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Abstract
Delineating hydrologic and pedogenic factors influencing groundwater flow in riparian zones is central in

understanding pathways of water and nutrient transport. In this study, we combined two-dimensional time-lapse
electrical resistivity imaging (ERI) (depth of investigation approximately 2 m) with hydrometric monitoring to
examine hydrological processes in the riparian area of FD-36, a small (0.4 km2) agricultural headwater basin in
the Valley and Ridge region of east-central Pennsylvania. We selected two contrasting study sites, including a seep
with groundwater discharge and an adjacent area lacking such seepage. Both sites were underlain by a fragipan at
0.6 m. We then monitored changes in electrical resistivity, shallow groundwater, and nitrate-N concentrations as a
series of storms transitioned the landscape from dry to wet conditions. Time-lapse ERI revealed different resistivity
patterns between seep and non-seep areas during the study period. Notably, the seep displayed strong resistivity
reductions (∼60%) along a vertically aligned region of the soil profile, which coincided with strong upward
hydraulic gradients recorded in a grid of nested piezometers (0.2- and 0.6-m depth). These patterns suggested
a hydraulic connection between the seep and the nitrate-rich shallow groundwater system below the fragipan,
which enabled groundwater and associated nitrate-N to discharge through the fragipan to the surface. In contrast,
time-lapse ERI indicated no such connections in the non-seep area, with infiltrated rainwater presumably perched
above the fragipan. Results highlight the value of pairing time-lapse ERI with hydrometric and water quality
monitoring to illuminate possible groundwater and nutrient flow pathways to seeps in headwater riparian areas.
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Introduction
Hydrologic and chemical interactions in riparian

zones profoundly influence the quantity and quality of
water in small headwater streams, and therefore play an
important role in shaping the integrity of downstream
waters (Alexander et al. 2007). Riparian zones lie at
the interface between terrestrial and aquatic environs
(Gregory et al. 1991) where breaks in topographic slope
or areas of heterogeneous soils and rock strata can
promote groundwater discharge at distinct seepage faces
(Winter et al. 1998), thereby inducing dynamic exchanges
between local and regional groundwater systems (Winter
1988; Stein et al. 2004). In steeply sloped basins, char-
acteristic of the Appalachian Mountains, these riparian
seepage faces often form slope wetlands (Brinson 1993)
or seeps. Seeps are of great import to the headwater
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hydrologic system as they collectively can supply between
50 and 80% of stream baseflow (Morley et al. 2011). In
headwaters with groundwater nitrogen legacies, a problem
common to parts of the Appalachian region (Gurdak and
Qi 2012), riparian seeps with hydrologic connections to
these nitrogen-rich aquifers can exert strong controls on
stream water nitrate-N concentrations in forested (Burns
et al. 1998; West et al. 2001; O’Driscoll and DeWalle
2010; Kaur et al. 2016) and agricultural (Williams et al.
2014, 2015) basins alike. Hence, delineating hydrologic
and pedogenic factors influencing groundwater flow and
discharge to riparian seeps is critical to their successful
management and protection, as well as the headwater
streams to which they drain.

Studies of the interactions between seeps and ground-
water systems often are restricted to point-based hydro-
metric and chemical measurements. For instance, Vidon
and Hill (2004a) employed a network of shallow wells
and piezometers to monitor changes in groundwater lev-
els over time in the glaciated region of southern Ontario,
showing that discontinuities in peat layers promoted
upward movement of groundwater that led to seep forma-
tion and nitrate-N efflux in the riparian zone (Vidon and
Hill 2004b). Similarly, Angier and McCarty (2008) used
piezometer transects in the mid-Atlantic coastal plain of
Maryland to document groundwater upwelling and nitrate-
N movement through shallow soil restrictive layers to
riparian seeps. More recently, studies by Martínez-Santos
et al. (2012) in Spain and Williams et al. (2014) in Penn-
sylvania applied insight from piezometry and groundwater
chemistry to elucidate groundwater upwelling processes
and associated nitrate-N transfers to seeps in stream ripar-
ian zones. While studies like these have shed new light
on subsurface hydrological processes in riparian zones,
they have been unable to sufficiently delineate subsurface
heterogeneities leading to seep development and activa-
tion. Near-surface geophysics offers the opportunity to
noninvasively survey the shallow subsurface, which can
augment hydrologic insight from standard hydrometric
monitoring to quantify the groundwater interactions in
stream riparian zones (Parsekian et al. 2014).

Time-lapse electrical resistivity imaging (ERI) is an
established near-surface geophysical technique that can be
used to map dynamic subsurface hydrological processes
in space and time (Singha et al. 2015). In essence, elec-
trical conductivity (the reciprocal of electrical resistivity)
measures the ability of soil and water to conduct elec-
trical current (Keller and Frischknecht 1966). Because of
its sensitivity to changes in electrical conductivity, time-
lapse ERI has often been paired with saline tracer tests,
thereby enabling hydrogeophysicists to track groundwater
movement in riverine riparian zones (e.g., Doestch et al.
2012) and monitor hyporheic exchange processes in head-
water streams (Ward et al. 2010). Time-lapse ERI also has
been implemented without ionic tracers (i.e., under natu-
ral conditions) to understand interactions between surface
water and groundwater in major river basins (Cardenas
and Markowski 2011) and most recently, in large wet-
land complexes (Uhlemann et al. 2016). While the use

of time-lapse ERI to unravel dynamic hydrological pro-
cesses in stream and river corridors clearly is growing
(Parsekian et al. 2014; Binley et al. 2015; Singha et al.
2015), its application to examining groundwater flow
pathways to seeps remains underexplored to date (cf. Gen-
try and Burbey 2004), especially in riparian areas of small
headwater agricultural watersheds.

