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ABSTRACT 
 

Time-lapse electrical resistivity tomography (TL-ERT) enables an accurate 

characterization of the heterogeneity of flow through the unsaturated zone especially 

when compared to point measurements taken within the same survey area. The most 

powerful tool for understanding the unsaturated zone is a combination of several 

techniques. Many models of unsaturated zone flow assume a uniform wetting front even 

though the existence of preferential flow paths is well-documented in the literature. TL-

ERT surveys were collected perpendicular to a stream at the Stroud Water Research 

Center in Chester County, PA to provide continuous measurement of unsaturated flow 

during two natural infiltration events. Dielectric sensors were installed along this transect 

to collect soil moisture data during these events. Additionally, slug tests and infiltrometer 

tests were collected along the transect to characterize the subsurface at the study site. TL-

ERT successfully located sections with preferential flow, and these results were 

reproducible three months later. Other methods of measuring soil moisture content or 

infiltration rates were less successful at identifying preferential flow. The rates 

determined from point measurements often did not match where the TL-ERT identified 

zones of preferential flow. This comparison reveals that slow-infiltration points can exist 

within preferential pathways and exemplifies the importance of large-scale measurements 

in the unsaturated zone. Any scientific study looking at infiltration should consider 

utilizing TL-ERT to map where preferential flow may be occurring. 
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CHAPTER 1 

INTRODUCTION 

Background 

Both laboratory and field experiments of monitored infiltration have the potential 

to increase an understanding of the timing and spatial distribution of fluxes in soil 

moisture in the unsaturated zone. Flow in the unsaturated zone is complex, and 

infiltration is typically heterogeneous. Fast flow paths can occur immediately adjacent to 

slower pathways, and differences can occur on the pore scale. Therefore, flow across any 

given area is difficult to quantify. Techniques are needed to capture differences in flow 

laterally across a variety of scales.  

Artificial infiltration experiments determine volumetric water content (VWC) in 

soils through VWC’s relation to other measurable properties such as resistivity changes, 

dielectric changes, visual recognition of a dye tracer, etc. A natural infiltration experiment 

will avoid the flaws of an artificial infiltration experiment such as changes in the packing 

of the soil, the destruction of soil and root features, flaws in artificial injections that may 

use misrepresentative rates, or distribution of new water introduced into either laboratory 

or field tests. Natural infiltration events are difficult to capture because they either require 

constant sampling or extensive planning to set up the experiment before a rainstorm. 

However, capturing a natural infiltration event may measure the pathways and timing of 

rainwater infiltration with significantly more accuracy than an artificial infiltration 

experiment. 

 

 



	 2	

The Riparian Zone 

A particularly dynamic area of stormwater infiltration is the riparian zone. The 

area lying between terrestrial and aquatic-fluvial environments is referred to as the 

riparian zone. It is influenced by both overbank flooding and direct infiltration, leading to 

complex subsurface hydrologic flow paths (Figure 1.1). Healthy riparian zones are 

interconnected corridors that provide opportunity for plants to disperse and grow through 

adaptation to conditions at particular locations. Riparian plants are uniquely adapted to 

exploit the dynamic nature of river systems such as over bank flooding and nutrient loads 

(Naiman & Decamps, 2010).  The riparian zone sometimes exhibits complex 

characteristics in its hydrology such as a disconnection of flow corridors due to bank 

incision, variations in topography, and a dynamic unsaturated zone.  Riparian zones are 

important components of aquatic systems because they provide a buffer for sediment, 

pathogens, and nutrient loads into both surface water and groundwater (Polyakov, Fares, 

& Ryder, 2005). 

 

	
Fig 1.1 - Different types of flow in and near the riparian zone. Arrow 2 has been modified 
to show subsurface flow in the unsaturated zone, temporarily saturated during storm 
events. Adapted From Vidon et al., 2010.   
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 Relative to the small areas that the riparian zone occupies within a watershed, it 

disproportionately controls the flux of water and solutes into streams. Chemical 

characterization of these buffering processes is critical for understanding the successes 

and limitations of riparian zones in sequestering pollutants. However, without a physical 

understanding of how water moves through these systems, these processes cannot be 

adequately analyzed for their effectiveness. Characterizing the physical hydrologic 

processes of the riparian zone is difficult due to a complex network of flow paths and 

changes in flow direction during storm events. There is significant spatial and temporal 

variation in reaction rates at the riparian interface via “hot spots and moments” meaning 

small areas and periods of time where reaction rates are disproportionally high compared 

to longer intervening time periods and larger areas (Vidon et al., 2010).  Intersecting 

hydrologic flow paths between upland and aquatic ecosystems produce dynamic moisture 

and biogeochemical conditions in riparian zones (Figure 1.1). These changes create 

significant temporal and spatial variability of soil moisture, redox potentials, vegetation, 

and temperature which substantially affect transport, storage, and sequestration of solutes 

(Vidon et al., 2010). 

Its position between the aquatic and terrestrial regions causes the riparian zone to 

sometimes undergo flow reversal and/or overbank flooding. Flow reversal is a unique 

property of riparian zones that occurs during flood events where a gaining stream 

temporarily becomes a losing stream (Figure 1.2). When the flood crest depth of the 

stream channel becomes greater than the height of the water table, the hydraulic gradient 

will reverse direction near the stream (in the riparian zone). This reversal results in 

transient storage of floodwater in the aquifer next to the stream. After the flood event, 
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when the water level returns to its original level, the stream becomes a gaining stream 

again or the stream loses water out the bottom instead of the banks (Figure 1.3). The 

possibility of these events occurring means that storm monitoring is an essential 

component of any study attempting to characterize subsurface flow in the riparian zone. 

 

 

 

 

 

 

 

 

 

Storm patterns can influence the buffering capabilities of the riparian zone. 

Connor et al., (2013) studied the hydrology of the riparian zone of a humid, tropical 

stream in eastern Australia. During the dry season, discharge to the stream was negligible 

							 	
Fig 1.2 - Flow reversal during a storm. Typical baseflow water table 
condition is labeled. From Fetter, 2001. 

												 	
Fig 1.3 – A normal gaining stream (A) and a normal losing stream (B). 
From Fetter, 2001. 
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and water uptake by vegetation was a significant component of the water budget. 

However, during the wet season uptake was a relatively small component compared to 

high vertical and lateral fluxes of water through a variably saturated zone due to intense 

rain and permeable soils. During these high-flux events, retention times are too short for 

buffering processes to have a significant effect on water quality (Connor et al., 2013). 

The data gathered from the Australia site suggests that areas that exhibit a large 

dichotomy between precipitation amounts due to seasonal variation could have limited 

buffering potential due to a limited retention time of water. 

Bank incision can also affect riparian buffering processes. Research shows that 

riparian zones of streams with deeply incised channels are hydrologically disconnected 

from their floodplains and tend to exhibit deeper water tables and aerobic conditions 

(Schilling and Jacobson, 2014). These conditions are conducive to the mineralization of 

nitrogen in most cases. By mineralizing nitrogen in the riparian zone, that free nitrogen 

does not enter the stream. However, in areas with perennial vegetation covering riparian 

soils, there may be high dissolved oxygen and high oxidation-reduction potential, but 

vegetation will mineralize excess nitrogen that would be available for leaching (Schilling 

and Jacobsen, 2014). 

Storm Water Processes 

The total contributions of water to a stream during a precipitation event can be 

divided into several components illustrating the pathways that water takes to the stream 

(Figure 1.4). Storm events are chronologically illustrated in hydrographs as flood water 

rises, peaks, and recedes in a stream. Overland flow is the greatest contributor to the 

hydrograph (shown as component 1 in Figure 1.1). When there are layers of subsurface 
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material with a lower vertical hydraulic conductivity than horizontal hydraulic 

conductivity, then infiltrated water may move horizontally through the unsaturated zone 

in a process called interflow (Fetter, 2001). Beven (1989) defines interflow as the near 

surface flow of water within a soil profile which causes seepage into a stream channel 

within the time frame of a single storm hydrograph. Interflow is a relatively small 

component of storm events; however, it is responsible for much of the buffering of non-

point source pollution (Figure 1.4). The impact that riparian flow paths have on the 

movement of solutes is not proportional to the volume of water transported along that 

flow path because of the high buffering potential of the riparian zone. 

 

										 	
Fig 1.4 – A hydrograph separation showing an 
approximation of the relative contributions to storm 
water. From Fetter, 2001. 
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Most conceptual models of storm water runoff suggest a relationship between 

groundwater storage and runoff where interflow always follows a rise and fall in 

groundwater levels. However, there is now significant evidence from field experiments 

that this concept does not apply to all catchments or all storms (McDonnell, 2003). 

Seibert et al. (2003) illustrated that in hill slope catchments the water table response from 

storms in the riparian zone can be distinct from water table response at positions farther 

from the stream. The variation in storm water runoff is also evidenced in studies which 

report that riparian waters are chemically and isotopically distinct from water farther 

upslope.  

McGlynn and McDonnell (2003) quantified the timing of a sequence of catchment 

contributions to flow by combining hydrometric, isotopic, and solute approaches to the 

hydrograph separation problem. During a small storm event (27 mm), hillslope runoff 

contributed to 2-16% of their hydrograph (flow path 1 in Figure 1.1), and the riparian 

zone contributed 84-97%. During a larger storm (70 mm), hillslope runoff contributed a 

larger portion (47-55%), but riparian flow contributed more early in the storm, and 96% 

of the new water (water introduced to the system during the storm event) in the flood was 

contributed from riparian and channel zones (McGlynn and McDonnell, 2003). 

