic conductivity (Kamann
etal., 2007) (Figure 1). A porosity minimum (¢,_. ) exists within the
binary model when the coarse fraction is self-supporting (particles
resting on one another), but the pore spaces produced by the coarse
particles are entirely occupied by the fine fraction. In this condition,
the only open pores exist within the fine fraction, and the coarse frac-
tion behaves as pore-free inclusions within a fine matrix effectively
reducing the overall porosity. Constant-head flow tests on coarse/
fine mixtures suggest that K increases rapidly when the fine content
decreases past the porosity minimum, and thus the fines content of
gravel-dominated soils have a controlling effect on its hydraulic be-
havior (Koltermann and Gorelick, 1995; Kamann et al., 2007; Zhang
etal., 2011). Alyamani and Sen (1993) have similarly acknowledged
the role of fine particles in controlling hydraulic conductivity equa-
tion of sand aquifers by including the d,, and [, in their particle size
distribution-based empirical hydraulic conductivity equation. Thus,
for the special case of coarse vadose zone sediments, a saturated hy-
draulic conductivity/resistivity relationship may exist that does not
rely on formation factor F and soil-water sampling.

The empirical relationship presented by Archie (1942), often re-
ferred to as “Archie’s Law”, represented a breakthrough in understand-
ing the resistivity of fluid-saturated systems. A resistivity survey pro-
duces apparent resistivity values that “average” the resistivity of the
entire path traveled by the current. This is problematic in the porous
subsurface regions where the travel path may be complex and include
one or more fluids and the current may travel preferentially through
only one of the phases. Archie’s Law considers the solid particles to
be insulators and the current to be carried exclusively by the saturat-
ing fluid, and that the resistivity of the solid particles is proportional
to the ratio of the bulk resistivity and the resistivity of the fluid. Clay
mineral particles are surrounded by an electrical double layer com-
posed of cations that is capable of conducting electrical current, and
thus Archie’s assumption of insulating particles is valid when clay
minerals are absent.

While testing the electrical properties of pore fluid can be relatively
straightforward in saturated systems, it is less so in the vadose zone,
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Figure 1. Ideal packing model for a volume of soil consisting of various
coarse and fine phase fractions. The horizontal axis denotes the fraction
of fine material within the volume as a percent of total volume. (a) Change
in soil texture with the increase in fines; (b) the idealized change in po-
rosity with the end members being the coarse (¢ ) and fine (¢;) porosity
maximums, and the porosity minimum (¢,...) occurring where the entire
coarse pore space is filled with the fine phase; (c) variation in permeabil-
ity with change in fine content. From Kamann et al. (2007) and used with
permission from J. Wiley and Sons.

where pore fluid is held at less than atmospheric pressure, with some
portion of the pore space occupied by air. In a gravel vadose zone the
particle and pore sizes are much larger than in finer-textured systems.
As was discussed above, gravel can be visualized as binary systems
of coarse and fine phases, with the pore space containing air when the
fine fraction is less than the pore volume. Because air is an electrical
insulator, open pores within the gravel vadose zone will likely present
a much more resistive target than pores filled with fines, which will
likely retain a greater volume of water.

The Ozark ecoregion, which encompasses large areas of southwestern
Missouri, northwestern Arkansas and eastern Oklahoma, and is charac-
terized by carbonate bedrock plateaus, river valleys with steep bluffs, and
clear gravel-bedded streams (Adamski et al., 1995). The predominance of
gravel in the fluvial system has produced alluvial floodplains commonly
composed of silt/sand topsoil and coarse gravel subsoil in distinct layers
within the vadose zone (Figure 2). Research interest in this vadose zone
heterogeneity heightened with the discovery of a PFP originating within
the gravel subsoil that was capable of transporting dissolved P long dis-
tances without sorption (Fuchs et al., 2009; Heeren et al., 2010; Fox et al.,
2011). Of interest in this research was estimating the properties of the un-
saturated zone of alluvial floodplains to better understand ephemeral pref-
erential flow paths when the unsaturated zone becomes inundated with
water such as during storm events (Heeren et al., 2011, 2014). This was
significant because the streams in the region have been shown to be sen-
sitive to nutrient oversupply (e.g., Popova et al., 2006), and because land
application of poultry litter from regional poultry production is a signifi-
cant source of nonpoint P to waterways (Haggard et al., 2003; Storm et al.,

2010). Concern arose that those nonpoint pathways could include trans-
port through the floodplain surface through the vadose zone and into the
alluvial groundwater.

The underlying theme of this research is that the use of point-scale
and broad-scale methodologies in combination can help to understand
spatial heterogeneity in hydraulic conductivity without the need for a
large number of invasive hydraulic tests. Therefore, the objective was
to explore the appropriateness and develop the relationship between
the broad-scale data density provided by ERI and the point-scale test-
ing soil cores and hydraulic conductivity permeameter tests to deter-
mine the extent of vadose zone hydraulic heterogeneity in the stud-
ied gravel-dominated alluvial floodplains. The approach was to collect
ER profiles of the floodplains, obtain coincident point-scale hydraulic
measurements at locations on ER profiles and depths within the va-
dose zone, and then perform regression to determine the sediment con-
trols on the resistivity (p) and hydraulic conductivity, with special at-
tention paid to the proportion of fine and coarse material in the subsoil.

