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Abstract
Riparian soils are susceptible to the formation of macropores, which provide opportunities for preferential flow in com-
parison to the surrounding soil matrix. Temporal electrical resistivity imaging (TERI) can locate spatial heterogeneities in 
soil wetting patterns caused by preferential flow through macropores. Quantifying macropore flow properties is impor-
tant to optimize the design of riparian buffers. In a field evaluation of a riparian area with naturally occurring macropores, 
the TERI technique is able to detect the wetted zone around a macropore similar to a high hydraulic conductivity zone in 
a heterogeneous soil matrix. An experiment was established in a coarse soil in North Carolina to evaluate if TERI datasets 
could quantify the hydraulic properties of both the soil matrix and the preferential macropore pathways. Results show 
TERI is a viable method for calculating the vertical fluid velocity along orthogonal profiles in this coarse-grained field 
site. The datasets allowed the distribution and hydraulic properties of the preferential flow pathways to be quantified 
over a two-dimensional plane that is comparable with traditional soil datasets.
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1 Introduction

Preferential flow in soils can occur along any path of least resistance. The most common preferential flow pathway in soils 
are macropores, which are pores that vary in size and allow for rapid fluid migration in comparison to the surrounding 
matrix [1, 2]. Macropores account for only a small percentage of the total pore space in soils, yet they can dominate the 
flow and transport behavior, especially during heavy precipitation events [1, 3]. Preferential flow through macropores 
has been shown to occur under both partial water filling or drier surrounding matrix conditions [2]. Macropore flow can 
be a prevalent process promoting the transport of fertilizers and pesticides used in modern agricultural practices from 
fields to adjacent streams during precipitation events, resulting in impacts to surface water quality [4].

Riparian soils are susceptible to the formation of macropores, which have been shown to promote fast transport of 
water through soil layers. In such soils, preferential flow through soil macropores occurs due to enhanced biological 
activity, dry-wet cycles, and proximity to shallow water Tables [5, 6].

Research interest in macropore flow has largely shifted towards plot, field, hillslope, and catchment scale monitoring 
of macropore flow using geophysical imaging techniques and wireless moisture sensors in recent years [2, 7]. Geo-
physical tools like electrical resistivity imaging (ERI) could provide significant insight into the behavior of macropores 
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and preferential flow pathways in riparian soils. ERI techniques have been used by [4, 8–11], among others in studying 
macropore flow.

ERI is a noninvasive technique in which surface electrodes are used for collecting apparent resistivity data to infer 
hydrogeological properties and processes. The apparent resistivity data are inverted to obtain a modeled electrical 
resistivity (ER) image of the subsurface distribution of electrical properties ER is a function of soil moisture and fluid 
composition, as well as soil temperature, the distribution of soil particles and void spaces. ER values may vary from less 
than 1 Ω m for highly saline soil to  105 Ω m for dry soil overlying crystalline rocks [12, 13]. Dietrich et al. [8] demonstrated 
preferential flow of water using an ER technique and an infiltration test in a Paleudol soil with a petrocalcic horizon. More 
recently, ERI was used in identifying drying wetting patterns and determining the soil saturated hydraulic conductivity 
(KS) following irrigation management [14].

Temporal Electrical Resistivity Imaging (TERI) consists of resistivity data acquisition from the same location at different 
time intervals. Differencing of ER images between time intervals can be used to delineate macropore structure and/or 
locate spatial heterogeneities in soil wetting patterns caused by preferential flow through macropores. These are impor-
tant factors to consider to optimize the design and placement of riparian buffers [10]. In a field evaluation of a riparian 
area with naturally occurring macropores, the TERI technique could detect the wetted zone around a macropore similar 
to an area of increased hydraulic conductivity in a heterogeneous soil matrix. Halihan et al. [10] detected wetted zones 
around macropores using TERI under simulated rain and saturated infiltration tests in riparian soils. They also highlighted 
preferential flow through macropores can occur under unsaturated conditions. Quantifying macropore flow velocity 
remains a technically challenging task. Approaches to estimate macropore velocity include tracer travel time, macropore 
discharge, and rainfall-runoff lag time at soil cores to trench to field-profile scales [15].