Infiltration is the key surface-water groundwater interaction that links 

precipitation and overland flow to interflow and baseflow. At different stages in a rain 

event, infiltration can be either homogeneous or directed into preferential pathways. 

Macropores 

Macropores create preferential flow in the unsaturated zone. Macropores are large 

pores that do not hold water under capillary conditions and thus allow the preferential 
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movement of water. Macropore flow occurs in well-structured soils such as those with a 

high base saturation and clay content. Cracks in a clayey soil are a classic example of a 

macropore. Flow rates through a macropore are controlled by the smallest void along a 

continuous flow path creating a bottleneck effect (Beven and Germann, 1982). 

Macropore morphologies are well represented in standard soil survey procedures 

(Germann, 1981). Macropores are morphologically distinguished according to their 

formation process and are formed by the soil fauna, plant roots, cracks and fissures, and 

natural soil pipes. Evidence suggests that even a small amount of macroporosity can 

increase the water flux of soil by more than an order of magnitude in soils of low to 

moderate matrix conductivity (Beven and Germann, 1982). 

Defining the flow of water through unsaturated mediums is difficult, particularly 

when macropore flow is involved. The dominant numerical solution to water flow is the 

advection-dispersion equation, which has been proven to be inaccurate in unsaturated 

heterogeneous soils through field tracers tests and by considering the physics of Darcy-

Richards flow in unsaturated heterogeneous soils (Beven, 2013). When preferential flow 

is present, even if the model captures accurate mean velocities, the impact of the 

preferential flow paths on transport will not be properly represented. Nonetheless, 

examining how models fail when compared to field observations can improve 

understanding of the underlying processes (Beven, 2013). 

Lin and Zhou (2008) ran an experiment using soil moisture probes across many 

sites to see the conditions that create preferential flow during storms. There were 15 

different storms measured. Preferential flow was more likely during dryer periods and 

more intense rain events. Differences in preferential flow were seen even at adjacent soil 
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locations and were attributed to hillslope position, slope gradient and orientation, the 

underlying bedrock fracture and orientation, or some combinations (Lin and Zhou 2008). 

The high-frequency sampling and remote operation of soil moisture probes allows users 

to identify key timings of infiltration related to rainfall from individual storms or seasonal 

trends via soil moisture curves. 

Flow in the unsaturated zone is largely dependent on the mechanics of rainwater 

falling across the land surface. If there is ponding at the surface, free-water will travel 

across the surface until it finds a macropore where it will move preferentially down 

(Figure 1.5). The time to ponding is controlled by the sorptivity of the soil, the hydraulic 

conductivity of the soil, and the rate of rainfall. Many soils exhibit a repellency of water 

(hydrophobicity) at the surface which reduces the sorptivity of soil to almost zero and 

lowers the time to ponding to be instantaneous which immediately initiates preferential 

flow. Also, at some time the soil will cease to repel water, the surface will become 

hydrophilic, and infiltration might become uniform (Figure 1.5) (Clothier et al., 2008). 
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Geophysics 

Changes in the electrical resistivity and dielectric permittivity of the near surface 

medium that occur as water content increases and decreases are detectible using 

geophysical monitoring. Electrical resistivity tomography (ERT) is a geophysical method 

for characterizing the subsurface. A source supplies a current that is directed through the 

ground using two electrodes. Two other electrodes measure the change in voltage 

(resistance) between the source and receiver. Using multiple electrodes in an array, these 

data may be processed to produce a 2D profile showing changes in electrical properties 

through the subsurface. Soil pore moisture affects resistivity, and is therefore a good 

target for this method (Burger et al., 2006). Soil moisture sensors provide an additional 

geophysical technique to monitor infiltration and compare with the ERT results.  

	
Fig 1.5 - Conceptual diagram illustrating three stages of the wetting of a soil with 
macropores. tp is the time to ponding and tf is the time to hydrophilicity. From Clothier et 
al., 2008. 
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Schwartz et al. (2008) attempted to link measurements of soil moisture between 

ERT and dielectric sensors. Time-lapse ERT measurements were used in an estimation of 

volumetric soil moisture content using a modified form of Archie’s Law. For this 

estimation a proxy for the conductivity of pore soil moisture was found in the sum of 

exchangeable cations (Ca + Mg) in samples taken at the site. There was a correlation at 

this site (Figure 1.6), but the techniques implemented are not directly transferable to other 

field sites due to the necessity of a proxy or direct measurement of pore water 

conductivity that may not be available or practical.  

 

Nijland, et al. (2010) used ERT measurement of soil moisture to obtain moisture 

measurements in a semiarid environment to determine moisture availability and plant 

water use in the Mediterranean. They found that ERT is beneficial in moisture 

	
Fig 1.6 – Graph showing soil moisture content (Ɵ) 
measured by soil moisture probes versus ERI (electrical 
resistivity imaging). One standard deviation between Ɵ 
is 6.2% soil moisture. From Schwartz et al., 2008. 
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measurements due to its ability to provide spatial information and observe depths 

unreachable by other techniques.  Calibration to volumetric soil moisture content is 

possible, but dependent on the location of the field site. Of four field sites studied, three 

of them could not be calibrated due to a significant presence of clay which invalidated 

Archie’s Law. Archie’s law is an equation relating electrical resistivity and water content 

in the subsurface. It assumes that the geology is non-conductive and therefore is not 

validate in areas with a high percentage of clay. One site comprised of a dolomite 

substrate permitted a quantitative soil moisture calibration of the ERT using gravimetric 

percent soil moisture measurements from hand samples taken from soil pits (Nijland et 

al., 2010). 

Brunet et al. (2010) compared ERT and soil moisture probe measurements of 

volumetric moisture content to assess water deficits in southern France. The ERT was 

calibrated in the lab with soil samples. The calibrations yielded a fair match between the 

techniques reporting less than a 15% average difference between the techniques. 

However, Brunet et al. (2010) admits that the interpretation is limited to the controls that 

can be placed on the influence of porosity, temperature, and pore-water resistivity in the 

soil profiles. For the purposes of this study, the easy implementation of a quantitative 

correlation between soil moisture measurements is not necessary since we are addressing 

the patterns and timings of infiltration within individual events rather than quantifying 

percent moisture content. Other work in linking measurement of soil moisture between 

methods can be found in Yeh et al. (2002), Yakanawa et al. (2010), and Yakanawa et al. 

(2013). 
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Arora. et al. (2016) used time-lapse ERT to study unsaturated flow above a 

granitic aquifer during the rainy season of 2005 in south India. The survey compared the 

ERT measurements to soil moisture measurements across a vertical 15m depth profile. A 

Wenner-Schlumberger array was used for long-term ERT measurements taken at a 14-day 

frequency. The soil moisture measurements were made through a neutron probe inserted 

into an access tube installed at the site. The relationship they identified through lab and 

field measurements show a non-linear relationship with resistivity and moisture 

measurements up until an 11-13% increase in soil moisture content at which point the 

resistivity remains constant while the soil moisture continues to increase.  

Stubben et al. (1998) used borehole ERT to measure the infiltration of a bromide 

tracer at a field site in Arizona. The injection of the tracer lasted for two weeks and the 

tracer was flushed with bromide-free water for the following week. ERT measurements 

were record bi-weekly during the injection and for several weeks after. This survey had 

good depth control with the 12 m deep water table clearly identifiable in the background 

survey. However, the coarse resolution provided a lack of detail in the imaging of the 

wetting front. Binley et al. (2002) used cross-borehole resistivity and radar measurements 

in a controlled tracer injection into the unsaturated zone of a sandstone aquifer. The 

geophysical measurements were reproducible with a numerical model. Borehole ERT 

techniques were also used to monitor infiltration by Daily et al. (1992) and Looms et al. 

(2008). However, the need for boreholes makes this a more intrusive method than surface 

geophysics. 

Artificial injections of a tracer or water into the vadose zone have been monitored 

by ERT. Daily et al. (1992) performed two artificial infiltration experiments which were 
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monitored using time-lapse borehole ERT. The first test ran for 24 hours monitoring 

infiltration from a 1900 L released at a point. The second test ran for 74 days and 

monitored water released in a trench throughout this timeframe. ERT from the short test 

was consistent with what was expected from borehole induction logs and drill cutting and 

matched numerical simulations with the exception that it infiltrated unsaturated sediments 

slightly faster than anticipated based on previously published work. ERT from the longer 

test produced results consistent with the short test including the faster than expected 

infiltration rates for the same region (Daily et al., 1992). 

Time-lapse ERT has been used previously to monitor changes in soil moisture 

content during artificial infiltration experiments. Noell et al. (2011) ran three artificial 

infiltration experiments with a dye tracer using 3D ERT and a time lapse inversion in a 

sandy soil which was excavated and measured with TDR. They successfully detected the 

infiltrating plume qualitatively, but had difficulty quantifying the change in saturation 

because the electrical conductivity of the pore water changed significantly during the 

experiment (Noell et al., 2011).   

Schwartz and Schreiber (2009) used ERT to estimate the spatial and temporal 

distribution of soil moisture content to determine potential recharge amounts in two soil-

mantled sinkholes in Montgomery County, Virginia. Recharge in this study was defined 

as infiltration that extended below the root zone (1.5 m depth). ERT data were collected 

using a dipole-dipole array with a 3 m spacing between 25 electrodes creating a 72 m 

long transect. Measurements were taken 11 times from May through October 2006 at 

three transects across two sinkholes (Figure 1.7). ERT revealed that soil-mantled 

sinkholes are highly heterogeneous and can provide either fast or slow recharge into karst 
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systems. This finding refutes assumptions that all sinkholes are a source of rapid 

infiltration and recharge (Schwartz and Schreiber, 2009).  