2. Methods and materials
2.1. Study sites

Three alluvial floodplain sites in the Ozark ecoregion of northeastern
Oklahoma were investigated with ERI, soil coring and permeameter
testing. The sites were named after the resident stream: a hay field ad-
jacent to Barren Fork Creek (BFC), a riparian forest adjacent to Flint
Creek (FC), and a riparian forest/hay field adjacent to Honey Creek
(HC) (Figure 2a). Erosion of the carbonate bedrock by slightly acidic
waters has left a large residuum of chert gravel in Ozark soils, with
floodplains generally consisting of coarse chert gravel with an expected
high electrical resistivity overlain by a mantle (1-300 cm) of gravelly
loam or silt loam with an expected low electrical resistivity (Heeren
etal.,, 2011; Midgley et al., 2012).

The sites had similar silt loam soils (dominantly Razort gravelly loam
and Elsah very gravelly loam, NRCS, 2011) and dominant bedrock types
(cherty limestone, mainly Keokuk/Reeds Spring formation) (Tables 1
and 2). Razort soil series was an alluvial soil occurring in the Ozark re-
gion (Oklahoma, Arkansas and Missouri) consisting of silt loam A and
B horizons overlying a very gravelly silt loam C horizon. The Elsah soil
series similarly occurred on floodplains and consisted of a silt loam A ho-
rizon containing chert gravel overlying a C horizon with 35-75% gravel
content. The BFC site (35.90°N, —94.85°E) was an open pasture located
on the outside of a bend on BFC. The HC site (36.54°N, —94.70°E) was
located on the inside of a meander in HC and contained both pasture
and riparian forest. The FC site (36.20°N, —94.71°E) occupied a narrow,
forested floodplain adjacent to a 200-m relatively straight stretch of FC.
The similarity of source materials for stream sediment, including similar
bedrock and floodplain soils, allowed the assumption that the composi-
tion of the floodplain materials for the study sites would also be similar,
despite the fact that they were from different watersheds and varied in
stream order, land cover, land use and watershed size.

Soil moisture measurements from the vadose zone layers were not
obtained at the time of the ER surveys, primarily because of the diffi-
culty of obtaining samples from the gravels without direct-push coring
equipment. However, it should be noted that the subsurface materials
of primary interest were well-drained gravels, and that field measure-
ments occurred several weeks after rainfall events when the soil pro-
file was in a gravity-drained state such that gravel subsoils held min-
imal residual soil moisture content. Also, since investigations were
performed in gravel soils close to the streams, the water table depths
were assumed equivalent to water-level stage in the stream as deter-
mined from U.S. Geological Survey (USGS) gage station data, where
gages were positioned within 2 km of each field site (Table 1).
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2.2. Electrical Resistivity Imaging (ERI)

We conducted ER surveys at each field site to characterize the hetero-
geneity of the unconsolidated floodplain sediments, focusing on the va-
dose zone. ER profile accuracy and precision was ensured through the
use of a large number of electrodes, an appropriate electrode config-
uration for the depth of investigation, and the collection scheme. Ap-
parent resistivity data were collected using a SuperSting R8/IP Earth
Resistivity Meter (Advanced GeoSciences Inc., Austin, TX) with a
56-electrode array. The system utilized stainless steel stakes and ca-
bles with seismic takeout electrodes to connect to the stakes. The data
acquisition and inversion utilized a proprietary Oklahoma State Uni-
versity method (HF, OSU Office of Intellectual Property, 2004; Hali-
han et al., 2005) to acquire apparent resistivity data and convert them

Figure 2. Map showing site
locations (a) in Ozark region of
eastern Oklahoma, and exposed
streambanks with gravel subsoils
at two of the studied floodplain
sites [(b) Barren Fork Creek and (c)
Honey Creek].

to a model resistivity profile. The HF method has been utilized success-
fully within a number of applications published in the peer-reviewed
literature (Halihan et al., 2005; Ong et al., 2010; Heeren et al., 2010,
2011; Keppel et al., 2011; Halihan et al., 2011, 2012, 2013; Christen-
son et al., 2012; Heeren et al., 2014). The method has even been used
and accepted by government agencies, such as the Department of De-
fense and U.S. EPA.

In previous work to establish the quality of the HF method, Hali-
han et al. (2005) employed it as well as standard acquisition and in-
version methods (i.e. Dipole-Dipole) on common electrode arrays (36
electrodes, 1.5 m spacing) to image a hydrocarbon plume at a previ-
ously remediated site. The remnant hydrocarbon was more resistive
than the background soil, and subsequent coring along the line showed
that the HF method was better able to image the spatial outlines of

Table 1. Watershed characteristics and geology of the study sites located in the Ozarks of northeast Oklahoma: Barren Fork Creek (BFC), Flint Creek

(FC), and Honey Creek (HC).

Site Watershed characteristics? Geology*
USGS Watershed area® Median daily Formation General rock type Watershed area (%)
gage? (km?) discharged (m3 s7")
BFC 7,197,000 845 3.6 Keokuk/Reeds Spring Cherty limestone 70
Ada Sandstone and shale 20
Bloyd and Hale limestone and shale 10
FC 7,196,000 300 1.6 Keokuk/Reeds Spring Cherty limestone 85
Pitkin, Fayetteville, Batesville  Sandstone and shale 15
HC 7,189,542 150 0.54 Keokuk/Reeds Spring Cherty limestone 100

a. US Geological Survey National Water Information System (USGS NWIS).

b. Based on 1-arcsecond National Elevation Dataset (US Geological Survey National Map, http://seamless.usgs.gov).

c. From Stoeser et al. (2005).
d. Calculated from USGS NWIS mean daily flow records for each gage.