In this case study, we applied time-lapse ERI over
the course of several spring rainfall events to investigate
the development and hydrologic activation of seeps in
the riparian area of a headwater agricultural watershed
where seeps collectively represent important sources of
water and nutrients to the stream (Williams et al. 2014;
2015). We selected two distinct sites for monitoring in
the riparian zone, including a seep area with evident
groundwater discharge and an adjacent area lacking such
seepage. Previous work at these sites using piezometry
and two-component chemical mixing models (Williams
et al. 2014) suggested riparian seeps received groundwater
from a shallow fractured aquifer system that was confined
below a fragipan soil horizon at about 0.6 m depth,
while nearby areas without seeps lacked such vertical
connectivity in the subsurface. Indeed, previous studies
have documented anisotropic behavior in fragipans, where
hydraulic conductivity, and hence preferential flow, can
be greater in vertical rather than horizontal directions
(Dabney and Selim 1987). Here, we look to corroborate
vertical subsurface hydrological connections previously
inferred from piezometers and explore the effects of soil
heterogeneity on groundwater upwelling to riparian seeps
with time-lapse ERI.

Study Area
Our study took place in the FD-36 experimental

watershed, a small (0.4 km2) headwater agricultural basin
located in the north central portion of the Mahantango
Creek watershed (420 km2) in east-central Pennsylvania
(Figure 1a; Bryant et al. 2011). Watershed FD-36 is situ-
ated in the northeastern section of the nonglaciated, folded
and faulted Appalachian Valley and Ridge Physiographic
Province. Headwater streams (i.e., first-order perennial
streams) in the Valley and Ridge region comprise between
50 and 100% of total stream length (Nadeau and Rains
2007), with Mahantango Creek representing the lower part
of this range (∼52% of streams are headwaters based on
the National Hydrography Dataset). Like most headwa-
ter basins in the Valley and Ridge Province, FD-36 is
underlain by highly fractured and weathered bedrock at
shallow depths (Wyrick and Borchers 1981). This frac-
tured zone, which extends to 15 m below the surface
in places, supports an aquifer system that gives rise to
numerous springs and seeps in the riparian area (Gburek
and Urban 1990) and also serves as the primary water
source to headwater streams, supplying upward of 80%
of annual streamflow (Gburek et al. 1999). In agricultural
watersheds like FD-36, recharge of the shallow fractured
aquifer often occurs in cropped fields where manures and
fertilizers are applied, thereby leading to N leaching and a
concomitant buildup of nitrate-N in groundwater (Pionke
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Figure 1. Site map showing (a) the location of the FD-36 watershed in the Mahantango Creek experimental basin and in the
Valley and Ridge region of the Eastern US and (b) the experimental hillslope in FD-36 where seep and non-seep sites were
instrumented with piezometers and assessed with time-lapse ERI.

and Urban 1985) that affects the water quality of ripar-
ian seeps (Williams et al. 2015) and streams (Gburek and
Folmar 1999).

Watershed FD-36 is a moderately sloped basin with
soils largely derived from red shale, mudstone, and
sandstone parent materials. Elevations range from 242 to
294 m amsl (Figure 1a), with ridgetop and valley locations
possessing slopes between 1 and 10% and hillslopes as
steep as 25%. The majority of the watershed is underlain
by the Irish Valley Member of the Catskill Formation,
which includes alternating beds of olive-gray sandstone,
siltstone, red shale, and mudstone (Geyer and Wilshusen
1982). Soil catenas are characteristic of those found in
the Valley and Ridge Province of Pennsylvania (Ciolkosz
et al. 1979; Ciolkosz et al. 1990), with well-drained
residual soils that are usually stony, silt loams (Leck Kill,
Calvin, and Berks series) occupying the ridge tops and
side slopes, and colluvial soils with fragipan horizons

(Albrights and Hustontown series) found mainly along the
stream corridor (Williams et al. 2014; Figure 1a). Notably,
fragipans in FD-36 tend to begin at depths ranging from
0.4 to 0.8 m (Gburek et al. 2006), and these horizons often
act as confining layers, separating shallow perched water
tables from the nitrogen-rich fractured aquifer system
below (Hill 1990; Williams et al. 2014).