	

	
Fig 1.7 – Time-lapse ERT profiles recorded from May to October. 
The two profiles are perpendicular to each other and both cross the 
same sinkhole. Cool colors indicate an increase in soil moisture and 
warm colors indicate a decrease. Large rain events occurred between 
day 173 and day 187. In transect one, water content increased across 
the sinkhole. In transect two, water concentrated in the central 
depression. From Schwartz and Schreiber, 2009. 
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ERT has been used to monitor infiltration in other mediums besides well-

structured soils. Descloitres et al. (2008) attempted to find a link between ERT and water 

tension measurements in sand by using sprinkler-induced rain events. The relationship 

between ERT and water tension was highly scattered due to heterogeneity of porosity. 

Arora (2011) used ERT to examine recharge in a fractured granite aquifer as well as 

studies by Binley et al. (2002) and Zhou et al. (2001). 

ERT has proven to be a useful tool in the monitoring of recharge ponds. Mawer et 

al. (2013) used direct-push ERT probes to monitor a managed aquifer recharge (MAR) 

pond at a high frequency (hourly). ERT data when paired with secondary hydrological 

data successfully determined vertical K within 5% error. This was repeatable across four 

soil types; however, the K estimate is only valid for homogeneous mediums. Infiltration 

rate was also determined from ERT and some soil parameters. Even if this rate is wrong 

due to the assumption made by the K used, the magnitude of the rate will be off but 

temporal and spatial data is the same, and estimating an infiltration rate from ERT may 

still be a useful calculation.  

Field measurements of soil moisture with ERT have also been proven effective 

under natural static conditions. Yakanawa et al. (2010) reported that ERT identified dry 

weather patterns of soil moisture in agreement with direct measurements using a 

penetrometer paired with a soil moisture probe on a hill slope in the central mountains of 

Japan.  

The experiment in this study differs from studies done previously in monitoring 

natural infiltration and locating the study along a riparian corridor of a small woodland 



	 17	

stream.  We used ERT to remotely observe infiltration. We used soil moisture probes to 

compare with our ERT results in order to determine if the methods agree or if one is 

preferable. In order to focus on the patterns of infiltration in the shallow subsurface rather 

than quantifying recharge, ERT profiles were run at a high frequency throughout 

individual storms events to capture patterns associated with the initial stages of 

infiltration such as heterogeneities related to macropore flow.  

Site Descr iption 

The study site is within the Christina River Basin Critical Zone Observatory 

(CZO). The Research at the Christina River Basin CZO focused on how the water cycle, 

mineral cycle, and the carbon cycle interact with each other with a special interest in 

comparing the feedbacks of these processes between land use types.  The basin contains 

forested, agricultural, and urban land use with extensive instrumentation for monitoring 

meteorology and hydrology. 

This study was conducted at a transect along the east branch of White Clay Creek 

which runs next to the Stroud Water Research Center in Avondale, PA. White Clay Creek 

is a 3rd order stream and has a mean discharge rate of 3.2 ft3 in 2012 (Newbold et al., 

1997; Stroud Water Research Center, 2013). The channel is approximately 5 m wide, and 

flow depths range from approximately 5 to 30 cm. The stream channel has a slight 

meander and exhibits subtle pool-riffles and island bars. The focus at this transect has 

been analyzing the role that iron and manganese redox reactions have on the carbon cycle 

and sequestration in this mixed land use watershed (Sawyer et al., 2014). 

The creek drains both agricultural and wooded areas in southeastern Pennsylvania 

and northern Delaware. It joins the Christina River in Delaware near where the Christina 
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River discharges into the Delaware Bay (Newbold et al., 1997). In the early 1700s, the 

area was settled for agriculture and was likely completely deforested by the mid-1800s 

for charcoal in local iron furnaces. As coal replaced charcoal, woodlands recovered and 

18% of the watershed was forested by the 1950s (Newbold et al., 1997). 

The study site, known as transect A, has a network of wells (Figure 1.8), layered 

soil, and significant variation between its banks which provides a good basis for 

contrasting riparian zones. White Clay Creek cuts deeply into its banks. The east bank 

slopes steeply down towards the drop off, whereas the west bank is relatively flat before 

the drop off (Figure 1.8). There are three layers in the riparian zone near this creek: post-

settlement soils, carbon-rich wetland material, and gravel. The soil sequence is a base of 

gravel overlain by a thin layer of pre-settlement wetland deposit under post-settlement 

soil. The post-settlement soils may have formed behind milldams installed by colonial 

settlers in the 1800s (Sawyer et al., 2014). The bedrock in this area consists of late 

Precambrian to early Ordovician metamorphic rocks such as gneisses, schists, quartzites, 

and marbles (Newbold et al., 1997).  

 

	
Fig 1.8 – Cross section of transect A showing soil layer and well placement. 
Wells are numbered. VE is vertical exaggeration. From Sawyer, et al., 2014. 
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Shallow wells (0.89 -1.92m) have been installed in both banks and within the 

creek. On the west bank, there are five wells screened in either the gravel or a 

combination of all three layers. In the creek, there are seven shallow wells in the gravel. 

On the east bank, there are three wells all screened through all three layers. The water 

table is typically within the wetland layer. Based on measurements taken before 

Hurricane Sandy in October 2012, during baseflow conditions, head sloped towards the 

stream across the wells of both banks indicating a net groundwater discharge. Base flow 

is approximately 50 to 100 L/s (Sawyer et al., 2014).  

Problem Statement and Hypotheses 

Flow and solute transport in riparian zones varies depending on soil heterogeneity 

and variations in head.  The goal of this project was to use resistivity, soil moisture 

probes and well tests to improve understanding of infiltration and subsurface flow in the 

riparian zone of a small wooded stream. Electrical resistivity provides a field scale 

measurement of infiltration that can be point checked with soil moisture probes. Changes 

in redox conditions and oxygen isotopic composition during storms indicate that there is 

preferential recharge through macropores driving a rapid water table response (Sawyer et 

al., 2014). The ability of ERT to identify zones of preferential infiltration was examined 

in this study by collecting data from a variety of field site conditions throughout a storm. 

 My first hypothesis was that through the use of time-lapse ERT, we will be able to 

distinguish pathways of infiltration by monitoring before, during, and after an individual 

storm. Additionally, the time-lapse ERT will aid us in identifying whether the infiltration 

pattern is homogeneous or heterogeneous.  
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My second hypothesis was that time-lapse ERT can identify whether interflow is 

occurring. If interflow is occurring, then the mechanism for the interflow can be 

established based on the ERT profiles whether it is induced by infiltration or backflow 

(Figure 1.3).  
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CHAPTER 2 

METHODS 

In this study, infiltration from rain events was monitored in the riparian zone of a 

small woodland stream using a combination of geophysical methods. Electrical resistivity 

tomography (ERT) was collected during the entire duration of each storm and dielectric 

sensors remained installed at the site from March through November 2013. Three storms 

were monitored using these techniques in June, July, and September. 

Electr ical Resistivity Tomography 

Electrical resistivity tomography is a geophysical technique used to map the 

resistivity of subsurface material. The method uses a current source, control box, and an 

array of electrodes placed in the ground. The control box applies a current to two of the 

electrodes in the array and measures the potential difference at two other electrodes 

(Figure 2.1). When this process is repeated many different electrode combinations along 

the array, a map of apparent resistivities is produced. Inverse modeling of these data takes 

the resistivity measurements and fits a 2D profile model of subsurface resistivity. The 

inverse model was run for several iterations to find a real-world model that reasonably 

fits the measurements, terminating the iteration when the difference between the modeled 

and measured apparent resistivities is comparable to the measurable uncertainty. 
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ERT is influenced by the spacing of the electrodes and the array type. The spacing 

determines how deep the survey can measure. Surveys with electrodes spaced farther 

apart create deeper profiles, whereas surveys with electrodes spaced closely together 

create shallower profiles. Closely spaced arrays have a better spatial resolution than more 

widely spaced arrays. This survey used an electrode spacing of 0.7 m (Figure 2.2). 

																					 	
Fig 2.1 - Diagram of an ERT line showing electric field lines in the subsurface. From Nijland, 
et al., 2010. 
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The array type that is used determines which electrodes are firing current and 

which ones are taking measurements. In this study, a dipole-dipole array was used 

(Figure 2.3). The dipole-dipole array fires two electrodes next to one another and 

measures potential difference at two electrodes distant to the firing electrodes elsewhere 

on the array. This array type is especially useful for observing differences in resistivity 

laterally along the profile. The dipole-dipole array is preferable for this study because we 

are looking for key points of infiltration along a bank as well as evidence for backflow. 

Both phenomenon are features that can be distinguished through lateral changes in 

resistivity. 

 

Fig 2.2 – Schematic of instrument setup along transect showing: resistivity electrodes, 
moisture probes, infiltrometer tests, and wells. Example ERT time lapse profile 
shown. Infiltrometer tests are labeled with their location in meters from the 
easternmost electrode. Wells and soil moisture probes are numbered for ease of 

			 	
Fig 2.3 Diagram of the setup of a Dipole-Dipole array. A and B are the electrodes emitting a 
current. M and N at the electrodes measuring voltage. a is the electrode spacing. na is the 
distance between the firing and measuring electrodes. From Burger, et al., 2006. 
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ERT makes a direct measurement of resistivity. Resistivity is not explicitly useful 

for monitoring infiltration. However, it can be used as a proxy indicator for soil moisture 

(θ) based on an empirical relationship between resistivity and volumetric water content 

that is defined by Archie’s Law: 

Rt = a θ-m Sw
-n Rw                                       

 (1) 

Where Rt is the resistivity of fluid-saturated rock, a is related to tortuosity, Sw is the brine 

saturation, and n and m are constants related to saturation and cementation for a 

particular rock type. 