Table 2. Land use and soil types for the Barren Fork Creek (BFC), Flint Creek (FC), and Honey Creek (HC).

Site Site area (ha) Primary land use Soil series? Percent of site area (%)
BFC 14 Hay Field Razort 97
Elsah 3
FC 0.6 Riparian Forest Elsah 62
Healing 38
HC 0.7 Riparian Forest and Hay Field Razort 100

a. SSURGO Soils Database for Oklahoma (NRCS, 2011).
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that resistivity contrast over a wider range of hydrocarbon concentra-
tions than the other approaches. To test whether the HF method was
suitable for this shallow, vadose zone study, a standard dipole—dipole
(DD) ER array was run (56 electrodes, 1 and 2 m spacing) along with
the HF method. After inverting the standard DD dataset in EarthIm-
ager 2D (version 2.4.0, Advanced GeoSciences Inc., Austin, TX) with
standard surface settings, the relative sensitivity (unitless) for each in-
verted ER model was plotted. Greater sensitivity implies greater abil-
ity to accurately resolve spatial differences in resistivity, and the HF
method was found to have sensitivity which was greater than DD by a
factor that ranged from 6 to an order of magnitude in the depth ranges
utilized in this study (Figure 3), and therefore the HF method was se-
lected for imaging the subsurface.

We conducted the ER surveys at the sites between June 2008 and
March 2009. Five lines were collected at the BFC site (Figure 4a), five
at FC (Figure 4b), and six at the HC site (Figure 4c). The profiles at the
BFC site employed electrode spacings of 1.0 m and 2.0 m, with asso-
ciated depths of investigation of approximately 11.0 and 22.0 m, re-
spectively. The larger depth of investigation at BFC was also used for
objectives associated with a separate project at that site. The FC and
HC sites utilized 1 m electrode spacing exclusively. Some of the lines
were “roll-along” lines that consisted of a linear series of sequential
ER profiles (1 m spacing) with at least one-half overlap of electrodes
to produce longer, continuous ER profiles without the reduction in spa-
tial resolution that would come with increased electrode spacing. The
vadose zone extended no more than 3 m below the ground surface at
each site and thus was well within the depth of investigation for our
line spacings. The spatial resolution for 1 m and 2 m electrode spacings
were approximately 0.5 m and 1 m, respectively. Since the hypothe-
sized targets of interest were fluvial structures (i.e. in-filled channels,
gravel bars) at the meter or tens of meters scales, these line configura-
tions would yield data density and sensitivity appropriate for the study.
While the ER profiles extended well below the groundwater surface,
only the vadose zone data were used in the analysis and results, includ-
ing vadose zone hydraulic conductivity measurements. Results were
not extrapolated to the saturated zone.

A TopCon Hyper Lite Plus RTK GPS (Real-Time Kinematic, Top-
Con Positioning Systems, Inc. Livermore, CA) capable of 1.0 cm

210 4

Elevation (m)

206 4

202

103 102 10°1 100 10! 102
Relative Sensitivity

Figure 3. Plot of the change of relative sensitivity with depth for the con-
ventional dipole-dipole (DD) and the Halihan/Fenstemaker (HF) methods
for datasets collected from a common (1-m) array from the Barren Fork
Creek study site. Relative sensitivity is a metric of the extent to which a
change in point resistivity will change the measured apparent resistivity,
and is thus a higher relative sensitivity indicates a better ability to detect
differences in resistivity. Within the vadose zone (elevation >209 m), HF
sensitivity is higher than DD by a factor of about 6 to greater than 10.

horizontal and 1.5 cm vertical precision was used to spatially locate
the ER survey electrode locations. The raw GPS points were corrected
using the National Geodetic Survey Online Positioning User Service
(OPUS) Rapid Static correction, which can place points accurately
within 3 ¢cm horizontally and 5 cm vertically depending on the qual-
ity of the GPS data. The inverted resistivity data utilizing the Halihan
et al. (2005) method were interpolated into grids and contoured uti-
lizing the triangulation and linear interpolation function in Surfer 8
(Golden Software, Inc., Golden, CO), which is appropriate for regu-
larly-spaced datasets. To distinguish them from the apparent resistiv-
ity measurements collected in the field, inverted (modeled) resistivity
data are termed “ER data” when utilized as individual values, or “ER
profiles” when interpolated into a two-dimensional image.

2.3. Soil cores and particle size analysis

We recovered seven direct push cores and one bucket sample from
the floodplain subsurface at multiple locations on ER profiles. Core
samples were collected at known depths with a Geoprobe Systems
TM6200 (GeoProbe, Salina, KS) trailer-mounted probe direct- push
drilling machine using a dual-tube core sampler 122 cm long with a
4.45 cm opening. The soil samples were obtained as the gravel perme-
ameter was driven into place for hydraulic conductivity testing within
the floodplain, thus the core samples were associated with both p and
tested hydraulic conductivity at that location within the floodplain (Ta-
ble 3). The RTK GPS spatially located the core sample locations on
the ER profiles.