Climatic and land-use conditions in FD-36 typify
those found in agricultural areas of east-central Pennsyl-
vania. The climate is temperate and humid, with annual
precipitation around 1080 mm/year (Buda et al. 2011) and
mean annual temperatures ranging from 10 to 11 ◦C (Lu
et al. 2015). Land-use is predominately agriculture (56%),
with woodlots (30%) and grassland (13%) occupying the
rest of the basin (Figure 1a). Side slopes and shoulders
feature cropped fields with well-drained soils that are typi-
cally planted in 3- to 4-year rotations of corn, small grains,
hay, and soybeans. These fields routinely receive manure
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Table 1
General Properties of the Hustontown Soil Underlying the Seep and Non-Seep Sites (from Lindeburg 2011)

Depth Sand Silt Clay Bulk Density Porosity
Horizon (cm) Texture % % % (g/cm3) (%)

Ap1 0 to 18 Silt 25.7 56.9 17.4 1.2 54
Ap2 18 to 30 Silt 28.8 54.7 16.6 1.6 41
Bt 30 to 56 Loam 31.0 48.8 20.2 1.6 38
Bx1 56 to 89 Loam 41.9 40.1 18.1 1.7 37
Bx2 89 to 124 Clay 29.8 39.2 31.0 1.7 36

Note: Soil texture, particle size distribution, bulk density, and porosity were analyzed with standard USDA methods (Soil Survey Staff 2014).

and fertilizer in spring and fall, with fall being a partic-
ularly sensitive period for N leaching (Heathwaite et al.
2000) that can ultimately lead to elevated nitrate-N levels
in shallow groundwater (Pionke and Urban 1985) and in
riparian seeps (Williams et al. 2015). Footslopes and toe
slopes, including the riparian area, have poorly drained
soils that preclude agricultural management, and are typ-
ically planted with warm and cool season grasses.

Selection of Time-Lapse ERI Site
We selected a riparian area on a south-facing hillslope

in FD-36 for the time-lapse ERI study (Figure 1a and b).
Soils were classified as a moderately well-drained Hus-
tontown silt loam (see Table 1 for general soil properties),
which possessed a reasonably well-developed fragipan
beginning at a depth of about 0.6 m. Previous research by
Williams et al. (2014) informed our choice of neighboring
seep and non-seep areas for time-lapse ERI monitoring.
Both locations were moderately sloped, with average
gradients ranging from 16% in the seep area to 18% in the
non-seep area. Planform curvature in the seep area was
laterally concave with convergent topography, while the
non-seep area was laterally convex, indicating a tendency
for flow divergence. Field reconnaissance showed that the
seep exhibited intermittent to occasionally perennial flow
(dependent on seasonal rainfall amounts), and responded
quickly to precipitation events. Moreover, evidence from
point-based hydrometric monitoring, chemical mixing
models, and spatial analyses of field management data
suggested that these two sites displayed interesting
contrasts in surface water and groundwater interactions,
with the seep potentially connected to a shallow fractured
aquifer with high nitrate-N levels from upslope recharge
zones in agricultural fields, and the non-seep area lacking
any apparent linkage between perched and regional
groundwater (Williams et al. 2014; 2015).

Materials and Methods

Hydrometric and Water Quality Monitoring
We collected information on shallow groundwater

and soil moisture in seep and non-seep areas to provide
supportive hydrologic data for the time-lapse ERI surveys.
Shallow groundwater monitoring in seep and non-seep

areas was accomplished with five transects of nested
piezometers arrayed in a grid with dimensions of 8.8 m by
5.1 m (Williams et al. 2014). Each transect within the grid
contained four pairs of piezometers spaced 1.5 m apart.
Each piezometer pair consisted of a shallow (0.2 m) and
deep (0.6 m) piezometer, which appropriately captured
major soil features at each site (0.2 m – Ap horizon
border; 0.6 m – top of fragipan). A 4-m deep piezometer
located immediately downslope of the seep and non-seep
sites permitted groundwater monitoring when water tables
were below 0.6 m. All piezometers were constructed
using 5-cm diameter PVC pipe, with shallow piezometers
screened at the bottom 0.08 m and 4-m piezometers
screened at the bottom 0.5 m (Figure 2). Installation of
piezometers featured a sand pack added to the height of
the screen, followed by a bentonite plug to fill the annular
space from the top of the screen to the ground surface.

All hydrometric and water quality measurements
were performed on the same days as ERI monitoring.
Hydraulic head was determined by measuring depth-to-
groundwater in each piezometer with a high-precision
water level indicator (Durham Geo Slope-Enterprises,
Inc., Mukilteo, Washington) and then referencing the
measurements to a common elevation datum. In addition
to groundwater monitoring, we tracked changes in soil
moisture using time-domain reflectometry (TDR). Briefly,
three TDR access tubes (1-m deep) were installed
across each transect (Figures 1b and 2). On each of
the hydrometric monitoring dates, a Trime-FM TDR
probe (IMKO, Ettlingen, Germany) was inserted into
the access tubes and soil water content was measured
at 0.2 m depth intervals (0.2, 0.4, 0.6, 0.8 m) over the
length of the tube. Finally, nitrate-N concentrations in
shallow groundwater were assessed at both sites. Shallow
piezometers (0.2 and 0.6 m) were purged with a peristaltic
pump after water level measurements and ERI surveys
had been done, and water samples were then collected in
125 mL plastic (HDPE) bottles and stored at 4 ◦C until
analysis. Water samples were filtered (0.45 μm) in the
lab and then analyzed with a Lachat QuickChem FIA+
autoanalyzer (QuickChem Methods FIA+ 800 Series,
Lachat Instruments, Loveland, Colorado) for nitrate-N.