The objective in this experiment is to attempt to detect and quantify macropore flow with saturated upper bound-
ary conditions. In this study vertical soil moisture profiles were generated for three distinct scenarios depending on the 
surface boundary conditions: during rain/irrigation, a short time after rain/irrigation ended and long time after rain/
irrigation ended. These soil moisture profiles provide a framework for interpreting the movement of water through the 
soil. The primary objective of this study was to evaluate preferential flow via mapping preferential flow velocity inferred 
with TERI profiles of alluvial soils. We hypothesized that TERI can be used to map fluid velocity in the subsurface because 
changes in electrical conductivity over time should show fluid migration through pulses of increased electrical conduct-
ance (decreased resistivity) generated from increased soil wetting. This coupled with the amount of time it takes for the 
pulses to wax and wane in a profile could delineate flow and allow macropore velocities to be quantified. Combining 
several TERI profiles in proximity will yield a map of the fluid velocity over an area where preferential flow can be identi-
fied by localized high flow velocity values.

The intent of this work is to use ERI and TERI monitoring to quantify the subsurface movement of water and to calculate 
the distribution of vertical preferential flow velocity values in the subsoil. This quantitative approach will contribute to 
precision agriculture and nutrient management in riparian zones and other environmentally sensitive areas, above some 
of the previously employed qualitative approaches. This work illustrates the importance of geoelectrical techniques to 
increase the data density across areas of interest by providing 2D and 3D views of infiltration processes. This work also 
provides an algorithm for velocity calculations, which can be employed in programming to automate TERI monitoring in 
hydrologic settings where infiltration is important, such as agriculture or managed aquifer recharge. This work is a step 
forward, paving the way for more refined hydrology models to precisely identify the hydrogeological characteristics of 
the subsurface using ERI and TERI monitoring.

2  Materials and methods

2.1  Site description

The field site was a 2-m wide × 10-m long test plot located in Raleigh, North Carolina, USA (35° 45′ 36.63″ N, 78° 40′ 
44.23″ W) (Figs. 1 and 2). Raleigh has a humid-subtropical climate, with an average precipitation rate of 1170 mm/yr 
(46 in/yr) [16]. This site is characterized by a Pacolet sandy loam at the surface and Late Proterozoic-Cambrian lineated 
felsic mica gneiss beneath [17]. The survey area was situated over bare soil with vegetated woodland on the periphery. 
The plot was adjacent to a small, first-order stream which is a tributary of Lake Raleigh. The longest plot dimension was 
designed perpendicular to the contour of the soil in order to provide a downhill overland flow longitudinal to the plot 
(Figs. 1 and 2). Bedrock depth varies but was approximately 0.7 m from the surface. Upstream of the plot, the terrain was 
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relatively flat, varying by a few cm in relief across the plot. The downstream end of the plot coincided with the edge of 
the streambank. Visible macropores were observed on the streambank at this edge of the plot.

2.2  Temporal electrical resistivity imaging and experimental setup

The test plot was bounded on the sides using landscape edging and consisted of four TERI lines, and six test pits with 
soil moisture probes. The plot was set up with a 0.8 m distance between TERI lines 1 and 2 and 2.0 m distance between 
TERI lines 3 and 4 (Figs. 1 and 2a). The runoff source was a 2-m wide perforated PVC pipe located 1.5 m down from the 
start of lines 1 and 2. It was used to simulate overland flow towards the stream. The soil moisture probes along each 
side of the wetting domain were part of the experiment conducted by Guertault et al. [18] and were installed in soil pits 
covered with blue tarps (Figs. 1 and 2a). Figure 2a shows just the wetting domain, with the view from the beginning with 
the wetting source in the foreground, looking down toward the end of the ERI lines within the wetting domain. The drop 

Fig. 1  Diagram depicting the 
wetting domain in the NC site 
where wetting front velocity 
analyses were made. Line 1 is 
parallel with flow (blue arrow) 
while line 3 is perpendicular 
to flow crossing line 1 and the 
wetting domain. Lines 2 and 
4 are greyed out due as they 
provided backup data for the 
primary datasets that was not 
required. Soil moisture data 
were collected in pits adjacent 
to the wetted area that are 
covered in blue tarps in Fig. 2a