The sampler opening size limited the particle size that could be
sampled, and large cobbles occasionally clogged the sampler, resulting
in incomplete cores (about 30% recovery) for that depth interval. While
those samples are unavoidably skewed toward smaller particle sizes
than the full size range within the floodplain, they appear to consist
of complete “undisturbed” samples of the interval until they clogged.
Cores were not subsampled before processing, yielding a mass for each
core of about 900 g, in order to obtain large enough samples for de-
termining the size distribution of the coarse soils following Bunte and
ADbt (2001). Records of core depth were maintained, and the core sam-
ples could be associated with the nearest p value. In addition to sam-
ples recovered with the direct-push core sampler, one sample was col-
lected from the Barren Fork Creek bank face sediments with a shovel
and bucket after an extreme erosion event exposed the subsoil below
the location of an ER profile (Fox et al., 2011). For simplicity, all soil
samples are referred to as “cores”. The samples were weighed, dried
in an oven at 70 °C then re-weighed. The dried samples were then dis-
aggregated with a mortar and rubber pestle.

Cores were dry-sieved using a series of sieves from 16 to 0.25
mm, and the mass retained on each sieve was weighed. The size dis-
tribution of the particles retained on a 16 mm sieve was determined by
measuring the “b”-axis of the particle with a digital caliper as an ap-
proximation of the retaining sieve dimension because that dimension
largely controls whether a particle will pass a particular sieve (Bunte
and Abt, 2001). Using this method, three or four size “bins” for each
core were calculated to encompass the size range between the maxi-
mum-sized particle and 16 mm and the total coarse fraction was as-
signed to those bins by caliper measurement of the “4” axis, and the
mass of each bin recorded.

The particle size distribution (PSD) of the mass passing the finest
sieve (< 0.25 mm) was determined using a Cilas 1190 Laser Particle
Size Analyzer (Cilas USA, Madison, WI). The Cilas 1190 measured
the relative volume for particle size ranges of a representative sample.
The particle size analyzer has a measurement reproducibility of bet-
ter than 1% and accuracy error of less than 3% (Cilas USA, Madison,
WI). The PSD of the mass passing 0.25 mm was calculated by multi-
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Figure 4. Maps of study ER lines at (a) Barren Fork Creek, (b) Honey Creek, and (c) Flint Creek. Crossed circles indicate locations of permeameter and
core samples, open circles indicate locations of permeameter tests only. Thin lines on (c) indicate portions of ER lines not utilized in study.

Table 3. Collection depth and oven-dried mass of soil cores, resistivity, and saturated hydraulic conductivity estimated from borehole permeameter
tests (Miller et al., 2011; Fox et al.,, 2012) from core locations at Barren Fork Creek (BFC), Flint Creek (FC), and Honey Creek (HC). Resistivity data are in-

verted (modeled) values. Core samples were not obtained from FC.

Site Test Ground surface  Depth of core  Mass Proportion Resistivity Saturated hydraulic
elevation (m) (m) (9) of fines (Qm) conductivity (m d-")
BFC BFC1 2124 2.24 15,260 0.03 1263 400
BFC2 212.2 2.05 890 0.28 180.5 130.7
BFC3 212.2 1.67 1071 0.11 252.2 210.5
HC HC1 236.2 1.75 684 0.08 415.6 844.2
HC2 236.2 1.07 1128 0.74 71.1 0.2
HC3 236.2 1.77 940 047 95.6 0.2
HC4 236.5 1.67 791 0.34 325.1 129
HC5 236.2 1.1 860 0.05 544.9 237.8
FC FC1 266.1 1.17 * * 293.7 1213
FC2 266.2 1.17 * * 2544 81.1
FC3 266.2 1.17 * * 224.9 55.9

plying the percent distribution from the sample by the total volume of
the fine dry-sieved fraction.

The presence or absence of the proportion of the largest particles
within a sample of coarse sediment could skew the resulting PSD. To
reduce this effect, sample sizes that are ~1000 times the mass of the
largest particle are recommended (Church et al., 1987). The core sam-
pling method utilized in this study greatly constrained the mass of each
sample obtained and thus represented a source of error in the resulting

PSDs, which are likely finer than the true subsoil. For this study the
important feature of the PSD turned out to be the proportion of fine
sediment relative to coarse particles within each sample, and since the
bulk of the sampling was subject to the same error, and no alternate
sampling was available, the resulting PSDs were used in the analysis.

X-ray diffraction (XRD) was used to determine the presence or ab-
sence of clay minerals in each sample (Moore and Reynolds, 1997,
Poppe et al., 2001). The unique pattern produced by the diffraction
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of a beam of X-rays through a mineral’s crystal structure is described
mathematically by Bragg’s law

2d sin 0 = n\ (1)

which defines the relationship between the X-ray wavelength (1), the
X-ray angle of incidence ( 6), and the separation distance between
crystal layers (d). Diffractograms, which display X-ray intensity as
a function of the angle 26, are commonly used to identify minerals.
A representative sub-sample of the fine fraction (<0.25 mm) from
each core was ground to a fine powder with a ball mill, suspended in
tap water and centrifuged at 1500 rpm for 2 min to isolate clay-sized
particles in the water column (Kittrick and Hope, 1963). A slide for
XRD analysis was prepared by repeatedly applying water bearing the
suspended clay-sized particles to the surface of a slide and allowing
the water to evaporate. This procedure produces an oriented mount
sufficient for establishing the presence or absence of clay minerals
(Moore and Reynolds, 1997). Analyses were performed with a Phil-
lips PW3020 computer-automated X-ray diffractometer (PANalyti-
cal B.V., Almelo, NED).