In order to place site-specific hydrometric and
resistivity data in context, we also leveraged continuous
(5-min interval) meteorological and hydrological datasets
from parallel research initiatives in the FD-36 watershed
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Figure 2. Generalized cross section of the soils underlying the south hillslope of FD-36 showing the installation depths and
design of hydrometric monitoring equipment at seep and non-seep ERI locations, as well as the layouts for continuous soil
and groundwater monitoring at nearby locations along the south hillslope in FD-36 (see Figure 1a).

(Figure 1b). All datasets covered the 7-week time
frame from April 4 to May 23, 2012, which generally
encompassed the period during which ERI surveys
were conducted. Air temperature and rainfall data were
obtained from a Campbell Scientific meteorological
station (Campbell Scientific, Inc., Logan, Utah) in the
middle of the watershed (Figure 1a). In addition, two
hillslope trenches (Sites 1 and 2; Figure 1a) adjacent
to the seep and non-seep locations (about 35 m away)
provided soil moisture and temperature data, which were
monitored with Decagon 5TE sensors (Decagon Devices,
Pullman, Washington) installed in the middle of the Ap,
B, and Bx (fragipan) horizons (sensor depths ∼ 0.15,
0.5, and 1 m) at each site (Figure 2). Soil moisture and
temperature data from each site were averaged across all
three horizons to provide insight into temporal changes
in soil conditions in the upper 1 m of soil. A pair of
shallow (1.3 m) and deep (4.5 m) recording piezometers
located on the same hillslope as the seep and non-seep
sites (about 150 m downstream) provided data on ground-
water dynamics (Figure 1a). Both piezometers were
screened at the bottom 0.5 m (Figure 2), with the shallow
piezometer installed above the fragipan and the deep
piezometer penetrating the upper part of the fractured
aquifer. Water levels in both piezometers were monitored
with Odyssey capacitance sensors (Dataflow Systems,
Inc., Christchurch, New Zealand). Finally, continuous
streamflow data were acquired from a recording H-flume
about 75 m downstream of the ERI survey sites.

Time-Lapse ERI Surveys
We used time-lapse ERI monitoring to image subsur-

face hydrological processes in seep and non-seep areas
over a 1-month period (April 21 to May 21, 2012) in

which a series of storm events transitioned riparian soils
from a dry to a wet state. The value in using the time-
lapse ERI approach is that it captures seep and non-seep
sites in a defined background state and describes their
evolution as the riparian landscape wets up. In essence,
changes in geophysical response relative to the back-
ground state at both sites can be linked to hydrological
change, assuming that changes in electrical resistivity are
primarily related to variations in water content and that
other variables including temperature, salinity, and the
composition and arrangement of soil particles, vary min-
imally during the time-lapse surveys or can properly be
accounted for post hoc (Samouëlian et al. 2005). While
continuous hydrometric data provided critical insight into
changes in soil moisture and temperature during the ERI
surveys, we did not collect site-specific data on the elec-
trical conductivity of groundwater. Nevertheless, monthly
groundwater monitoring in the shallow fractured aquifer
showed the electrical conductivity of surficial groundwater
averaged 195 μS/cm from 2011 to 2012, with a coefficient
of variation less than 3% indicating temporal changes in
groundwater chemistry were generally small.

In early April 2012, we established ERI sampling
transects bisecting a seep and an adjacent non-seep area
in the riparian zone. Each transect ran roughly parallel to
the stream (Figure 1b) and featured 32 stainless steel elec-
trodes spaced 0.5 m apart, yielding a total transect length
of 15.5 m. We chose a dipole-dipole array because of its
inherent strength in resolving lateral changes in resistivity
(Samouëlian et al. 2005; Loke 2015). Dipoles were
collected from skip-0 to skip-9, yielding 259 quadripoles
in total for each data set over a period of approximately
30 min. We were most interested in the upper 2 m of
soil, which included the critical region above and below
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the fragipan horizon at each site. Although surface soils
were relatively dry (θ seep = 18.7%; θnon-seep = 15.7%)
during the installation, contact resistances between the
electrodes and the ground were less than 10 kohm, which
we considered good. Electrodes remained in the ground
for the duration of the study to guarantee consistency
between surveys, and contact resistance checks were
performed prior to each survey. Also, close cooperation
with local landowners assured that the electrode transects
and associated monitoring equipment were not disturbed
by agricultural activities at any point during the study.

Five ERI surveys were performed in seep and non-
seep areas using an IRIS Syscal Pro Resistivity Meter
(IRIS Instruments, Orleans, France), with the first sur-
vey on April 21, 2012 providing background resistivity
data, and subsequent surveys characterizing hydrologi-
cal changes in seeps and non-seeps after rainfall events.
Repeat measurements, or stacks, were used to help quan-
tify measurement error. Up to three stacks were collected
during surveys, with a mean stacking error of 0.2%. Two-
dimensional distributions of soil resistivity in seep and
non-seep areas were obtained by inverting the field resis-
tance data with EarthImager2D (Advanced Geosciences,
Inc.). To assess resistivity changes over time, we used a
difference inversion approach, which looks at ratios of
the resistances collected in the field. This approach has
been widely used to estimate changes in resistivity rela-
tive to background conditions in hydrological studies with
time-lapse ERI (Daily et al. 1992; Cassiani et al. 2009).
We applied the temperature-correction method of Hayley
et al. (2007) to calculate resistivity values at a reference
temperature of 25 ◦C, which allowed us to account for
variable soil temperatures experienced during 2-month
time-lapse ERI study. Additional details on parameters
used in data collection and the inversions are given in
Table 2.