This relationship between measured resistivity and volumetric water content 

allows us to identify pore soil moisture using ERT. Identifying soil moisture is aided by 

the implementation of time-lapse surveys. Time-lapse electrical resistivity tomography 

(TL-ERT) requires multiple surveys at the same location at different times. A background 

survey is collected before new water from the rainstorm of interest enters the system. 

Since we are comparing direct resistivity measurements to other direct resistivity 

measurements in the same location, the surveys are reported in percent deviation from the 

background resistivity. Because these surveys are repeated in the exact same location, we 

can eliminate all variables besides soil moisture content from Archie’s Law. The 

electrical resistivity of the geology is not changing from survey to survey. The resistivity 

of the fluid material and temperature are two parameters that are also changing besides 

volumetric water content, but their effect on the resistivity measurement is negligible 

compared to volumetric water content. Also, the goal of these ERT surveys is to identify 
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the timing and locations of wetting fronts rather than a percentage measurement of soil 

moisture. 

Inverse modeling is required to fit the direct measurements of ERT to a real-world 

model. AGI Earth Imager was used for the inversion (Advanced Geosciences, 2013). The 

initial model was an average of all the resistivity measurements and the inversion was run 

for several iterations until a real-world model was established that reasonably fit the data. 

The time-lapse model was created using the corresponding time-lapse tool in Earth 

Imager where a background profile and corresponding profiles that constituted the time-

lapse were selected and the software calculated the differences. The inversion process can 

create artifacts in the model. For example, the profiles that show increased soil moisture 

have zones of high resistivity below the areas of low resistivity. These areas of high 

resistivity are in areas where no change is expected. The inversion attempts to 

accommodate the artificially low resistivity areas, which are likely created due to their 

proximity to actual low resistivity areas. The Dipole-Dipole array somewhat mitigates 

this effect, but it is still present in some profiles. Regardless, the areas of low resistivity 

can be distinguished from the artificially high areas and are on top of values of no 

change. We expect the values in the deeper portion of the profile to be unchanging 

through time because they lie within the water table. The inversion was also corrected for 

topography from LiDAR data at the site. The LiDAR data were verified with elevation 

points at the well locations, which were surveyed. Video of percent resistivity change 

through time was assembled from the multiple profiles created by the time-lapse 

inversion using AGI Earth Imager’s movie maker. 
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A total of three storms were captured with ERT in 2013 (Table 2.1). The first was 

on June 27th and lasted for 15.5 hours raining a total of 38 mm. The June storm was 

monitored for 20 hours. The next storm took place on July 23rd and lasted 0.5 hours 

raining a total of 6.4 mm. The last storm captured was on September 21st and lasted 7.5 

hour raining a total of 26 mm. The September storm was monitored for 17 hours. 

 

Dielectr ic Sensors 

Decagon soil moisture probes were also used to detect changes in soil moisture 

content. The soil moisture probes work by applying a charge to the soil between two 

prongs of a probe. The time that it takes for that soil material to discharge is measured 

and reported as a dielectric permittivity. In this method, the soil between the prongs of 

the soil moisture probe is treated like a capacitor in an electrical circuit, whereas in the 

ERT method the soil in between the electrodes is treated like a resistor in a circuit. 

Dielectric permittivity can be related to volumetric water content using Topp’s Equation: 

 Θ (m3/m3) = 4.3 x 10-6 * ε3 - 5.5 x 10-4 * ε2 + 2.92 x 10-2 * ε -5.3 x 10-2                           (2) 

where	Θ is volumetric soil moisture content, and ε is dielectric permittivity. 

The soil moisture probes need to be calibrated for the soil in which they are 

installed to convert voltage readings to a soil moisture content. A calibration was 

performed in lab using 250 cm3 soil samples from the field site.  Probes were placed in 

Date	 Hours	 Sum	of	Rainfall	(mm)	 Storm	Intensity	(mm/hr)	

6/27/2013	 15.5 38.0	 2.5	

7/23/2013	 0.5	 6.4	 12.7	

9/21/2013	 7.5	 26.0	 3.5	
Table 2.1 –Rainfall data for each of the three storms during which ERT surveys 
were run. 
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the soil and a known amount of water was added.  The calculated volumetric water 

content was compared with the reading from the soil moisture probe. Multiple iterations 

of these measurements with varying amount of water created a calibration curve. The 

equation of this curve represents the relationship between volumetric water content and 

the mV reading from the soil moisture probe (Figure 2.4). Multiple measurements were 

made with each probe at each increment of added water. In most cases, this curve will be 

mostly linear as indicated in Topp’s equation. In Topp’s equation, high order variables 

are multiplied by small constants making the corresponding curve relatively linear. There 

may be a slight bend indicating that the relationship between dielectric permittivity and 

volumetric water content can be influenced by the high order variables. Over the linear 

portion, the higher order variables become negligible by being multiplied by low value 

constants. 

 

 
Fig 2.4 – Example calibration curve from lab experiments that established an 
equation to convert the raw output of the Campbell moisture probes to 
percent volumetric water content.	
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The soil moisture probes were used to check and compare the timing and location 

of soil moisture changes detected with ERT since both techniques measure different 

properties that are both related to soil moisture. The soil moisture probes were installed 

by digging a 30 cm diameter hole, inserting the probe, then refilling, carefully replacing 

vegetative cover (insert photo). Before the first storm, four soil moisture probes were 

installed along the transect. Two probes were installed 9.08 m from the 0-m mark on the 

ERT array with one at a depth of 33 cm and the other at a depth of 66 cm. The other two 

were installed in the depression 13.37 m from the 0-m mark on the ERT array one at 33 

cm and the other at 66 cm depth. Based on the heterogeneity observed in the first storm, a 

more detailed soil moisture array was needed to capture change along the profile.  Thus, 

for the other storms, 15 soil moisture probes were installed along transect at 

approximately 1 m intervals, with one additional probe perpendicular to the survey line at 

5 m. These probes were installed at a depth of 33 cm. Additional probes were placed 

where we saw heterogeneities in the first storm (Figure 2.2). The probes were set to a 15-

minute logging interval, and data were captured with either a Decagon or a Campbell 

Scientific logger.   

Water  Level and Hydraulic Conductivity Data 

Slug tests are a method to determine the hydraulic conductivity of the surrounding 

material around the well screen using a slug (cylinder or added water) to displace the 

static water level in the well. During a test, the slug is dropped into the well and a 

pressure transducer records water level changes. The water level will immediately rise 

from the slug input then slowly return to equilibrium. The displacement data as the water 

level returns to equilibrium is matched to a known solution for this response depending 
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on the characteristics of the aquifer and the well to obtain hydraulic conductivity. The 

Bouwer-Rice solution was used for an unconfined aquifer and the Dagan solution was 

used to account for partially penetrating wells. The software AQTESOLV was used for 

the fitting (Duffield, 2007). These slug tests provided insight into the differences in 

hydraulic conductivity between the soil layers at Transect A.  

Water level data was also collected in wells along the transect for the duration of 

each storm. The time-lapse ERT measures changes in soil moisture content, so the 

saturated zone will appear as an unchanging area in the profile unless the water table rises 

significantly. Also, quantifying depth in ERT is difficult, so the well data provides a 

better depth by identifying the unchanging zone. 

Infiltration Measurements 

Infiltration tests provide wetting rate information along the resistivity line to 

compare with rates observed during the rain events. The infiltrometer is a hollow metal 

cylinder containing a small float attached to a screw that is free to move vertically along a 

millimeter scale (Figure 2.5). The cylinder is filled with water, and as the water 

infiltrates, the amount of infiltration is recorded. When timed, this device can be used to 

measure the rate of infiltration. Tests were performed along transect A in two meter 

increments to measure infiltration rates at the locations of most of the soil moisture 

probes. Some additional tests were run perpendicular to the line to examine Tests were 

run until the infiltration rate stabilized but for no less than 15 minutes.  Measurements 

were made every minute to plot the rate of change and when steady state was reached. 
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Infiltration Calculation 

Observations of infiltration, especially in dry and sandy soils, show that wetting 

fronts progress in a piston-type flow with a sharp boundary between the saturated and 

unsaturated conditions. Based on this observation, infiltration rate can be represented 

quantitatively using the Green-Ampt equation: 

𝑖 = 	 $%&
%'
= −∆θ	 %+,

%'
			         (3) 

where i is the infiltration rate, I is the cumulative amount of water infiltrated, ∆θ is the 

change in soil moisture content, and Lf is the depth to the wetting front. When integrated 

from t=0 to an arbitrary time, t, this equation becomes: 

𝑡 = &
./
+ Ψ2

∆3
./
𝑙𝑛 67&

8,$∆3
        (4) 

 
Fig 2.5 – Photo of infiltrometer test.	
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where Ks is the hydraulic conductivity at saturation and Ψf is the capillary pressure head 

at the wetting front (Hornberger et al., 1998).  

In this solution of the Green-Ampt equation, saturated hydraulic conductivity was 

taken from slug tests performed in well 122 which is screened through the three soil 

layers (Table 2.2). The Ψf was taken from (Table 2.3), which provides commonly used 

values based on soil type. The ∆θ	was taken from the percent change in soil moisture 

recorded by the soil moisture probes. A range is given for the time to saturation ranging 

from a calculation using the lowest Ψf  given by (Table 2.3) and the highest Ks to a time 

to saturation using the highest Ψf and the lowest Ks. All other variables were not changed 

between calculations. 

