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 Abstract 

This thesis discusses the use of field geophysics, laboratory testing, and numerical 

modeling to characterize the infiltration mechanisms of a plume in the vadose zone. The study 

of fluid flow and transport in the vadose zone is critical to understand the fate of agriculturally 

derived contaminants such as nitrate and pathogens as they move from the surface to the 

vadose zone, and then into the groundwater.  

Agricultural contamination is common in private wells in rural Wisconsin, especially in 

aquifers with a high effective porosity, such as in the Lower Wisconsin River Valley where this 

research was conducted. Three infiltration field experiments were completed on the non-

cultivated edge of an agricultural field in Spring Green, WI where sediments consist of sand and 

gravel from glacial outwash. A constant head infiltrometer was used to permeate a bromide 

tracer solution into the soil surface. Time-lapse ground penetrating radar (GPR) and electrical 

resistivity tomography (ERT) surveys were collected on a grid above the infiltration. 

Subsequently, soil samples were collected and characterized by water content, grain size, 

permeability, irreducible water saturation, and pore water tracer concentration.  

Initial results from the electrical resistivity surveys indicated the soil may be a two-layer 

system, with a transition to a coarser grain size at 0.75 m where the infiltration fluid ponded. 

The ground penetrating radar showed reflectors at approximately 1 and 2 m depth. The 

infiltration was modeled in TOUGH2. A 3-D, two-layer model with a fine sand overlying a coarse 

sand was constructed using laboratory and literature data. The model results showed that the 

water would break through to the lower layer in the timeline shown in the ERT data. However, 

the two-layer model could not explain the volumetric water content results, and the ERT data 
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was not supported by the chemistry or water content. Grain size distribution analysis showed 

that there may be multiple textural soil layers. A multi-layer model  was formulated to 

represent the grain size distributions, and the results were more representative of the 

laboratory water content and bromide concentrations than the two-layer model.  

Further work including forward modeling should be done to understand the relation of the 

geophysical signals to the hydrologic conditions and soil stratigraphy. Further laboratory soil 

testing could increase the understanding of the site’s heterogeneity. The presence of textural 

layering in soils may have implications for the timeline of contaminant transport into the water 

table.  
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 Introduction 

2.1 Motivation  

The vadose zone is the incredibly important volume of Earth below the land surface and 

above the groundwater table. It is where vegetation and crops get their nutrients as they 

produce oxygen, fix carbon, and grow food to support life. The vadose zone is also the home to 

important bio-geo-chemical processes which fix nutrients into the soil (Figure 1), and attenuate 

and transform contaminants before they can reach groundwater supplies (Trost et al., 2018). It 

is also incredibly complicated to understand. It is a three-phase system, where solid, liquid, and 

gas phases interact. There are many coupled phenomena that affect processes in the vadose 

zone, such as the transport of heat, electrical currents, and chemical compounds with the 

physical flow of liquid and vapor water (Saito et al., 2006). In areas with widespread non-point 

source pollution, such as Wisconsin, the vadose zone is the first level of protection for the 

groundwater system. Then, understanding how fluids flow in the vadose zone is critical to 

understanding how contaminants reach the water table.  

 
Figure 1. The nitrogen cycle including biogeochemical processes. Adapted from Filippis et al., 

2021. 
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This knowledge is important to southwest and northeast Wisconsin where agricultural 

practices have contributed to the contamination of aquifers. Nitrogen fertilizer and bovine 

manure are commonly spread on fields, and poorly timed over-application leads to the leaching 

of contaminants, such as nitrate (NO3-) and pathogens, into the groundwater. However, nitrate 

contamination is highly variable throughout months and years, which can make the extent of 

contamination difficult to quantify (Marasik et al., 2014). It has been estimated that nationally 

less than half the applied nitrogen on corn fields is consumed by crops (Cassman et al., 2002). 

An eight year-long study in Arlington, Wisconsin, documented that ~18% of the applied nitrate 

leached from a field with well-draining soil under fields where chisel-plow or no-till fields 

practices were in place (Masarik et al., 2014).  