2.4. Permeameter testing of hydraulic conductivity

Field measurements of K were collected at successive depths in the
vadose zone of all three floodplain sites using a slotted section of the
direct push pipe as a permeameter. The gravel permeameter device
consisted of a section of direct push pipe with a screened interval near
the base, a trailer-mounted water reservoir, and measurement instru-
mentation (Miller et al., 2011; Fox et al., 2012). The permeameter was
placed at a chosen location along an ER profile and then driven to the
desired depth within the floodplain gravel vadose zone using the Geo-
Probe. Constant head within the permeameter was induced by flow at a
known rate from the trailer mounted tank, and monitored with a vented
pressure transducer within the permeameter.

The head and flow rate values for the permeameter tests were ana-
lyzed using the US Bureau of Reclamation Gravity Permeability Test
Method 3 (USBR, 1985), which was suitable for cased permeameters
in non-cohesive soils, and resulted in K, estimates ranging between
0.2 and 844.2 m d"! for targeted depths in the vadose zone (Miller et
al., 2011; Fox et al., 2012). For this study it was primarily important
to determine relative rather than absolute differences between the hy-
draulic conductivities at different locations within the study floodplains
in order to establish the relationships used in the analysis. Therefore,
although the method is suitable for determining hydraulic conductiv-
ity estimates to within an order of magnitude accuracy (USBR, 1985),
Test Method 3 was the only method available that was suitable for
cased boreholes in coarse gravel vadose zones, and therefore it was
the method chosen.

2.5. Resistivity and unique flow domains

The ER profiles provide a two-dimensional vertical view into the flood-
plain subsurface showing heterogeneities within that subsurface. The
“Grid Volume” function in Surfer 8 was used to calculate the area
within the vadose zone of each profile greater than a given resistivity
value. A series of those area calculations with increasing resistivities
produced a cumulative distribution of resistivity by area. A normalized
area was calculated by dividing each area by the total area for that line.
This area was a function of the length of the line and the vertical dis-
tance between the ground surface and the water table at the line loca-
tion. For example, a roll-along line at BFC had the greatest area, where
the line consisted of multiple co-linear ER profiles (180 m in total) col-
lected separately and then processed as a single unit.

2.6. Potential sources of error

The USBR Method 3 utilized for analyzing the permeameter tests in
the coarse gravel subsoils was accurate to within an order of magni-
tude. These results were utilized in the study, but are likely best treated
as indicators of relative difference, rather than precise estimates of hy-
draulic conductivity. While the ER surveys were conducted weeks af-
ter significant rainfall events, when the soil was likely in a gravity-
drained state, actual soil moisture measurements were not obtained
at that or any other time at those sites for the reasons stated previ-
ously. Therefore, any relationship that involves soil moisture deter-
mined in this study is like-wise best treated as a relative rather than a
precise measure.

3. Results and discussion
3.1. Resistivity surveys

The resistivity surveys produced 12,270 individual vadose zone ER
point estimates at BFC, 3425 at HC, and 880 at FC. ER values at the
sites ranged over several orders of magnitude (11-12,000 Q m) with
the largest range found at BFC (Table 4). The contact resistance for
most datasets was good, but the gravel surfaces had higher contact re-
sistances of approximately 1500-2500 Q. The inversion quality was
good with RMS errors of 3-9%. The larger dynamic range in the Bar-
ren Fork site along with higher contact resistance caused the higher
RMS errors. The ER data were positively skewed, indicating a large
number of low values and a small number of extreme high values.

ER profiles from the sites show complex ER patterns within the
vadose zone (Figure 5). It was noted during fieldwork that at times
electrodes were placed directly into gravel. Examination of exposed
streambanks showed that the surface Razort or Elsah soil layer was
highly variable in thickness (from <0.1 to >1.0 m), and it was assumed
that variability extended across the floodplains. The soil can be de-
tected in some ER profiles where it is thicker than the spatial resolu-
tion (0.5 m for the 1 m spacing) and provides a resistivity contrast to
the underlying gravel, for example at the left (west) of the BFECRAWE
profile where was seen as ER data values of 100-300 Q m close to the
top of the profile (Figure 5). That lower resistivity soil layer is seen
to thin and eventually disappear to the right (east) of the profile, leav-
ing higher resistivity (gravel) at the profile surface. The soil layer was
not resolved in all images, either because the layer thickness was less
than the spatial resolution, or because the resistivity of the soil layer
did not strongly contrast with the underlying gravel.

ER data values below the surface layer at the sites do not show hor-
izontal layering, but rather horizontally discontinuous zones of high
and low p. The pattern contained within the ER profiles is consistent
with a transect passing through discontinuous features that may include
buried fluvial structures such as gravel bars or filled paleochannels. The
high p values on the BFC profiles (~2000 Q m) were similar to those
observed at the surface of an ER profile from a gravel bar located near
the BFC floodplain site (2000-5000 Q m, Figure 6), supporting the
conjecture that the high resistivity features within the floodplain may
consist of clean gravel without fines similar to the bar surface. High
p values deeper (>10 m and in the saturated zone) in the profiles were
assumed to be produced by carbonate bedrock, although no cores were
obtained from those depths to confirm that interpretation.