Fig. 2  Field photos of experimental setup. A Photo of the entire wetting domain in the North Carolina site. Line 1 is on the left, line 2 is on 
the right. Lines 3 and 4 are not set up in this photo. The wetting source is the black and white pipe in the foreground. Water flowed upward 
in the photo towards the break in slope at the end of the test area. Soil pits are covered in blue tarps. B Photo of coauthor John Hager at 
downgradient end of test plot showing white drain pipe with flowing plot runoff and active macropore flow draining from slope face into 
gray pipe
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in topography at the end of the image indicates the position of the downstream edge of the plot, coinciding with the 
streambank where flowing macropores were observed (Fig. 2b). A runoff collector was placed at this end of the plot to 
funnel overland flow to a short pipe used to measure runoff rates.

The test plot included four TERI lines, and an analysis of the data gathered to visualize what happened during the 
experiment. Briefly, the four TERI lines crossed perpendicularly to each other in duplicate pairs (Fig. 1). As the datasets 
for the experiment were composed of several images, and the cables were going to be left connected for the entire 
experiment. The duplicate lines were designed to manage potential data loss caused by equipment issues affecting one 
time interval or a cable eliminated by chewing from nocturnal animals. The intent was to use the orthogonal datasets 
with the most data and the lowest noise. Two of the lines were largely inside the experimental wetting domain and are 
referred to as the longitudinal lines. The other two lines only crossed through the domain and are referred to as the 
transverse lines. This wetting domain and specifically one TERI line of each orientation (TERI lines 1 & 3) were the primary 
focus for this section (Figs. 1 and 2). Line 1 was parallel with flow and exhibits the most change in topography. Line 3 was 
perpendicular to flow and crossed the wetting domain as well as line 1. This line was relatively flat with little changes 
in topography. Lines 2 and 4 collected data but were not included in the results as they were backups in the event of 
problems with Lines 1 and 3 (Fig. 1).

2.2.1  Wetting

In order to saturate the upper layer of the survey area, a 2-m wide water source was connected to a standard garden 
hose and dispersed water evenly over the width of the wetting domain via 1.5 cm diameter holes in a piece of PVC pipe 
(Figs. 1 and 2a). The water source was not moved during the experiment. The flow rate was 0.2 L/s (31.7 gpm) based on 
an average of discharge collections in a small 2-L bucket during 30 s intervals. The width of the plot was wetted from the 
source until the slope break and excess runoff was drained by a white PVC pipe (Fig. 2b).

2.2.2  TERI data collection

TERI datasets were collected with an Advanced Geosciences, Inc. (AGI) SuperSting R8 Resistivity Instrument. The instru-
ment allows a user to collect and store apparent resistivity data. Multiple datasets can be processed to evaluate the 
changes in bulk resistivity that occurred between datasets to obtain TERI data. A relay switch box and four 28-electrode 
dumb cable were attached to stainless steel electrodes to survey the field site (Fig. 1). To power the instrument for data 
collection, a gas-powered generator and an AGI power supply box were used to convert the 110-V source from the 
generator to a 12-V source for the instrument. Once the survey lines were laid out in the field, the SuperSting field instru-
ment measured apparent resistivity between electrodes and the data were processed and differenced using the Halihan/
Fenstemaker algorithm [19, 20]. The algorithm excludes individual measurements with repetition error greater than 2%.

Five TERI datasets were collected for the experiment, two during soil wetting and three during drying. There were 
replicate samples longitudinal to flow and transverse to flow. The lowest noise datasets from each direction, TERI lines 1 
and 3, were selected for analysis (Fig. 1). The times for imaging were selected based on previous experience in a gravel 
aquifer imaging experiment and previous experience with this site [20]. The imaging time for any image was less than an 
hour and previous experiments suggested that this did not lead to additional noise or that the flow processes would move 
faster than the imaging could capture [10, 20]. The first TERI dataset occurred after 30 min of wetting and the second at 
2.5 h of wetting. Thereafter, the time elapsed was a drying time since the water source was discontinued. Datasets were 
collected at 2.0, 7.5, and 18.0 h after the wetting had ceased. Electrode spacing was 0.4 m, yielding a spatial resolution 
of 0.2 m in both longitudinal and transverse directions.