 

	 K	(m/min)	 	

	
Bouwer-
Rice	 Dagan	

Well	110	 3.84E-05	 3.70E-05	
Well	115	 7.34E-05	 7.54E-05	
Well	116	 2.80E-05	 3.16E-05	
Well	117	 2.84E-04	 3.09E-04	
Well	119	 5.24E-04	 5.07E-04	
Well	120	 3.53E-05	 3.47E-05	
Well	121	 2.00E-04	 1.90E-04	
Well	122	 3.44E-04	 3.58E-04	

Table 2.2 – Slug test results from Bouwer-
Rice and Dagan solutions for each well 
along the transect. 
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The Green-Ampt equation assumes a sharp wetting front. In the Green-Ampt 

model, a point on the unsaturated zone increases from pre-saturated conditions to 

saturation in an instant. Green-Ampt also assumes a homogeneous soil column and that 

the water table is deep enough that the wetting front does not reach it during a rainfall 

event. The Green-Ampt equation assumes that rainfall is equal to or exceeds the capacity 

of the soil for infiltration. Often at the beginning of rain, the rainfall rate does not meet 

the capacity for infiltration until the time at which ponding occurs on the soil surface. 

Once ponding occurs, the Green-Ampt assumptions of a sharp wetting front are likely 

valid (Almedji and Esen, 2013).  In soils that are not dry and sandy, the Green-Ampt 

equation (3) may still represent accurate infiltration. A comparison between infiltrometer 

Table 2.3 – Standard hydrologic values for various soil types. From Rawls, et al., 
1983. 
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measurements and Green-Ampt calculations in a loamy soil in central Virginia yielded a 

reasonable fit (Figure 2.6). 

 

Exper imental Design 

Five-day weather reports were checked daily and tabulated into a spreadsheet to 

assess the accuracy of predicting summer storms. The purpose of this table was to 

establish a threshold percent chance of rain that would merit an attempt to survey during 

the rain event. When rain exceeded 60% likelihood, ERT supplies were gathered from 

Temple University’s campus and driven to the site 44 miles away to set up before rain. If 

the rain had already begun before the equipment was set up, then the survey was not 

	
Fig 2.6 – Cumulative depth of infiltrated water versus time. The circles are infiltration 
measurement and the line is the Green-Ampt calculation. From Hornberger, et al, 1998. 
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collected. If the rain had not started, the ERT array was immediately set up and a 

background was run to establish pre-storm conditions. 28 electrodes were set up in line 

perpendicular to the stream between plastic tent stakes and flags which were left at the 

endpoints to ensure the array was set up in the same position each time. Metal stakes 

were hammered into the ground every 0.7 meters between the endpoints (Figure 2.7). A 

camping tent was set up to store the electronics during the storm. The AGI Super Sting 

Resistivity meter was set to time-lapse and dipole-dipole survey modes. During the June 

storm, the time-lapse was set to survey every 8 minutes and surveys take 7 minutes 

creating a 2D dataset every 15 minutes. During the July and September storms, the time-

lapse was set to survey every 3 minutes and surveys take 7 minutes creating a new data 

set every 10 minutes. During the storm, data was downloaded in real time to a field 

laptop to examine changes from profile to profile. Once no change was observed over 

several profiles, the survey was stopped.  
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Summary 

Time-lapse electrical resistivity tomography was used to identify the locations and 

timing of infiltration. The key times from ERT were compared to the timing of the 

wetting front as identified by the soil moisture probes. The soil moisture probes also 

provide a percentage of volumetric water content. VWC percentage combined with the K 

measured from our slug tests enabled a solution for infiltration rate using the Green-Ampt 

equation. This infiltration rate was compared to the timing of the ERT and the infiltration 

rates measured by the infiltrometer. The locations of the different instrumentation along 

the transect is displayed in (Figure 2.2). The goal of comparing these methods is to 

determine if infiltration heterogeneity can be located with time-lapse ERT and then 

measured with point infiltrometer measurements. 	

 
Fig 2.7 – Photo of ERT set up showing tent and 
electrode line.	
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CHAPTER 3 

RESULTS 

Background Electrical Resistivity Tomography 

 Background surveys were conducted during dry conditions in the spring of 2013 

at the field site along transect A (Figure 2.2). These background surveys show the 

inverted resistivity values (ohm m) in a 2D profile. In the profiles, warm colors 

correspond to high resistivity values and cool colors correspond to low resistivity values. 

Resistive areas are typically associated with dry sediment or electrically resistive 

geologic material. Conductive areas are typically associated with wet sediment or 

electrically conductive geologic material. 

 The west bank has flat topography with two large zones of high resistivity values 

approximately 1 m below the surface (Figure 3.1). Resistivity values for the west bank 

range from 120 ohm-m at the lowest to 950 ohm-m at the highest. The high-resistivity 

zone most distal to the stream starts from the far end of the profile and extends about 10 

m towards the stream. The high resistivity zone proximal to the stream extends from 3 

meters away from the stream to about 6.5 meters away. Above these two zones of high 

resistivity, there are zones of low resistivity centered in the regions with no underlying 

high resistivity zone. At the bottom of the profile there is also a low resistivity zone that 

extends across the entire profile. The low resistivity zone at the bottom of the profile may 

be a saturated cobble layer in the unconsolidated sediments. The high and low zones of 

resistivity above this are possibly caused by the variations in thickness of the clay layer 

(Figure 1.8).  
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The water level on the stream banks sits around 101.5 m elevation or a depth to 

water of 1.5 m according to Sawyer et al. (2014). This level does not line up perfectly 

with a change in resistivity in the ERT profile. The lack of resistivity change at the water 

table may be due to inconsistencies with the perceived depth of anomalies such as the 

clay layer in the ERT. Again, the ERT may not accurately depict depths and the signal for 

the clay layer may extend beyond the actual thickness of the layer. 

Rain Events and Water Level Response 

 Three distinct rain events were measured using time-lapse ERT in the summer of 

2013 - in June, July, and August (Table 3.1). The June and September storms had a 

similar rate of rainfall and each produced a noticeable signal in the time-lapse ERT 

surveys. The July storm was not large enough to produce a significant change on the ERT 

profile. There was no greater than a 2 percent change in the July storm. The storm in June 

27, 2013 lasted for 4 hours and 45 minutes and it rained a total of 19.1 mm resulting in an 

overall rainfall rate of 2.5 mm/hr. The storm in September 21, 2013 lasted for 7 hours and 

30 minutes and it rained for a total of 26 mm resulting in an overall rainfall rate of 3.5 

mm/hr. This storm in September was the least intense in terms of rainfall rate; however, 

	
Fig 3.1 – Background resistivity survey on the western bank of White Clay Creek. 
The creek is to the right (east) of the profile. 
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more total rain fell during the storm than in either of the other two events. The storm on 

July 23, 2013 was technically the most intense in terms of rainfall rate; however, the 

short interval of the rain and small cumulative amount of rainfall meant that it produced 

an insignificant signal in the time-lapse ERT profiles. The rain lasted 29 minutes and it 

rained a total of 6.35 mm for a rate of 12.7 mm/hr. Because of the weak signal in the 

time-lapse ERT profiles from the July storm, results from this event are only briefly 

discussed.  The focus of the results will be comparing the results from the June and 

September storm events. 

 

Water level data was collected for the September storm only. Transducers were 

placed in wells 110 which is 8.1 m from electrode 1 on the eastern side of the profile and 

121 which is 4.65 m from electrode 1. The water level rose approximately 10 cm in both 

wells (Figure 3.2). 

Date	 Hours	 Sum	of	Rainfall	(mm)	 Storm	Intensity	(mm/hr)	

6/27/2013	 15.5 38.0	 2.5	

7/23/2013	 0.5	 6.4	 12.7	

9/21/2013	 7.5	 26.0	 3.5	
Table 3.1 –Rainfall data for each of the three storms during which ERT surveys 
were run. 
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Time-Lapse Electrical Resistivity Tomography Patterns 

 Through the succession of several ERT surveys, changes in resistivity were 

reported in profiles like those presented from the background resistivity surveys. Initial 

surveys collected before the rain started are the basis of the percent deviation values. 

When presented in Ohm-m this ERT survey appears similar to the background surveys 

collected in March. Once the rainwater has time to infiltrate into the soil, the changes in 

resistivity are shown in profiles by cool colors representing a decrease in resistivity from 

the background.  

June Storm TL-ERT 

 The summer storm on June 27, 2013 had the highest rainfall rate out of the two 

significant rain events monitored. The time-lapse resistivity revealed a rapid wetting of 

	
Fig 3.2 – Water levels in wells 110 and 121 during the 
September 21, 2013 storm. Temple University probes replaced 
the existing ones for the duration of the storm. Both are plotted. 
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the subsurface from infiltration. The initial response seen in the percent-change resistivity 

plots was at 5:19 pm. This is 1 hour and 39 minutes after the storm began and represents 

an estimated 5% of the total change seen at the peak of the response (Figure 3.3). The 

initial response shows three zones of decreasing resistivity from the top of the profile at 

11.7, 13.7, and 16.4 m from the eastern edge of the profile.  