Results and Discussion

General Patterns in Climate, Hydrology, and Soil
Conditions

The 90-day period prior to the background ERI
surveys on April 21, 2012 was quite dry. Precipitation
totaled 76 mm from January 20 to April 20, 2012, which
was 45% of the 5-year (2007 to 2011) mean precipitation
amount over the same time frame. Notably, only 3 mm of
rain fell over the eighteen days prior to April 20, 2012
(Figure 3a). Mean daily air temperatures were 11.3 ◦C,
with daily mean temperatures ranging from 4.7 to 22.1 ◦C
(Figure 3b). Volumetric moisture content on the south
hillslope reflected the effects of the 3-month dry spell,
generally averaging 22 to 29% in the top 1 m of soil,
which was slightly less than the estimated field capacity
of 31% for Hustontown soils (determined using empirical
relationships with soil texture and organic matter; Saxton
and Rawls 2006). In addition, soil temperatures mostly
held steady at 10 ◦C from April 4 to April 14, 2012 before
increasing to 13 to 15 ◦C in response to a 6-day warm

Table 2
Time-Lapse ERI Parameters Used in Seep and

Non-Seep Surveys

ERI parameters Seep and non-seep study
areas

Electrode array Dipole-dipole
Number of electrodes 32
Number data points 259
Electrode spacing (a) 0.5 m
Separation factor (n) 0 to 9
Length of transect 15.5 m
Depth of investigation 1.6 m
Number of stacks 2 to 3
Stacking error 0.2%
Current injection time

window
1 s

Resistance check Prior to all surveys
Number of channels Up to 10 channels used
Duration of the survey 28 min
Static inversion parameters Final absolute

error approximately
2.5%

Time-lapse inversion
parameters

Simultaneous inversion
(data difference)

First background image
as reference

interval that began on April 15, 2012. Water tables were
well below 0.6 m at seep and non-seep sites, as well as in
the continuously monitored shallow recording piezometer
(Figure 3e), indicating the near absence of a perched water
table along most of the south hillslope in FD-36 due to dry
conditions. Likewise, water levels in the deep recording
piezometer also responded to limited rainfall by declining
0.3 m between April 4 and April 21, 2012. Streamflow
remained at or below 0.5 L/s for the duration of the period
(Figure 3f).

The 6-week period following the background ERI
surveys on April 21, 2012 (collected from 1100 to 1200
EDT) was punctuated by three distinct storm events, as
well as occasionally lighter rainfalls that brought rainfall
totals to 141 mm by the end of the study (Figure 3a). The
first storm began on April 21, 2012 (∼1430 EDT) and
lasted 2 days, delivering 40.1 mm of rainfall. Subsequent
storms on May 7 to 8, 2012 and May 14 to 15, 2012
added 30.7 and 42.9 mm of rainfall, respectively. Each
rainfall event resulted in significant and rapid water table
rises in the shallow recording piezometer, indicating the
development of perched water tables above the fragipan
that responded immediately to rainfall inputs (Figure 3e).
Water levels in the deep recording piezometer always
were above those recorded in the shallow piezometer
(indicating a potential upward flow gradient), and its
response to rainfall was generally muted and somewhat
lagged relative to the shallow piezometer (Figure 3e).
This pattern continued through the last rainfall event
when water levels in the deeper piezometer ultimately
rose above the land surface, indicating artesian conditions
in the fractured aquifer. Artesian conditions were likely
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Figure 3. Temporal changes in climate, soil, and hydro-
logic conditions from April 4 to May 23, 2012, including
(a) cumulative precipitation (mm), (b) air temperature (◦C),
(c) soil temperature (◦C)*, (d) soil moisture (%)*, (e) water
table elevations (m amsl), and (f) stream discharge (L/s).
Vertical dashed lines indicate the timing of the background
ERI survey (t0 = April 21, 2012) as well as the four sub-
sequent surveys conducted over the 1-month wet-up period
(t1 = April 23, 2012; t2 = April 25, 2012; t3 = May 2, 2012;
t4 = May 21, 2012). *Continuous soil moisture and tempera-
ture measurements were made with Decagon 5TE sensors.

induced by the presence of the fragipan, which was
acting as an aquitard in the riparian area along the
south-facing hillslope in FD-36. Streamflow and soil
moisture rose subtly after the first storm, reflecting the
effects of dry antecedent conditions, but then increased
markedly after the second and third storm events,
with moisture levels rising briefly above field capacity
(Figure 3d) and peak stream discharge increasing 25- and
66-fold over pre-storm baseflows of 1.6 L/s (Figure 3f).
Soil temperatures generally mirrored air temperatures
(Figure 3b, c), with soils gradually warming from 13 ◦C
prior to the background survey to 17 ◦C on May 21, 2012
(Figure 3c).