2.2.3  Soil data collection

Additional traditional soil data were available from moisture probes inserted in pits adjacent to the test plot at depths of 
0.1, 0.2, 0.3 and 0.4 m (Figs. 1 and 2). These data were used as part of a separate study to determine the response of the 
soil and to model the macropore processes at the site [18]. The pits were excavated to the bedrock boundary.
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2.3  Data analysis

Once each ERI dataset was acquired from the field, they were inverted (Fig. 3) and differenced as a TERI dataset (Fig. 4) 
to determine the changes in electrical conductivity over time [20, 21]. The RMS error was evaluated for each single ERI 
inverted model resistivity dataset (3.5–7.2%) and each TERI differenced resistivity dataset (2.4–6.5%).

To measure vertical wetting along a single one-dimensional pathway, a single vertical line of TERI data was extracted 
from the datasets to evaluate vertical changes due to downward water flow in the profile. The TERI dataset consists of 
distance along the line, elevation, and a change in electrical conductivity. Analysis was performed using a single value for 
distance to obtain a dataset of elevation versus change in electrical conductivity. Vertical soil moisture profiles were cre-
ated along TERI lines 1 and 3 every meter laterally from the left end starting at 1.5 m and ending at 8.5 m. Fluid velocities 

Fig. 3  A Electrical resistiv-
ity profile for line 1 longi-
tudinal to the flow of the 
runoff source prior to wetting. 
B Electrical resistivity profile 
for line 3 transverse to the 
flow of the runoff plot. Orange 
outlining indicates the sec-
tions where unsaturated flow 
was interpreted as migrating 
through the soil zone. Soil 
fluid velocity estimates were 
tabulated in Table 1

Fig. 4  A Change in Electrical 
conductivity profile of line 1 
during wetting. B Change in 
electrical conductivity profile 
of line 3 during wetting. 
Orange outlining indicates the 
sections where soil fluid veloc-
ity was tabulated in Table 1 
indicating the zones where 
fluids migrated through 
the vadose zone during the 
experiment. Vertical purple 
lines indicate the portions of 
the images that were used for 
analysis (Figs. 5, 6, 7, 8 and 9)
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were calculated from the vertical profiles (Figs. 5, 6, 7 and 8) by looking for the peak change in conductivity point and 
equating the depth of the peak change with the distance that the wetting front moved vertically into the soil over the 
duration of the experiment which is consistent with a previous TERI experiment for wetting front distance in macropores 
[10]. The vertical distance between peak conductivity change values on each curve against time from the last peak value 
provides as distance per time interpreted as a soil fluid velocity value. The peak values are labelled in time order for the 

Fig. 5  Interpreted soil matrix 
flow observed at 3.5 m later-
ally along Line 1 (Fig. 4A). This 
is indicated through peak 
values on each curve moving 
down with moderate changes 
in conductivity. Green dots 
indicate peak resistivity values 
used for wetting front fluid 
velocity calculation. Verti-
cal gray bar indicates noise 
estimate of 6%, and horizontal 
brown line is approximate 
soil-bedrock interface at 0.7 m 
depth below land surface

Fig. 6  Interpreted macropore 
flow observed at 7.5 m 
laterally along line 1 (Fig. 4A). 
Interpretation of macropore 
flow supported by depth 
of peak value reached with 
second curve (2.5 h) and 
staying consistent for each 
subsequent curve, as well as 
greater magnitude change in 
conductivity above 100% dur-
ing the wetting period. Verti-
cal gray bar indicates noise 
estimate of 6%, and horizontal 
brown line is approximate 
soil-bedrock interface at 0.7 m 
depth below land surface

Fig. 7  Interpreted lateral 
flow observed at 3.5 m along 
transverse line 3 outside of 
the reaches from the wetting 
source (Fig. 4B). This location 
is 1.2 m away from the edge of 
the surface wetting domain. 
In this pattern, changes are 
smaller at the surface and 
larger at the soil-bedrock 
interface. Vertical gray bar 
indicates noise estimate of 
6%, and horizontal brown line 
is approximate soil-bedrock 
interface at 0.7 m depth 
below land surface
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five available TERI datasets (1–5) (Figs. 5, 6 and 7). Next, the vertical distance measured using TERI data peak grid nodes 
from the surface was used as the depth of the wetting front.