3.2. Soil samples

The core samples obtained from the sites did not contain significant lay-
ering; therefore they were processed in their entirety, and it was assumed
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Table 4. Statistics for ER data from surveys at Barren Fork Creek, Honey Creek, and Flint Creek. All values except sample number (n) and skewness

are reported as Q m, or as log;, Q m.

Barren Fork Creek Honey Creek Flint Creek
ER Log,, ER ER Log,, ER ER Log,, ER
n 12,799 12,799 3823 3823 1297 1297
Mean 494 2.48 281 2.39 271 2.37
Standard deviation 611 042 152 0.24 156 0.24
Minimum 11 1.04 30 1.48 33 1.52
Median 266 243 247 2.39 235 2.37
Maximum 11,830 4.07 1190 3.08 1220 3.09
Skewness 5.06 0.27 1.23 -0.19 1.65 -0.15
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Figure 5. Example electrical resistivity (ER) profiles from the vadose zone floodplain sites at Flint Creek (FCO2WE and FCO5WE, Honey Creek (HCO5SN
and HCO2SN), Barren Fork Creek (BFCO4WE and BFCRAWE). The Flint Creek profiles extend onto the stream terrace, but only the floodplain segment
is shown. Permeameter and PSD test locations are indicated with solid circles.
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Figure 6. Electrical resistivity (ER) profile of gravel bar located approximately 100 m upstream of the Barren Fork Creek (BFC) study site. The profile is
oriented across the gravel bar and perpendicular to Barren Fork Creek in a southwest to northeast direction, terminating at the stream edge at right
of profile. Clean gravel is exposed at the surface of the gravel bar along the stream (circled area at the right of the profile).

the PSDs produced were a valid representation of the subsurface soil tex-
ture at those points. The PSDs of the core samples showed a range of
textures (Figure 7), with most having large fractions of sand or coarser
particles. Cores with the coarsest textures were predominantly gravel-
sized (>2 mm), with one core at BFC and one core at HC having 93%
and 89% larger than 2 mm by mass, respectively. The finest textures
were predominantly silt (0.002-0.05 mm), with two cores at HC having
65% and 46% in this size range. The coarse (sand-sized and larger) par-
ticles in the samples were identified as chert fragments. Random slide
mounts of the material passing the 0.25 mm sieve were analyzed with

X-ray diffraction. XRD diffractograms plot the intensity of X-rays dif-
fracted through the crystal lattice of minerals against 20 (twice the angle
of incidence). According to Bragg’s law, the 26 is related to the spacing
within the crystal lattice and thus is a characteristic of particular miner-
als. The XRD diffractograms for the clay-sized fraction collected at the
study sites showed minimal intensities at 8.8 and 12.2, 26, indicating no
presence of the clay minerals illite and kaolinite, and slight intensity at
20.7 and 26.7 26, indicating the presence of quartz (Poppe et al., 2001).
Kaolinite and illite are clays common in the weathering of limestone,
and their absence is likely due to their long settling time kept them in
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Figure 7. Particle size distributions for floodplain vadose zone samples
obtained at various depths below ground surface. Samples from Barren
Fork Creek are shown with dashed lines, and samples from Honey Creek
as HC with solid lines.

suspension in the energetic fluvial environment that produced the gravel
deposits. Likewise, quartz is the principal mineral of the chert gravel
present in the subsoil, so its presence as finely-divided sand-, silt- and
clay-sized particles is expected. Considering the chert-rich source ma-
terial in the watershed, and the chert coarse material in the samples, the
fine material in the core samples was assumed to be primarily finely-di-
vided chert fragments, not clay mineral particles.

The USDA soil classification for the cores ranged from “cobbly
gravel” for the coarsest sample (BFC1, Table 3) to “silt” for the fin-
est sample (HC2, Table 3). Most of the other samples would be classi-
fied as “extremely gravelly sandy loam” or “extremely gravelly loamy
sand”. Many of the PSDs exhibited a flat trend near the particle size
of 0.25 mm (within the range of a sand particle), implying that many
of the cores consisted of particle sizes that were either much larger or
smaller than 0.25, and further indicating that the soils resembled the
artificial binary models of coarse and fine phases that have been de-
signed to better understand gravel soils (Koltermann and Gorelick,
1995; Kamann et al., 2007; Zhang et al., 2011). For this study, the soils
were assumed to be mixtures of coarse and fine elements with the di-
vision placed at 0.25 mm due to the above-mentioned observations in
the PSDs, with the proportion of the PSD < 0.25 mm (fine fraction, /")
used to describe each soil.