 

 A pattern of zones with higher changes in resistivity than the surrounding profile 

is established in the profile.  For example, at 2 hours and 7 minutes after the initiation of 

rainfall at 5:47pm (Figure 3.4), the wetting front is made of 5 zones of concentrated 

negative percent change in resistivity that penetrate around 1 m deep into the profile 

(using 10-12% change). This profile’s pattern persists throughout the rest of the survey 

with expansion in the magnitude of negative change in resistivity in between the zones of 

initial change. Magnitudes of percent change should be used for comparison between 

time slices and not as percent change in moisture. The scale of that percent change values 

was selected during the creation of the 2D profile from the inversion. These enhanced 

infiltration zones occur at the surface at 5.0, 9.5, 11.5, 13.5, and 16.0 m. The spots at 0.5 

and 9.5 m are the highest magnitudes of negative change in resistivity and both reflect a -

20% change. The spot at 9.5 is also associated with a topographic depression. In between 

these zones of concentration, there is a negative percent change in resistivity from the 

background, but not as much as the concentrated spots. The total wetting front extends 

Fig 3.3 – TL-ERT profile of June storm at 5:19 pm. 
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across the western portion of the profile from 4.2 to 18.9 m and reaches a depth of about 

1 m. However, ERT does not accurately show depths of features because it has no way of 

differentiating the size of an anomaly versus the depth of that anomaly. Two anomalies 

that share the same response may represent either a more responsive item deeper in the 

subsurface, or a less responsive item shallower in the subsurface.  Thus, these values of 

depths are estimates of relative depth of penetration, but not sharp boundaries of wetting 

fronts. There is also a zone of a negative percent change in resistivity that occurs at the 

eastern side of the profile at 5:47pm. This area is not as intense as some of the spots on 

the western wetting front and indicate about a 5% change. Across the bottom of the 

profile there is a region of increased resistivity that does not exist at the onset of the first 

appearance of the negative percent change in resistivity anomaly, but becomes noticeable 

when the decreased resistivity anomaly becomes more prominent at 5:47 pm. This zone 

has a maximum percent change in resistivity of + 5%. It appears below the highest 

concentrations of decreased resistivity. At 5:47 pm, there are three zones of increased 

resistivity at 4, 10, and 15 m from the eastern side of the profile at a magnitude of + 5% 

change in resistivity. The increase in resistivity does not fit any real-world processes that 

could be occurring at the site. They are artifacts of the inversion process where the model 

corrects for a large decrease in resistivity and pairs them with a zone of artificially high 

resistivity. These zones coincide with the location of the highest concentrated spots of 

decreased resistivity across the top of the profile. 
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 At 6:42 pm, the zones of concentration connect in two areas through contours of 

10-12.5% change (Figure 3.5) creating a horizontal change in resistivity, indicative of 

interflow. This is 3 hours and 2 minutes after the start of the rainstorm. The two 

horizontal zones are located at 14.7 m and 12.6 m. They both constitute a -12 % decrease 

in resistivity. The horizontal zone at the 12.6 m location connects the anomalies at 11.5 m 

and 13.5 m. It occurs only at depth and is approximately 0.5 m from the surface. The 

horizontal zone at the 14.7 m location connects anomalies at 13.5 m and 16.5 m 

locations. It is slightly shallower than the other horizontal zone, but it is still disconnected 

from the surface. It connects at a depth of about 0.25 m. There was no horizontal zone of 

flow between the river and the eastern side of the profile and little to no soil moisture 

increase on the eastern side between 0 and 4.2 m (less than 5% change).  Thus, the ERT 

does not show evidence of backflow from the stream to the riparian zone. 

 

	
Fig 3.4 – TL-ERT profile of June storm at 5:47 pm. 

	
Fig 3.5 – TL-ERT profile of June storm at 6:42 pm. 
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 These patterns of concentrated change in resistivity are still visible at 7:37 pm, 3 

hours and 57 minutes after the initial response (Figure 3.6). However, the individual 

zones of concentrated negative change in resistivity have merged into 3 concentrated 

zones, and there is still an overall wetting from 4.2 to 18.9 m that extends about 1 m 

down into the profile. The zone of decreased resistivity on the stream bank side of the 

profile that was only a slight change in resistivity in the earlier profile increased in 

magnitude at this point. It has now changed significantly in the form of a large anomaly 

at depth connect by a small channel to the surface, it is centered at the surface and 

signifies a -7% change in resistivity.  At 7:37pm, the zones of concentrated negative 

change become noticeably more connected. This is the initial establishment of a more 

uniform wetting front. Concentrated zones of -20% change are connected by zone of -16 

% and – 18 % change. This pattern persists throughout the remainder of the monitoring 

period which ended at noon on the following day June 28th.  

 

 At 8:05 pm, these patterns in resistivity changes in the profiles remain mostly 

constant throughout the remainder of the survey (Figure 3.7). Other spots of concentrated 

change in resistivity emerge through time, but these remain. The time-lapse survey ended 

after 20 hours, before extensive drying occurs based on the soil moisture profiles (Figure 

3.12).  

	
Fig 3.6 – TL-ERT profile of June storm at 7:37 pm. 
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July Storm TL-ERT 

The storm on July 23, 2013 had the least amount of total rainfall of the three 

events. The time-lapse resistivity showed a limited response over the course of the 

monitoring period (Figure 3.8). There are two points of concentrated negative percent 

change in resistivity on the western side of the profile. These points have the highest 

concentration in negative percent change in resistivity but only show about -2% change.  

 

 September Storm TL-ERT 

 The autumn storm on September 21, 2013 rained 26 mm over 7.5 hours. The 

September storm amounted to 68% of the total rainfall of the June storm. Again, the 

time-lapse resistivity revealed a rapid wetting of the subsurface from infiltration. The 

initial response of the resistivity survey to infiltration occurred at 8:07 pm, which was 2 

hours and 19 minutes after the rain event started. At 8:07 pm, there are 5 spots of 

concentrated infiltration across the profile at the same 5 spots from the June profile at 5, 

	
Fig 3.7 – TL-ERT profile of June storm at 8:05 pm. 

Fig 3.8 – Sample time-lapse ERT profile from the July storm.  
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9.5, 11.5, 13.5, and 16 m (Figure 3.9). Decreases in resistivity are concentrated at these 

locations and are not interconnected by a uniform wetting front. They are disconnected 

by 0% change areas in the profile. They persist throughout the survey and the response in 

negative change in resistivity only increases and spreads through time.  

 

 There are 5 zones of concentrated negative change in resistivity that were 

discussed in the previous section appear clearly in the profile (Figure 3.10) at 9:08 pm. 3 

hours and 20 minutes after the initiation of rainfall, this familiar pattern is well 

established by each of the zones being concentrated by approximately -20% change in 

resistivity near the surface.  This profile’s pattern persists throughout the rest of the 

survey with some changes in the magnitude of negative change in resistivity in between 

the points of initial concentration. These patterns remain through the rain event and are 

still seen three and a half hours after the initial response; however, the zones of large 

percent decrease in resistivity begin to spread and in some places, connect. 

 

	
Fig 3.9 – TL-ERT profile of September storm at 8:07 pm. 

	
Fig 3.10 – TL-ERT profile of September storm at 9:08 pm. 
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 At 10:08 pm 4 hours and 20 minutes after initial rainfall, changes in resistivity 

have spread across the profile and form the same pattern of infiltration that were seen in 

the June; there are five zones of concentrated negative percent change in resistivity 

within a larger region of overall decreased resistivity (Figure 3.11).  These concentrated 

spots occur in the same locations as the June storm with about - 15% change in 

resistivity. There is an overall regional resistivity decrease that occurs again from 4.2 to 

18.2 m across the western half of the profile and extends to a depth of 1 m from the 

surface. The wetting front is made of about a – 7% change in resistivity. There is a break 

in the wetting front at 14.7 m at which there is a 0% change in resistivity. There is also a 

small anomaly on the surface of the eastern side of the profile at 6.3m. This anomaly is 

smaller than and of the other zones of soil moisture change.	It extends to about 1 m depth, 

but represents a – 2 % change in resistivity.  At 10:08 pm, there is an increase in 

resistivity in two locations along the profile. These are at 9 m and 14.7 m from the 

eastern edge of the profile at the bottom of the profile. The anomaly at 14.7 m exhibits a 

+ 10 % change in resistivity. The anomaly at 10 m shows + 5% change in resistivity. One 

of these zones underlies a high spot of negative change in resistivity, but the other is 

offset from two high spots. 

 

	
Fig 3.11 – TL-ERT profile of September storm at 10:08 pm. 
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 At 11:08 pm, the zones of resistivity begin to connect across the profile but still 

shows 5 areas of higher change (-20% resistivity) (Figure 3.12). The zones at 5 and 10.5 

m are now connected by a horizontal zone around 6.3 m. The zones at 11.5 and 13.5 are 

also connected by a horizontal zone of decreased resistivity. The horizontal zones have 

approximately a -12 % change in resistivity. All the connectors appear at approximately 

0.5 m depth and are formed from horizontal, not vertical variations in resistivity. The 

profile is well established in a pattern that persists through the remainder of the survey. 

Again, there was little soil moisture change between the stream and 4.2 m along the 

profile, so there was no evidence of backflow from the stream to the riparian zone during 

this storm evident. 

 

Soil Moisture Probes 

 There were 4 soil moisture probes in place from for the June storm. Typical 

curves of the probes for storms in June show consistently different responses between 

probes (Figure 3.13). The probes at 33 cm showed more variation in soil moisture in 

response to storms than the probes at 66 cm. This change with depth showed a lag in 

response to soil moisture by the deeper probe, but the probe in the depression also lagged 

behind the probe closer to the stream. For the September storm, the four soil moisture 

	
Fig 3.12 – TL-ERT profile of September storm at 11:08 pm. 
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probes were removed and replaced with 16 soil moisture probes with a Campbell data 

logger that had more ports. From the pattern of increased soil moisture response to storms 

at 33 cm in the initial 4 moisture probes, a decision was made to place the 16 soil 

moisture probes at the same depth of 33 cm.  The probes were along the resistivity line to 

capture lateral heterogeneity found in the ERT profile.  