Background Resistivity of Seep and Non-Seep Areas
Two-dimensional background resistivity models pro-

vided important insight into subsurface characteristics of
riparian soils in the seep and non-seep sampling areas
(t0 in Figures 4 and 5). In general, resistivity in seep
and non-seep areas ranged from 150 to 650 �m, within
the typical range for largely saturated soils and alluvial
sediments (Loke 2015). Notably, background resistivity
tomograms in the seep area were much more diverse than
those in the non-seep area. Because resistivity inversions
were corrected for temperature deviations during the study
period, and other major factors such as soil properties
(e.g., texture, porosity) were assumed similar between the
two sites (see Table 1), we hypothesized that variable sat-
uration induced by the seep zone was the driving factor
explaining the greater heterogeneity in resistivity in the
seep area relative to the non-seep area. We explore this
possibility in greater detail below.

In the non-seep area (t0 in Figure 4), a distinct
horizontal layer of high resistivity (400 to 650 �m) was
apparent below about 0.6 m depth in the background
inversion, with a much lower resistivity region (150 to
300 �m) situated above it. The low resistivity region
roughly corresponded with the location of the Ap
horizon, which is mapped from 0 to 0.3 m, with the
higher resistivity region below it suggesting a relatively
homogenous fragipan horizon that begins around 0.6 m.
Increased resistivity in the fragipan horizon may be due
in part to changes in soil bulk density, which increases
from about 1.4 g/cm3 in the Ap horizon to 1.7 g/cm3 in
the fragipan (Table 1). In an electrical resistivity study of
fragipan soils in the Palouse Region of northern Idaho,
Leslie and Heinse (2013) observed that the most dense
soil horizons also were the most resistive, although these
effects likely were amplified by low soil water contents
at their site. Certainly, well-developed fragipans in the
eastern US typically possess low soil water contents due
to their high bulk density and low hydraulic conductivity
(Grossman and Carlisle 1969). In the non-seep area, which
appeared to possess a consistent fragipan horizon, soil
moisture was only 23.7% at 0.8 m depth (just below
the top of the fragipan) (t0 in Figure 4). In contrast,
soil moisture at the same depth in the seep area was
substantially greater at 43.0% (t0 in Figure 5), suggesting
a possible influence of groundwater discharge at that
location.

As discussed above, relationships between resistivity
patterns and soil characteristics in the seep region
suggested much greater heterogeneity in the subsurface
(t0 in Figure 5) relative to the adjacent non-seep area.
In general, pockets of high resistivity (400 to 650 �m)
were found in the upper 1 m of the inversion while
lower resistivity values (150 to 250 �m) largely were
confined to depths greater than 1 m. Several vertically
aligned areas of low resistivity were noted in the seep
area, with the one occurring between 7 and 8 m on the
ERI transect being the most prominent. These vertically
oriented low-resistivity anomalies may indicate zones
of elevated moisture resulting from preferential water
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Figure 4. Non-seep resistivity tomograms, soil moisture patterns, and piezometric head (4-m piezometer) for background
conditions (t0 = April 21, 2012) and four subsequent time steps over the 1-month wet-up period (t1 = April 23, 2012; t2 = April
25, 2012; t3 = May 2, 2012; t4 = May 21, 2012). Background resistivity data are given in �m, whereas resistivity difference
inversions are shown as the percentage difference from background conditions. Volumetric soil moisture* is plotted as a
function of depth, with minimum and maximum values shown as dashed black lines and the means shown as a solid blue
line. Piezometric head is shown as water level depth (m) below ground level (bgl). *Volumetric soil moisture was measured
with a Trime-FM TDR probe at three locations along the electrode transect, and mean, minimum, and maximum values were
calculated across all three locations for each of the four depth intervals.

movement through discontinuities in the fragipan in the
vicinity of the seep. Indeed, volumetric water content
measurements taken with TDR along the ERI transect
showed a marked transition from dry conditions at the
surface (18.7%) to fully saturated conditions at 0.8 m
(43.0%) (t0 in Figure 5), suggesting that preferential
subsurface saturation may have contributed to the pockets
of low resistivity seen in the two-dimensional seep
tomogram. Also, the water table in the 4-m observation
piezometer was 0.8 m below the surface on April 21, 2012
(t0 in Figure 5), indicating possible saturation from the
groundwater system below the fragipan despite the dry
antecedent moisture conditions.

Changes in Resistivity and Site Conditions During
the Wet-Up Period

Time-lapse ERI revealed interesting contrasts in
resistivity in the seep and non-seep area that became
readily apparent with successive rainfall events (t1

through t4 in Figures 4 and 5). Following the first storm
event, which deposited 40.1 mm of rainfall over the course
of three days (April 21 to 23, 2012) (t1 and t2 in
Figure 3a), sequential ERI surveys on April 23 and 25,
2012 showed that resistivity in the upper 0.6 m of soil
decreased by 10 to 25% in the non-seep area (t1 and t2 in