3.3. Resistivity and fine fraction

A plot of the ER measured at the core location and the fine fraction of

the core showed a negative relationship in which p decreased as the f

of the core PSD increased, with a power function best fitting the re-
lationship (Figure 8). Linear regression of the log-transformed vari-
ables was significant at o = 0.05 (P = 0.001) with R?> = 0.85. Accord-
ing to Archie’s Law, in unconsolidated materials, when clay minerals
are not present, the sediment particles themselves are generally insula-
tors, and current is conducted by pore fluid; therefore, areas with high
soil moisture will have lower resistance to electrical current (Archie,
1942; McNeill, 1980). Since clay minerals were determined to be rare
in these subsoils, it was assumed that the resistance of the subsurface
was primarily controlled by the moisture retention of the gravel sub-
soil. All ER data were collected under gravity-drained conditions, so
it was assumed that the largest pore spaces in the coarse gravel were
filled with air or by fine material, and that soil moisture was gener-
ally retained in the small pore spaces produced by the fine particles.
The negative power relationship between p and f was similar to
the volumetric water content/p relationship shown in Samouelian et
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Figure 8. Relationship between fine fraction (f, <0.25 mm) and resistivity
(p, Q m, diamond symbols, solid line) and field-measured saturated hy-
draulic conductivity (K_,,, m d", circle symbols, dashed line) from subsoil
samples taken from locations on Barren Fork Creek (filled symbols) and
Honey Creek (open symbols) floodplains. No Flint Creek samples were
acquired for fine content analyses at the time of sampling.

al. (2005), suggesting that the f/p relationship was similarly respond-
ing to the moisture retained within the f'since fine-textured soils have
greater moisture-holding capability compared to gravel (Fetter, 2001).
It was hypothesized that the variation in p of the gravel soils was due
to the variation of the fine fraction. The actual moisture content/p re-
lationship was unknown, since soil moisture measurements were not
taken at the time of the survey. However, subsurface materials were
mostly well-drained gravels with ER measurements that typically oc-
curred several weeks after rainfall events, leaving the profiles in a near
gravity drained state especially in the upper portions of the soil profiles.
It therefore seems likely that areas with higher proportions of f within
the coarse subsoil had low p because the fines were able to retain rel-
atively more water within its pore spaces than coarser soils, and that
areas with low f'had high p because the pore space within the coarse
matrix was occupied by air.

3.4. Fine fraction and hydraulic conductivity

Field permeameter testing was conducted at locations on ER profiles
and some were conducted at locations from which the cores were ob-
tained (Table 3). The ER data grid has a horizontal and vertical spac-
ing of 0.5 m, for 1-m electrode spacing, and p-values were taken from
the nearest grid point. Thus each hydraulic test was associated with
a p value, and tests at BFC and HC were associated with both p and
particle size distribution. A plot of the f'and hydraulic conductivity
showed a negative power relationship similar to that between the f'and
measured p (Figure 8) in which low fractions of fine material corre-
sponded to high hydraulic conductivity. Linear regression of the log-
transformed variables shows that the regression was significant at o
=0.05 (P = 0.008) with R?> = 0.72. The accuracy limitations of the
hydraulic testing method means that only the general nature of the
hydraulic conductivity/f relationship is known, but it is a significant
feature of this relationship that hydraulic conductivity increases as f
decreases. The highest hydraulic conductivities are found in gravel
subsoil classified as “cobbly gravel” and lower conductivities in sub-
soil classified as “gravelly silt loam”. Existing work on artificial bi-
nary soil mixtures of coarse and fine elements found that the hydrau-
lic conductivity of the mixtures was highest when the fine fraction
approached zero and the material consisted of coarse material with in-
terconnected, open pores (Koltermann and Gorelick, 1995; Kamann et
al., 2007; Zhang et al., 2011) (Figure 1). The hydraulic behavior of the
naturally-occurring gravel soils present in the floodplain appeared to be sim-
ilar to that of artificially-constructed coarse soils, suggesting that the fraction
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of f'within the gravel subsoil was an important factor in describing the hydrau-
lic behavior of those coarse soils.

Hydraulic testing was conducted at Flint Creek, but no core sam-
ples were collected (Table 3). To test whether the /K and f/ p rela-
tionships held for that site as well, a linear regression of the log,, trans-
formed p and K, for the BFC and HC cores was prepared, with the
understanding that the hydraulic testing method could estimate hy-
draulic conductivity to an order of magnitude, and thus the p/K_, re-
lationship was best understood as an estimate of the general nature of
the relationship. The regression was used to predict K, for the Flint
Creek tests based on the p at the hydraulic test locations, and that pre-
dicted value was compared to the in situ observed values. The slope
for the observed/ predicted relationship was 0.91 (R> = 0.99), which is
close to 1, indicating a very close predictive correspondence, indicat-
ing that the f~p—K_, system for Flint Creek vadose zone gravels was
similar to those of Honey Creek and Barren Fork Creek.

3.5. Resistivity and unique flow domains

The range of p spanned nearly four orders of magnitude at BFC, and
about three orders of magnitude at HC and FC, with BFC having rel-
atively large fractions greater than 1000 Q m (Figs. 9a—c). The frac-
tional area of the BFC ER profiles fell into two distinct configurations:
a more uniform distribution of relatively lower ER data resulting in a
steeper curve and a more variable distribution of ER data resulting in
a shallower curve (Figure 9a). The HC fractional area plot showed ER
profiles with similar patterns, all of which had resistivity that fell into
a range similar to that of the low-resistivity BFC profiles (100—1000
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Q m) (Figure 9b). The FC fractional area plot showed that most of the
ER profiles fell within the range of 100-1000 Q m, but the patterns of
the ER profiles were not consistently similar (Figure 9c).