 

 As predicted, the 16 soil moisture probes did show a significant variation in 

response in soil moisture between probes. The 16 soil moisture curves were divided into 

groups based on the shape of the curve (Figure 3.14). Group 1 has short peaks. Group 2 

has high broad peaks. Group 3 has high sharp peaks. Shorter peaks indicate less pore 

space and higher peaks indicate greater pore space (more soil moisture). Broad speaks 

indicate slower infiltration and sharp peaks indicate faster infiltration (less lingering soil 

moisture).  

	
Fig 3.13 – Storms in June 2013 showing typical curves for the 
first set of soil moisture probes installed at the site. 
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Fig 3.14 – Storms in August and September 2013 showing 
typical curves for the second set of soil moisture probes that 
replaced the probes that were used in the June storm. 
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 Volumetric water content varies laterally across the profile even under pre-storm 

conditions between the 16 probes which were all installed at the same depth of 33cm. For 

example, before the September storm, all 16 probes were static but ranged from 12% on 

probe 14 to 27% on probe 7 (Figure 3.14). 

 Within each group there are differences in the magnitude of response in soil 

moisture from the same event across probes. The probes responded to soil moisture at 

varying times and sometimes with several peaks. For example, in Group 2 with the high, 

sharp peaks, probe 3 has three peaks for the same event where probe 14 only has one 

peak. 

 Probe 2 was placed in the pathway under compacted, trampled soil, and is not 

included in the groupings due to low infiltration. Probe 16 was placed 5 m south of the 

transect and perpendicular to probe 4. Probe 16 responded to the September event more 

rapidly than all the other probes besides probe 3 including its perpendicular probe 4 

(Figure 3.15). Probe 8 was placed in the depression and it had a higher static pre-storm 

soil moisture percentage and higher saturated moisture percentage than all other 15 

probes except for probe 3 and 7. Probe 7 had a higher pre-storm moisture percentage, and 

probe 3 had a higher saturated moisture percentage. Probe 3 also exhibited multiple peaks 

on its saturation curve which may indicate a hardware issue with that probe. Overall, the 

shape and magnitude of the soil moisture curves varied across all 16 probes indicating 

heterogeneity within the transect. Group 1 contains 6 probes, group 2 contains 5 probes, 

and group 3 contains 4 probes (Figure 3.14) 
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June Response 

 An initial response in soil moisture occurs at 5:30 pm, 1 hour and 50 minutes after 

the beginning of the rain event. At 5:47 pm (2 hours and 7 minutes into the rain), the 

response in the both near surface soil moisture probes spikes (Figure 3.16). After the 

peak, there is a dip in the streamside, near-surface probe (33 cm) which begins to 

rebound at 6:45pm (3 hours and 5 minutes after initial rain). The streamside, near-surface 

probe then peaks again at 8:02 pm 50 minutes after the storm ended (Figure 3.17). Then 

at 3:00 am (11 hours and 20 minutes after initial rain), the soil moisture curve from the 

streamside probe begins to decrease. It decreases throughout the rest of the time-lapse 

Fig 3.15 – Comparing the probe 16 (perpendicular to transect) to its partner along the 
transect, probe 4 during the Sept storm. Probe 2 was placed under the compacted path 
and is also shown. 
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survey. The near-surface probe in the depression stays at its peak level for the remainder 

of the time-lapse survey. 

 

 

 The streamside probe is in an area where there is little to no percent change seen 

in the ERT profile. The probe in the depression matches the ERT within the time frame 

Fig 3.16 – Comparing moisture probe response with ERT profile 
at 5:47pm during the June storm.	

	
Fig 3.17 – Comparing moisture probe response with ERT profile 
at 8:02pm during the June storm. 
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that change is still occurring, but not when the change first appears. Since ERT lacks a 

good control of depth, the timing of the soil moisture front may not match the ERT front. 

September Response 

 The earliest response to the September storm by the soil moisture probes is at 8:04 

pm (2 hours and 16 minutes after initial rainfall) at probe 3 which is near the stream 

(Figure 3.18). At 10:08 pm (4 hours and 20 minutes after initial rainfall) the ERT project 

shows several zones of increase resistivity, but nearby probes 13 and 8 still have not 

shown an increase in soil moisture (Figure 3.19).  Like the June Storm, the probes do not 

match the ERT within the time frame that change first appears.  

 

	
Fig 3.18 – Comparing moisture probe response with ERT profile 
at 8:04 pm during the September storm. Displaying select probes 
from groups 2 and 3. 
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 The latest response is at 12:00 am (6 hours and 12 minutes after initial rainfall) 

which is seen on the soil moisture curve from probe 13 which is distal to the stream on 

the other side of the depression. The duration of the time at which a probe recorded peak 

readings varied between all 16 probes. Probe 5 had an exponential drop within minutes of 

reaching its peak soil moisture value. Probe 8 reached its peak level and remained at that 

level through the duration of the time lapse survey. The groupings of the 16 soil moisture 

probes based on the patterns established in the previous section showed and onset of 

response as follows. Group 1 ranged in their response time from 10:15 to 11:45 pm. 

Group 2 ranged in response from 8:00 pm to 12:00 am. Group 3 ranged from 10:30 pm to 

11:45 pm. Probe 3 peaked several times along the saturation curve from the onset of 8:00 

pm to 11:45 pm where the curve flattened at saturation (Figure 3.19). Group 2 is the 

fastest and may be identified with macropore flow. 

 

	
Fig 3.19 – Comparing moisture probe response with ERT profile 
at 10:08 pm during the September storm. 
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Comparison with ERT Zones 

The probes also show no correlation between groups and where they appear on 

the profile relative to rapidly changing zones of resistivity (Figure 3.19). Of the fastest 

responding probes (group 2), probes 3 and 14 are in a zone of rapid moisture change, but 

probe 13 is in a slow moisture change zone. Groups 1 and 3 each have representative 

probes in the slowest, medium-speed and fastest moisture response areas. 

Infiltrometer Tests 

 The infiltrometer tests were run every 2 m along the profile on the west bank of 

transect A (Figure 3.19). The tests are numbered with their distance in meters along 

transect A, starting at the eastern end of the ERT line. The test at the 6-meter mark 

infiltrated water at a rate of 5.7 mm/min. At other locations infiltration was between 0 

and 1.9 mm/min. The 6 m location was not measured for the entire 15 minute interval 

because its rapid infiltration rate made that impossible. This made the limit on the supply 

of water for the infiltration test a concern. There were several locations where infiltration 

was very slow. The 14 m mark did not infiltrate any water during its 15-minute test and 

therefore is shown as a rate of 0 mm/min. The slowest infiltration tests were grouped 

together in the range of 0 – 0.70 mm/min. The 6 m mark that was an outlier with an 

infiltration rate measured at 5.7 mm/min was placed into its own group. The other 

moderate testing sites were placed into a third group with a range of infiltration rate of 

1.33 – 1.87 mm/min.  

 The groups did not fit into any patterns based on their infiltration rate versus their 

location along the transect (Figure 3.20). For example, the fastest infiltrometer test (at 6 
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m) was in an area that showed a slow response in the ERT and a medium-speed response 

in the moisture probes. One of the slowest infiltrometer tests (5 m) was in one of the 

zones of fast moisture increases according to ERT. 

 

Green-Ampt Calculations 

 The Green-Ampt calculation generally produced higher rates than those measured 

with the infiltrometer. The time of wetting front at the location of the soil moisture probes 

ranged from 28 to 267 minutes (Table 3.2). The probes vary in their Green-Ampt 

solutions since the total percent change in soil moisture varied between each probe and 

that was one of the main variables in the equation. Timing of the wetting from is difficult 

to obtain from the time-lapse surveys because (1) the survey takes place over 7 minutes 

Fig 3.20 – Levels of water infiltrated in each infiltrometer test over time. 
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and (2) the depth is not well controlled.  As an alternative comparison, a rank response 

was used to compare fast and slow locations along the ERT profile. The ERT response 

was compared at each soil moisture probe location where infiltration was observed in 

ERT to see which had more rapid response. Four ranks were used based on the time lapse 

profile where the wetting front appeared at the 7.5 to 10% level at a depth of 33 cm (the 

location of the soil moisture probes).  The wetting front was examined in the five profiles 

shown in the previous section.  The first profile did not have any wetting fronts at the 33 

cm depth.  The following profiles were checked at each of the probe locations and ranked 

from 1 (early response) to 4 (late response).  The infiltrometer responses were also 

ranked 1 through 4 based on the four groups shown in Figure 3.21. The 6-m location was 

ranked 1 as it had the highest infiltration rate.  The next two probes were grouped 

together and ranked 2.  The third group of probes were split into two groups, 3 and 4, 

where a slight gap in the final infiltration time occurred at 10 minutes.  The fastest rates 

in the Green Amp occur at probe 2, 7, 12 and 15.  In contrast, probe 2 showed low 

infiltrometer rate and no significant ERT response.  Probe 7 and 15 also showed lower 

ranked infiltrometer and ERT response.  Probe 12 had somewhat higher infiltrometer 

response and ERT response in both June and September.  Thus, the Green-Ampt rates do 

not correspond to ranks from co-located infiltrometer tests or ranks estimated from ERT 

profiles showing increase in soil moisture in these locations. 
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Soil	
Moisture	
Probe	#	

Low	Green-
Ampt	

(minutes)	

High	Green-
Ampt	

(minutes)	

Infiltrometer	
Rank	

June	ERT							
Response	
Rank	

September	
ERT	

Response	
Rank	

7	 28	 29	 2	 3	 4	
12	 28	 29	 2	 2	 1	
2	 37	 39	 4	 	  

15	 37	 39	 3	 4	 	
14	 47	 48	 	 1	 2	
13	 50	 51	 	 4	 2	
4	 56	 58	 1	 2	 3	

10	 56	 58	 4	 2	 2	
11	 75	 78	 	 3	 4	
6	 113	 117	 	 3	 4	
9	 113	 117	 	 2	 2	
5	 118	 123	 	   

16	 123	 128	 	   
1	 142	 148	 	   
8	 142	 148	 	 2	 2	
3	 251	 267	 3	 2	 2	

Table 3.2 – The low estimate of the Green-Ampt calculation uses the lowest value of K, 
and the high estimate uses the highest K. The infiltrometer ran is based on the slope of 
infiltrometer response where 1 is fast and 4 is slow. The ERT response rank is based on 
which of 4 profiles there is an ERT change of at least 7-10% at the corresponding probe 
location where 1 is early and 4 is late. Black spaces indicate no measurement at that 
location. 