After evaluating the TERI data and extracting vertical change in conductivity data for each time period, every plot 
location per meter had vertical flow velocities calculated based on peak change in conductivity values for each time 
period. If no changes were detected between datasets, the vertical velocity was determined to be zero. This was common 
at the depth of the known soil-bedrock interface. Results were compiled to visualize the different velocities calculated 
laterally along the line (Table 1).

3  Results

3.1  Range and trends of resistivity values

The range and trends of resistivity were evaluated in the first imaging sequences of the experiment to determine back-
ground resistivity changes (Fig. 3). Static apparent resistivity images used as backgrounds for temporal analysis provide 
a range of resistivity values for the subsurface, denoting features such as lithological changes. Readings from 200 to 
2000 ohm-m are colored in burgundy interpreted to correspond largely to the soil matrix. These values are relatively 
high resistivity for soil indicating a high porosity soil without significant amounts of electrically conductive clays [22]. 
Measurements greater than 2000 ohm-m are interpreted as low porosity bedrock, which is scaled in grey colors (Fig. 3).

3.2  Range and trends in temporal changes

Once the background was established, the range and trends of temporal changes were analyzed with subsequent imag-
ing of the wetted plot compared to the background (Fig. 4). The TERI datasets had background noise levels of approxi-
mately 6% (Fig. 4) based on evaluating the data where no change should be occurring outside the wetting domain. TERI 
data above 6% change in bulk electrical conductivity was considered a signal indicating locations where soil moisture 
has changed. Changes in electrical conductivity between 6% and 50% were interpreted as areas typically dominated 
by soil matrix flow as they coincided with areas of slow vertical velocities. Areas that experienced a change in electrical 
conductivity greater than 100% were interpreted as flow domains typically dominated by preferential flow as they also 
generally reached the soil-bedrock interface; these areas also decreased in conductivity more rapidly during the drying 
phase. Areas with between 50% and 100% increase in bulk electrical conductivity were interpreted as a transition zone 
between matrix- and preferential flow- dominated areas.

Fig. 8  No flow interpretation observed at 8.5 m laterally along transverse Line 3 (Fig. 4B). This location is 2.4 m away from the edge of the 
wetting domain where no moisture is expected to have changed during the experiment. The largest change in this pattern of the domain 
is a small negative change 18 h after wetting was discontinued which could be attributed to the surface soil drying during the day. Vertical 
gray bar indicates noise estimate of 6%, and horizontal brown line is approximate soil-bedrock interface at 0.7 m depth below land surface
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3.3  Types of temporal changes

After each vertical profile had been processed, the types of temporal changes were evaluated. The four types of flow 
interpreted using TERI data were: matrix flow (Fig. 5), macropore flow (Fig. 6), lateral flow (Fig. 7), and no flow (Fig. 8). 
Longitudinal line 1 demonstrated both matrix (Fig. 5) and macropore flow (Fig. 6) profiles as each flow type was within 
the wetting domain (Fig. 4A). Transverse line 3 included both lateral flow profiles outside of the plot area (Fig. 7) and no 
flow regions (Fig. 8) as this perpendicular ERI line characterized results both inside and outside of the wetting domain. 
The resistivity changed the most during wetting with a peak value increasing in depth during the wetting phase. During 
the soil moisture redistribution phase with no surface water, the change in resistivity decreased over time and progres-
sively deeper in depth for a simple soil wetting pattern which was located near the wetting source (Figs. 2 and 5).