The “high-p” BFC fractional area curves appeared unique among
all ER profiles in having a large area of high resistivity (Figure 9d).
The 16th percentile denotes one standard deviation (in a normal distri-
bution) and is a standard representative of large values in a distribution
(Bunte and Abt, 2001). The 16th percentile calculated from the ER pro-
file was chosen to be representative of the high p for each profile (Fig-
ure 9d). To test whether the high-p BFC ER profiles were significantly
different than the other ER profiles, a two-sample #-test was performed
on the 16th percentile values. The mean of the 16th percentile of the
high-p BFC ER profiles was significantly different when compared to
the mean of all other 16th percentiles (P = 0.000, o = 0.05). Analysis
of Variance (ANOVA) and Tukey’s pairwise comparison of the differ-
ences between the individual sites (high-p BFC, low-p BFC, HC and
FC) showed that the high-p BFC ER profiles were significantly differ-
ent than all other sites (95% confidence level) but that the remaining
sites were not statistically different. The high-p BFC ER profiles had
approximately 15% of the area with p greater than 1000 Q m, while the
remaining profiles had an equivalent area with p above only 300 Q m.

The three study sites represent a range of gravel floodplain va-
dose zones within the Ozark ecoregion. All of the ER profiles from
those floodplain vadose zones had median p which suggested hydrau-
lic conductivities in the tens of m/d at minimum (Figure 9). If those
areas were spatially connected across the floodplain, they could form
broad-scale ephemeral flow domains, and become active during high
stream stages when the floodplain is saturated (Fuchs et al., 2009; Fox
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Figure 9. Relative percentage of area for electrical resistivity (ER) profiles from Barren Fork Creek (a), Honey Creek (b), Flint Creek (c), and all sites com-
bined (d). The vertical axis of each plot is percentage of area of the individual ER profiles, and the horizontal axis is inverted ER (Q m).
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etal., 2011; Heeren et al., 2011; Mittelstet et al., 2011), and small do-
mains within the highest-p ER profiles could form ephemeral prefer-
ential flow paths within the gravel floodplain as observed by Heeren et
al. (2011). Similar observations of heterogeneity and preferential flow
pathways have been reported in alluvial floodplains worldwide. Stan-
ford and Ward (1992) and Amoros and Bornette (2002) point out that
surface water/ground water exchanges link river channels to the entire
floodplain even during periods of base flow. Hydrologic pathways be-
come complex with deposits of coarse alluvium (Naiman et al., 2005).
These preferential flow pathways should be considered when concep-
tualizing subsurface transport in alluvial floodplains, as this heteroge-
neity can influence flow and mass transport rates and therefore be of
biogeochemical and ecological significance (Poole et al., 2006; Kal-
bus et al., 2009).

4. Conclusions

ERI was used to investigate the extent of vadose zone heterogene-
ity within three gravel-dominated floodplain sites and detected dif-
ferences within the gravel subsoil confirmed based on core samples
that showed differences in fines content within the gravel. Addition-
ally, in situ tests with a gravel permeameter showed that the fines con-
tent was correlated to the hydraulic conductivity of the subsoil. In
general, the methods used above in tandem were able to identify het-
erogeneity within the gravel vadose zones of the alluvial floodplains,
not identifiable from using the methods individually. Fractional area
plots of ER profiles followed two distributions: “low-p” ER profiles
shown at all three sites and “high-p” shown for some of the BFC ER
profiles. The “low-p” ER profiles indicated that large portions of the
studied floodplain vadose zones may be broad-scale ephemeral flow
domains with potentially significant consequences for the movement
of environmentally sensitive materials such as excess nutrients (i.e.,
phosphorus in the Ozark ecoregion). Those “low-p” ER profiles ap-
peared at all three study sites based on the ER, PSD, and permeameter
hydraulic testing, and may be typical for Ozark gravel floodplain va-
dose zones. The “high-p” ER profiles contained small areas with ex-
tremely high p (limited fine content in the PSD and higher hydraulic
conductivities based on permeameter testing), a configuration which,
if they are spatially connected across the floodplain, could constitute
PFPs and transport environmentally sensitive materials without at-
tenuation under the appropriate conditions. The “high-p” ER profiles
were unique to BFC for this study, but it seems unlikely that the BFC
site was unique within the Ozarks, and further work is required to de-
termine the fluvial, geologic and geomorphic factors that contribute to
creating similar high-p features. Future work should also be devoted to
assessing spatial connections across the floodplain, and modeling the
implications of the large-scale ephemeral domains on hyporheic ex-
change and contaminant transport in stream systems during both base
flow and high flow conditions.

While this study continues to expand the application of the geo-
physical method ER to hydrology, the relationships between fines con-
tent and p and hydraulic conductivity outlined in this study are fun-
damentally empirical and are not directly applicable to other vadose
zones. Further, in this study a direct relationship between p and hy-
draulic conductivity was valid only in a relative sense (i.e. higher p
corresponds to higher hydraulic conductivity), given the uncertainty
associated with the hydraulic testing method. However, given that the
stream energy required to mobilize and rework gravel is incompatible
with depositing clays, it is likely that gravel-dominated floodplains in
other regions would exhibit a similar relationship between p and hy-
draulic conductivity within the vadose zone.
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