Fig 3.21 – Schematic of infiltrometer tests and moisture probes colored by their rate of 
infiltration. The example ERT profile embedded in the image is from the Sept. storm 
at 10:08 pm. 
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Results Summary 

 TL-ERT, soil moisture probes, and infiltrometer tests produced varying types of 

data which did not always correlate with one another. The wetting front timing from the 

soil moisture probes match a visible change in the ERT profile that may represent 

wetting. The three tests all indicate heterogeneity of infiltration across the profile, but the 

magnitude and location of infiltration is not replicable across methods. ERT and water 

level data collected during the storm do not indicate backflow occurring. However, ERT 

does show interflow in other portions of the profile.  Furthermore, the ERT data produced 

the same pattern across the two storms.  
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CHAPTER 4 

DISCUSSION  

Macropores 

 The ERT, soil moisture, and infiltrometer surveys indicate heterogeneity at the 

site. The ERT profiles indicated spots where resistivity changed more rapidly than others. 

The soil moisture probes and infiltrometer tests showed different magnitudes and times of 

responses based on location. A good explanation of heterogeneity at this site is 

macropores. When looking at soil moisture content, higher responses/peaks are linked to 

higher porosity (Figure 4.1) and sharper/less broad peaks are linked to faster infiltration 

(Figure 4.2). Soil moisture probes that exhibit high, sharp peaks may be in or near 

macropores. 
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Fig 4.2 – Diagram showing relationship between 
moisture probe response and infiltration pattern. 
Longer deeper arrow is indicating faster flow and 
the shorter arrow is indicating slower flow. 
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 Preferential flow was attributed to macropores based on elimination of the 

following factors. There was no correlation between the micro topography at the site and 

the patterns of soil moisture. Infiltrometer tests show no correlation between ground 

cover vegetation and heterogeneity in infiltration rates other than little or no infiltration 

along the foot path which was caused by compaction. Additionally, photographs taken at 

each of the electrode locations show no correlation between vegetation cover and either 

rapid or slow infiltration in that location. Canopy cover is untested; however, the field 

site appears uniformly covered. 

Inter flow 

 Interflow was demonstrated with the time-lapse electrical resistivity tomography 

(Figure 4.3). There were several places where the areas of preferential infiltration became 

	
Fig 4.1 – Diagram showing relationship between 
porosity and moisture probe response. 
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connected at depth. Each time this occurred, the connection was not due to infiltration 

from the surface directly above. The connections may be attributed to interflow via 

differences in head in the unsaturated zone causing the horizontal movement of water. 

The differences in head in this case would be caused by physical structures in the 

unsaturated zone.  If infiltration varied in intensity, creating gaps in the vertical flow, the 

time lapse monitoring still should have recorded a change in soil moisture.  The time 

lapse surveys were recording at a fine enough interval to record transient effects and no 

such effects were observed.  

 

 Another explanation of the connections between spots of rapid wetting is a rise in 

the water table. In this model, new water infiltrates in preferential pathways and feeds the 

water table which rises in response. Even though it is being fed in preferential spots, the 

water table will rise evenly and wet the areas in between the preferential pathways. The 

ERT profiles show a gradual horizontal connection developing between the spots of rapid 

wetting indicating that an across-the-profile water table rise is not creating the change in 

resistivity. Water level data for the September storm does not exceed an elevation of 

	
Fig 4.3 – Cartoon illustrating interflow compared to an ERT 
profile also showing interflow. 
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101.66 m, so patterns that emerge in the ERT profiles that appear to be interflow above 

that elevation cannot be associated with water level rise. 

Compar ison of Methods 

 Four different methods were used to estimate infiltration at the study site.  Three 

of them were applied during storm events and one was applied during dry weather. Each 

method has specific benefits and shortcomings (Table 4.1). 

 

 The ERT equipment is costly and difficult to transport. However, the ERT 

equipment is non-intrusive and thus easier to set up and move. ERT presents a contoured 

display of infiltration patterns because the resistivity measurements come from current 

lines encompassing the entire survey area. The scale of the measurements is on the order 

of the electrode spacing of 0.7 m, much larger than other methods and the profile spans a 

section 18.9 meters long. 

 Because the soil moisture sensors need to be buried underground, they are more 

difficult to relocate to a desired location and they disturb the soil. When digging a hole 

for the soil moisture probes, the chemistry of the subsurface could be contaminated by 

being exposed to oxygen. Also, the structure of the soil will be disturbed during the 

installation. Disturbing the original horizonation of the soil interferes with what would be 

the natural infiltration path through various sections of the soil by mixing horizons and 

		 Scale	 Practicality	 Repeatability	 Quantitative?	
Depth	
Control?	

TL-ERT	 large	 low	 high	 no	 no	
Soil	Probes	 point	 medium	 med	 no	 yes	

Infiltrometer	 point	 high	 med-low	 yes	 no	
Green-Ampt	 point	 medium	 med	 yes	 yes	

Table 4.1 – Table showing comparing infiltration tests performed at the site. 
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changing permeability via differences in packing. It also creates preferential pathways 

along the boundary of the hole where the roots of the sod were cut. 

 Technically, one could install enough soil moisture probes to create a contour plot 

similar to the ERT, but it would require extensive ground disturbance. Also, such a plot 

would be more unrealistic than an ERT plot since the data points are actual point 

measurements rather than points derived from a larger current field. 

 The difference in scale between measurements in a study of this size is critically 

important. The meter-scale sensing of the time-lapse ERT survey is essential to 

understanding infiltration across the profile. If just using the point measurement methods, 

the locations of the preferential pathways would be missed. The ERT survey data gains 

additional credence through its replicability. The time-lapse of the September storm 

shows the same five spot pattern of preferential infiltration that was seen in the June 

storm even though it was collected 3 months later (Figure 4.4)  

 

 Green-Ampt calculations extend the soil moisture measurements to make them 

quantitative in assessment of infiltration rate.  These calculations require soil properties 

that are difficult to obtain, so typical values are assumed, which adds uncertainty to the 

Fig 4.4 – Comparison of the wetting patterns emerging between the June and 
September storms.  
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calculations.  The infiltration rate estimates are based on point measurements, so like the 

other point measurements, they can miss macropores and are affected by disturbance 

during the soil moisture probe installation.  

 The infiltrometer is an inexpensive alternative method to acquire an estimation of 

infiltration rates. Data are collected during dry weather. The infiltration measurement is 

just one point and confined to the shallow surface which is a major limitation compared 

to ERT and soil moisture probes. Based on the TL-ERT surveys in both storms and the 

soil moisture probes in the June storm (probes at 33 cm vs 66 cm), infiltration is not 

constant with depth. 

Future Work 

 In future work, we would like to incorporate more storms and compare storms 

with larger differences in rainfall rate and different antecedent conditions. Additionally, 

we would like to capture storms on the eastern bank and expand to other survey locations 

both different riparian zones and other environments. 

 Further work could include quantitative estimates of soil moisture based on ERT 

and comparing these estimates with frozen soil cores collected at the site at the same time 

as the surveys. These cores would contain a pristine sample of the subsurface with soil 

layering and structures intact allowing for an accurate lab measurement of porosity. A 

problem with this type of experiment is that we already know there are preferential 

pathways, so it would be difficult to take a sample in a place that is representative of our 

ERT profile. Also, as seen in the ERT profile, there are different soil moisture 

measurements at various times and places. Pore water samples would still be beneficial 

for a measurement of electrical resistivity of pore water. The pore water should change 
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with rainfall and become less ionic and therefore slightly more resistive. The pore water 

chemistry would provide additional data for calibrating and increasing the accuracy of the 

percent change based on time lapse resistivity. With the further addition of the electrical 

resistivity of dried soil samples we would be able to determine a numerical solution of 

soil moisture content from the ERT. 

Conclusions 

 My first hypothesis was that time-lapse ERT will be able to distinguish pathways 

of infiltration by monitoring before, during, and after an individual storm. Additionally, 

the time-lapse ERT would identify whether the infiltration pattern is homogeneous or 

heterogeneous. The TL-ERT was successful in distinguishing infiltration pathways if the 

monitoring was started before the rain event and the storm was large enough to change 

volumetric water content in the unsaturated zone. In both recorded storm events, 

heterogeneity was identified in the 2D time-lapse profiles created from the ERT data. 

 My second hypothesis was that time-lapse ERT will identify if interflow is 

occurring. If interflow occurred, then the mechanism for the interflow will be established 

based on the ERT profiles whether it is induced by infiltration or backflow. The time-

lapse ERT identified interflow across the profiles produced at various times through the 

development of spots where resistivity rapidly decreases near the surface that grow and 

connect beneath the surface. This indicates the presence of interflow by infiltration. 

Backflow from the stream was not observed for these storms.  The ERT profiles provided 

answers to the initial study questions and showed promise for future monitoring of storm 

water infiltration. 
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