Figure 4) and by 25 to 40% in the seep area (t1 and t2 in
Figure 5). These resistivity declines likely resulted from
infiltrating rainwater, which differentially increased the
moisture content of the more hydraulically conductive soil
horizons above the fragipan horizon at both sites. Indeed,
surficial soil moisture (average TDR measurements for the
upper 0.6 m) increased to a greater degree in the seep area
following the first storm event, rising by 15% in the seep
(27 to 42% from t0 to t1 in Figure 5) and by only 7% in
the non-seep (18 to 25% from t0 to t1 in Figure 4). The
8% greater increase in soil moisture in the seep area led to
a resistivity decline that was 15% lower in magnitude than
what was observed in the non-seep area. Interestingly, the
seep area also exhibited marked reductions in resistivity
of 25 to 40% in several pockets between approximately
1 and 2 m depth in the inversions (t1 and t2 in Figure 5),
with the region above 1 m showing little to no change in
resistivity. This pattern was unique to the seep area, and
appeared to indicate progressive saturation from below at
these depths, which was evidenced by the fact that water
tables in the 4-m observation piezometer rose from 0.8
to 0.2 m below ground level, and moisture contents 0.8 m
below the surface increased to 50% immediately following
the first rainfall event (t1 in Figure 5).
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Figure 5. Seep resistivity, soil moisture, and piezometric head (4-m piezometer) patterns for background conditions (t0 = April
21, 2012) and four subsequent time steps over the wet-up period (t1 = April 23, 2012; t2 = April 25, 2012; t3 = May 2, 2012;
t4 = May 21, 2012). Background resistivity data are given in �m, whereas resistivity difference inversions are shown as the
percentage difference from background conditions. Volumetric soil moisture* is plotted as a function of depth, with minimum
and maximum values shown as dashed black lines and the means shown as a solid blue line. Piezometric head is shown as
water level depth (m) below ground level (bgl). *Volumetric soil moisture was measured with a Trime-FM TDR probe at three
locations along the electrode transect, and mean, minimum, and maximum values were calculated across all three locations
for each of the four depth intervals.

The month of May 2012 featured several large storms
that further amplified resistivity differences between
seep and non-seep areas. For instance, the third ERI
survey on May 2, 2012 immediately followed 6.1 mm
of additional rainfall in the basin (t3 in Figure 3a).
While two-dimensional resistivity patterns in the non-seep
area remained relatively unchanged from the two earlier
surveys (t3 in Figures 4 and 5), the seep area exhibited
the early development of an interesting vertical anomaly
between 7 and 8 m on the profile where resistivity declined
by 10 to 20% (t3 in Figure 5). Two more rainfall events
on May 7 to 8, 2012 (30.7 mm) and May 14 to 15, 2012
(42.9 mm) brought the 1-month rainfall total to 141 mm
and increased mean soil wetness at both sites to saturation
(θ seep = 48.5%; θnon-seep = 45.8%) by May 21, 2012. On
that date, ERI surveys (t4 in Figure 5) showed that the
vertical anomaly in the seep area had become even more
pronounced, with resistivity reductions approaching 60%
throughout the entire profile (decreasing from background
levels of 150 to 250 �m through 50 to 150 �m on
May 21, 2012). We observed resistivity reductions of
a similar magnitude in the non-seep area (decreasing
from background levels of 210 to 330 �m through 80
to 180 �m on May 21, 2012), but they were strictly
confined to the area above the fragipan where a perched
water table had developed (t4 in Figure 4). Perhaps most

notable was the apparent connection between the shallow
fractured aquifer below the fragipan and the perched water
system above as indicated by resistivity tomogram from
the seep area, signifying a potentially dynamic interaction
between these two systems that possibly was facilitated
by a discontinuity in the fragipan horizon.

Perspectives on Riparian Seep Hydrology Using
Time-Lapse ERI and Hydrometric Data

The saturated conditions on May 21, 2012 afforded a
holistic perspective of the hydrology and water quality of
seep and non-seep areas of the riparian zone. In the seep
area, the vertically oriented anomaly of reduced resistivity
at the midpoint of the ERI transect (Figure 6a) aligned
with areas where the piezometric surface, inferred with
0.2-m piezometers, was above ground level (Figure 6b),
and where hydraulic head differentials were largely posi-
tive (≥2 cm) (Figure 6c). These collective trends pointed
to groundwater upwelling from the shallow fractured
aquifer where it then mixed with perched groundwater and
eventually discharged to the surface. Indeed, piezometric
head in the 4-m piezometer was 0.4 m above ground
level in the seep area (t4 in Figure 4), suggesting the
potential for groundwater discharge. As indicated earlier,
the groundwater system below the fragipan is likely
artesian (Figure 3e), and therefore discontinuities in the
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Figure 6. Seep and non-seep hydrological and water quality conditions on May 21, 2012 (t4). Four graphics are shown for
each study location (seep = a through d; non-seep = e through h), including the two-dimensional resistivity difference inversion
and a series of three-dimensional land-surface representations with contours of groundwater elevations (inferred from the
0.2-m piezometers), hydraulic head differentials (cm), and shallow groundwater nitrate-N concentrations (mg/L) plotted as
map overlays. The dashed black line on the land-surface images represents the location of the ERI transects in seep and
non-seep areas. For the seep area land-surface images, the dashed white circle indicates the approximate location of the
vertically oriented resistivity anomaly shown in the resistivity difference inversion.

fragipan may allow upward migration of deeper ground-
water to the surface. Because the deeper groundwater
system possesses elevated nitrate-N levels from upslope
agriculture (Pionke and Urban 1985; Gburek and Folmar
1999), irregularities in fragipan architecture may provide
a pathway for nitrate-N delivery to the seep (Figure 6d)
and ultimately to the stream (Williams et al. 2014).