Each interpreted flow pattern has distinctive characteristics for interpretation. Matrix flow (Fig. 5) showed a gradual 
increase of the depth at which the peak electrical conductivity was observed over time, labelled 1 through 5, indicating a 
sequential wetting pattern. During the wetting phase, the peak went from the surface to 18 cm depth with a peak change 
in conductance of 28% moving up to 64%. The drying values decreased gradually from 58 to 30% while slowly increasing 
in depth from 18 to 44 cm depth at the end of the experiment. As in a previous controlled macropore experiment [10], 
the TERI data shows a negative change in bulk electrical conductance below the wetted portion of the profiles (Figs. 5 
and 6) which is an artifact of the data processing and gets a larger negative artifact at depth with the larger positive 
change in the soil profile. As the signals generated by the wetting should only be increases in conductance for much of 
the experiment, these deep artifacts were not interpreted as a signal in the experiments. A comparison of the patterns by 
focusing in on the positive changes above the soil-bedrock interface provides a more detailed view of the results (Fig. 9).

The interpreted macropore flow signature (Figs. 6 and 9b) exhibited an increase of the depth at which peak electrical 
conductivity occurred from times 1 to 2 (wetting phase), but during the drying phase (times 2 to 5), the peak electrical 
conductivity value remained at the same depth. During wetting, the change in conductance went from 32 to 127% at 
depths from 39 cm down to 63 cm, which is at or below the estimated soil-bedrock interface. During the drying phase, 
the change in conductance decreased from 81 to 46%, but the depth remained constant. This response was interpreted 
as rapid saturation where the wetting front reached the lithological boundary quickly. Matrix flow and preferential flow 
differed in the time elapsed to reach the same level of vertical saturation in the profiles with differing magnitude of 
change of electrical conductance. Preferential flow velocities were two to three orders of magnitude greater than matrix 
flow velocities.

The interpreted lateral flow pattern (Fig. 7) included changes in electrical conductivity significant enough to record 
peak values outside of the wetting domain. The peak values, however, were sporadic and do not follow a pattern similar 
to matrix and macropore flow. The values appeared at the soil-bedrock interface, and surface changes were not observed. 
Lastly, the no flow pattern (Fig. 8) had no peak values above background as this area was far enough from the wetting 
domain to remain dry during the entire experiment.

3.4  Fluid velocity

The TERI calculated flow velocities were faster near the surface and slower with depth (Table 1A). At approximately 
0.7 m depth, velocities were null because no deeper fluid migration was detected in the TERI datasets. This boundary 
is interpreted as the low permeability soil-bedrock interface at approximately 0.7 m depth which causes soil water to 
migrate laterally in the downslope direction that the plume was oriented and corresponds to the soil depth determined 
from excavation. Calculated TERI velocities change by two orders of magnitude across the plot from 12 to 1740 mm/h.

The same approach was taken for transverse Line 3 to make a calculated fluid velocity section from compounded 
vertical profiles (Table 1B). Results yield the same calculated velocity values for Line 3 at the crossing with Line 1 with 
a sharp drop to dry vertical profiles at both ends of Line 3 where changes in electrical conductivity did not exceed the 
background change of 6% increase in conductance.

3.5  Soil moisture data

The soil moisture data indicated a response of sequential vertical wetting at some pits, while others had non sequen-
tial wetting with shallower probes remaining dry while deeper probes observed wetting in the subsurface. This was 
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interpreted as the effect of preferential flow. The bedrock interface was approximately 0.7 m deep in the soil pits. Results 
from another study of the site, Guertault et al. (2021), indicate matrix saturated hydraulic conductivity values between 
23 and 36 mm/h [18]. The plot saturated hydraulic conductivity was 44 mm/h, approximately twice the matrix value [18].