In stark contrast, ERI data from the non-seep area
indicated that groundwater was perched above the
fragipan, and had no apparent connection with the deeper
groundwater system below (Figure 6e). The piezomet-
ric surface mapped with the 0.2-m piezometers was
largely below ground level throughout the non-seep area
(Figure 6f), and piezometric head in the 4-m piezometer
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did not indicate the potential for groundwater discharge
to the surface (t4 in Figure 5) as was observed in the
adjacent seep area. Moreover, lateral hydraulic gradients
were directed downslope (Figure 6f), and hydraulic
head differentials were strongly downward (≤−2 cm;
Figure 6g). Thus, rainfall from previous storm events
likely was percolating through the profile, perching above
the fragipan, and moving laterally downslope toward
the stream. Lacking any obvious contributions from the
nitrate-rich groundwater system below, nitrate-N con-
centrations in perched groundwater in the non-seep area
remained largely below 0.4 mg/L (Figure 6h). The back-
ground ERI data and subsequent difference inversions
during the wet-up period confirmed the homogenous
nature of the fragipan horizon in the non-seep area,
which effectively served to separate local and regional
groundwater systems in this region of the riparian zone.

Implications and Conclusions
Applying time-lapse ERI allowed us to delineate

and describe hydrologic and pedogenic factors affecting
groundwater flow and discharge in the riparian area of
a small agricultural headwater basin in the Valley and
Ridge region of Pennsylvania. At the non-seep location,
141 mm of rainfall from April to May 2012 led to a 28%
increase in moisture content and a resultant 60% decline
in resistivity in the 0.6-m area of soil above the fragipan,
with the regional water table remaining well below the
1.6-m depth of ERI investigation. Thus, evidence from
the non-seep area pointed to the development a perched
water table that was hydraulically disconnected from the
shallow fractured aquifer below. The upper 0.6 m of soil
in the seep area responded similarly to the non-seep area,
with rainfall inputs over the 1-month period producing
resistivity reductions of 60% and attendant soil moisture
increases of 22%. More importantly, however, we also
mapped a vertically aligned region of the soil profile
with resistivity declines of 60% that coincided with
strong upward hydraulic gradients recorded in a grid of
nested piezometers (0.2- and 0.6-m depth). This pattern
suggested a hydraulic connection between the seep and
the shallow groundwater system below the fragipan
that enabled groundwater and associated nitrate-N to
discharge through the fragipan to the land surface.
Time-lapse ERI results from the seep area of FD-36 are
strikingly consistent with recent geoelectrical studies in
the UK, where ERI surveys of large wetland complexes
underlain by peat have mapped heterogeneities in peat
architecture, including the presence of gravels, that
provide preferential pathways for upwelling groundwater
(Chambers et al. 2014; Uhlemann et al. 2016).

Findings from our study suggest a possible role of
fragipan architecture on the location and activation of
riparian seeps in the Valley and Ridge province. Fragipan
soils in headwater basins like FD-36 are notably heteroge-
neous (Grossman and Carlisle 1969), with several studies
indicating anisotropy in saturated hydraulic conductivity
(Parlange et al. 1989; Day et al. 1998), especially in

the vertical direction (Dabney and Selim 1987), due to
vertically oriented cracks and cleavage that are common
to fragipan horizons. Individual cracks and cleavage
features were likely less than the electrode spacing of
0.5 m, which precluded their precise delineation with ERI.
Certainly, estimating a priori the scale of variability that
would not be identified with ERI was difficult, as spatial
resolution is an unknown function of many variables,
including electrode geometry, measurement schedule,
and the subsurface electrical conductivity distribution
(Daily and Ramirez 1995). Even so, the vertically
positioned resistivity anomaly in the seep area, which
was unmapped in the non-seep area, showed that the
0.5-m electrode spacing used in our study was sufficient
to detect the collective influence of cracks and cleavage
structures in the fragipan and demonstrate their role as
preferential groundwater flow pathways for confined
aquifer discharge and nitrate-N efflux to riparian seeps.

Of course, the interpretation of ERI data should be
made carefully in any situation, and our study is no
exception. One drawback of our approach was the use of
single electrode transects through seep and non-seep areas,
which limited us to viewing three-dimensional processes
as two-dimensional changes in resistivity over time.
Future studies employing time-lapse ERI in the study
of riparian seeps may consider an approach like that of
Toran et al. (2015), where three-dimensional ERI surveys
were used to identify zones of groundwater seepage
in lakebeds. Nevertheless, comparing two-dimensional
changes in geophysical response over time, an inherent
strength of the time-lapse ERI method (Binley et al.
2010, 2015), still permitted meaningful interpretations
of subsurface hydrological processes in seep and non-
seep areas of the riparian zone. These interpretations
were strengthened significantly by applying insight from
supportive hydrologic datasets, including depth-varying
soil moisture and routine groundwater monitoring at seep
and non-seep sites, as well as continuous hydrologic data
from nearby locations. Equally important was our ability
to maintain the experimental setup, undisturbed, for the
duration of the 1-month study period. In closing, our study
demonstrates that time-lapse ERI methods offer valuable
insight into the role of soil architecture on the hydrological
functions of riparian seeps, and when paired with multiple
lines of evidence from hydrometric and water quality
monitoring, can shed additional light on groundwater and
nutrient flow pathways to seeps in near-stream areas of
headwater catchments.
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