4  Discussion

4.1  Can TERI be utilized to calculate wetting front velocities?

The results show wetting of the subsurface that is similar in shape to the distribution expected for both vertical and 
lateral migration of fluids in soil over bedrock laboratory experiments [23, 24]. Around 0.7 m depth, there is a rapid 
decrease for changes in bulk electrical conductance (Fig. 4A) and is similar to the location of the significant change in 
bulk resistivity (Fig. 3A). This depth corresponds to where the competent bedrock limited macropore generation vertically 
but allowed macropores to develop laterally. The TERI data and subsequent fluid velocity analysis can be compared to 
what an expected wetting curve should look like along a profile of the line and compared against traditional soil data 
collected from the adjacent pits. Once calculated velocities have been established using TERI, they can be compared 

Fig. 9  Summary of four flow patterns of changes in bulk electrical conductivity against elevation observed in TERI datasets above the soil-
bedrock interface at 97.5 m elevation. Peak values numbered by time in green circles, noise level indicated in gray shaded area. Horizontal 
brown line is approximate soil-bedrock interface at 0.7 m depth below land surface in each location. A During interpreted matrix flow, the 
peak values in the data move vertically downward during wetting, points 1 and 2, at a similar rate as during drying. B During interpreted 
macropore flow, during wetting, the data peaks deep in the soil and then at the bedrock contact. During the drying phase, the peak values 
don’t change elevation, just decrease in change of conductance value. C Interpreted lateral flow changes occur as weak signature primar-
ily at the soil-bedrock interface outside of the test plot. D Interpreted no flow conditions observe no values of bulk electrical conductivity 
changes outside of the noise level
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with velocities obtained using alternative methods to validate the TERI approach. In an experiment at this site, the field 
plot utilized soil moisture sensors placed below the plot from adjacent soil pits [18]. Results from Guertault et al. [18] in 
the same field location yield matrix saturated hydraulic conductivity values between 23 and 36 mm/h and plot average 
hydraulic conductivity of 44 mm/h. The matrix result is similar to values obtained using the TERI approach where the 
results at the base of the soil at 4.5 and 8.5 m share locations with soil moisture probes for the Guertault et al. [18] experi-
ment (Table 1; Fig. 1). Other locations in the dataset are nearly two orders of magnitude higher and are interpreted as 
macropore flow influencing fluid velocity and showing more rapid changes with depth and higher magnitude changes 
in bulk conductivity [18]. The bulk plot hydraulic conductivity value of 44 mm/h would be interpreted as an average of 
the variability observed by the TERI data. These values may be attributed to a coarse grain matrix, but significant changes 
were seen in other areas further down the line and near the surface. Coarse grain units were not observed in the soil 
pits. However, water flow through worm tunnels was observed in the pits during the experiments and macropore flow 
was also observed out of the profile at the end of the plume, confirming the existence of macropores and flow in them 
during the experiment (Fig. 2b).

Calculated fluid velocity values in this research have datasets that compare well with the models and data generated 
from more traditional soil monitoring data sources collected onsite during an adjacent experiment [18]. The change in 
fluid velocity values within the macropore flow domains are within reason and would support hydraulic conductivity 
value variations similar to other literature. Mallants et al. [25] studied macropore flow in three types of soil and found 
hydraulic conductivity values in coarse-grained soil to have a coefficient of variation (CV) of 619%. This would align with 
the two orders of magnitude difference between macropore flow and matrix flow fluid velocity values in the results for 
this research. The results suggest that riparian buffers can be designed with these rapid flow paths in mind and if ques-
tions about the depth and structure of the macropore network exist, the TERI approach can quantify the structure and 
the velocity of the macropore network. Permanent cables for TERI monitoring can be installed in critical areas, similar to 
monitoring wells, to monitor storm events or electrodes can be installed and a cable can be attached for TERI monitor-
ing when needed.

A limiting factor for this method stems from the calculated fluid velocity values. Water can move through the survey 
area too fast for the instrument to image the wetting front location. In some instances during this experiment, fluid migra-
tion reached the interpreted lithological barrier at approximately 0.7 m before the 2.5 h acquisition of all datasets for the 
time interval was completed. In this case, the area of the vertical profile was saturated to the depth of the interpreted 

Table 1  Distribution of calculated macropore velocities based on TERI wetting front velocities in each vertical profile

A. Line 1

Depth 
(m)

0.05
360 360 100

1200
960

200

960
3600.18 65 1300.31 65 17 65

0.48
150

17 12 65
36

0.61 12
13 130

0.74 26
0.87

1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5
Lateral Distance (m)

B. Line 3

Depth 
(m)

0.05

960
1400

1740
1200

0.18
0.31
0.48
0.61

1300.74
65

0.87 7
1.00 28
1.13

1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5
Lateral Distance (m)

V (mm/h) Dry/Null 0–
50

51–
100

101–
500

501–
1000 1000+

Results are shown units of in mm/h. Figure 1 shows the location of TERI transects used as data sources. (A) Longitudinal Line 1. The red high-
lighted cell (4.5 m laterally) represents the location of crossing with transverse Line 3. (B) Transverse Line 3. The red outlined cell (6.5 m later-
ally) represents the location of crossing with longitudinal Line 1
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bedrock boundary in less time than 2.5 h; the highest velocities may not be captured at the site, just a minimum for the 
fastest values.

The no flow values both laterally and vertically (Figs. 7 and 8) depend on the minimum noise levels that can be 
obtained with the TERI datasets. If greater levels of noise exist, small signal changes cannot be determined and thus the 
flow pattern would only distinctly distinguish the highest flow pathways with the strongest signals. By incorporating 
datasets that go between both saturated and unsaturated surface zone, the noise determination is simpler as locations 
where no flow exist are more easily evaluated.

4.2  Vertical vs. lateral flow

This analysis focuses on four flow types in which a spatial relationship on the plot can be derived from vertical and lateral 
flow. Vertical flow was utilized for the fluid velocity calculations (Table 1). During wetting of the plot, areas within the 
wetting domain had begun to saturate at different rates. TERI data measured the amount of time elapsed for various 
locations within the wetting domain to infiltrate to an interpreted bedrock boundary, where vertical fluid migration was 
heavily mitigated. Lateral flow was prevalent outside of the wetting domain on the transverse ERI lines.

These locations also have sporadic vertical fluid migration intervals, different from those seen within the wetting 
domain. For example, the interpreted lateral flow area (Fig. 7) outside of the wetting domain exhibits peak conductivity 
values in an order that do not follow the successive increasing changes in saturation patterns observed inside the plot 
(Figs. 6 and 7). The location of the peaks is different and the pattern is more of a pulse at depth for lateral flow (Fig. 7) 
compared to an overall vertical increase in vertical macropore flow (Fig. 6). The change between wetting times for peak 
values are also different orders for the two datasets. This is similar to the pattern in the soil moisture probes where non 
sequential wetting of the probes would occur with deeper probes getting moisture earlier than shallow probes.

Other techniques can be utilized to extend this type of experiment. GPR has been utilized to observe pumping tests at 
depth in dolomite [26] but would have difficulty in this setup with obtaining 2D data in a runoff plot unless the antenna 
setup was built for saturated conditions. Permanent TERI cables can also be installed to allow for observing changes 
over seasonal variability or to be installed below tilling depth to evaluate an active agricultural field. As acquisition and 
processing costs decrease, the technique can also be utilized for monitoring over areas of interest for several different 
applications.

5  Conclusion

The TERI experiment indicates the ability to quantify the movement of water in the subsurface and to calculate the distri-
bution of vertical preferential flow velocity values in a heterogeneous soil using TERI profiles. This information is critical 
to better characterize hydrologic transport processes in riparian areas and other locations with significant macropore 
flow. TERI can help accurately locate areas of preferential flow caused by macropores, informing the placement and size 
of a riparian buffer. Results from this experiment are validated by ordinary soil moisture measurements and literature 
estimates. The macropore velocity values for macropore flow zones compared to matrix flow zone in this research cor-
respond to a similar ratio of hydraulic conductivity differences with macropore flow in coarse soil [25].

The findings in this research also exhibit definitive lateral and vertical features on the TERI datasets. Lateral features 
indicate a fluid migration detected outside of the wetting domain in the plot, while vertical features were useful in 
calculating fluid velocities. Both lateral and vertical TERI features four flow patterns found within the plot during experi-
mentation. The preferential flow velocity calculations varied from 7 mm/h to 1740 mm/h. This significant difference in 
velocity values over a small area like the test plot supports the delineation of four flow types, matrix flow, macropore 
flow, lateral flow, and no flow using this method.
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