In Wisconsin, the risk of drinking water contamination is compounded by the large 

number of private wells.  A third of Wisconsin residents have private wells (WGCC, 2015), which 

are more susceptible to contamination as a result of tapping shallow aquifers and to the lack of 

required testing and regulations for private wells under the Safe Drinking Water Act (Knobelock 

et al. 2013). About 10% of private wells in Wisconsin exceed the drinking water standard for 

nitrate (Knobeloch et al., 2013), and in agricultural areas of South-central Wisconsin, up to 20% 

of wells are in exceedance of regulations (Figure 2) (Center for Watershed Science and 

Education, 2019).  

Nitrate is the most common contaminant in rural Wisconsin (WGCC, 2015) and it mainly 

originates from animal waste and the field application of chemical fertilizers (Shaw, 1994). 

Reports show that nitrate contamination is increasing in severity and extent (Pennino et al, 

2017), and the problem is becoming more widespread as shallow, polluted groundwater 
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migrates into deeper aquifers (Kraft et al., 2008). Surface waters in agriculturally dominated 

watersheds, which rely on groundwater recharge are expected to increase or maintain elevated 

nitrate concentrations for decades, even if current management practices are changed to 

reduce nitrate loading (Tesoreiro et al., 2013). Nitrate is a contaminant of particular concern to 

human health because elevated levels in people affect how oxygen is transported in blood. 

When nitrate is ingested, it oxidatively reacts with hemoglobin to produce nitrite (NO2-) and 

methaemoglobin, which can impair oxygen delivery throughout the blood stream in humans 

(WDHS). Infants are more susceptible to these effects, and it can lead to a disease called 

methaemoglobinaemia, also known as !blue baby syndrome”, in infants. Nitrate ingestion can 

also cause birth defects, thyroid disease, and can increase the risk for colon cancer (WDHS).  

 

Figure 2. Average levels of nitrate and bacteria in the counties of Wisconsin, from the WI Water 
Well Viewer (UW Stevens Point). 
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Pathogens that arise from manure spreading and septic systems are also widespread 

(Borchardt et al., 2003; Muldoon et al., 2018) (Figure 2). It is estimated that 17% of the private 

wells in the state tested positive for total coliform bacteria, which is an indicator of the likely 

presence of harmful pathogens (Knobeloch et al., 2013). Some areas of the state where there 

are thin soil layers on top of karst geology have much higher contamination occurrences of 

harmful pathogens than the state average (Muldoon et al., 2018). In these areas, the 

groundwater is so susceptible to contamination that there are !brown-water” events where 

water drawn from private wells is visibly colored by manure (Erb et al., 2015). The highest risk 

of infection appears to occur during the spring snowmelt, when multiple households tend to be 

affected (Erb and Stieglitz, 2007).  Pathogenic contact or ingestion can cause people to become 

extremely ill, and in worse cases, cause fatalities.  

The quantification of pathogen transport to the groundwater is a difficult undertaking, 

as transport is temporally variable (Borchardt et al., 2002, Bonness and Masarik, 2014). Even 

when sampled monthly, wells in a study commissioned by the town of Lincoln, WI in Kewaunee 

County that displayed positive bacteria tests, did not reoccur in sequential sampling (Bonness 

and Masarik, 2014). Transport of pathogens also depends on manure management practices 

and the environmental conditions in the soil to filter and strain pathogens, provide conduits for 

flow, or affect their survival rate (i.e., pH, moisture, temperature, and solar radiation) 

(Alegbeleye and Sant"Ana, 2020). It has been demonstrated that the contamination of 

groundwater by pathogens is much more likely in agricultural areas (Alegbeleye and Sant"Ana, 

2020). Once the residual agricultural emissions reach the groundwater table, they are 

extremely mobile, especially in porous unlithified materials or fractured bedrock. For example, 
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viable pathogens can be transported horizontally at least 188 m (616 ft.) over 6 days in 

fractured limestone formations (Borchardt et al., 2011), as compared to 163 m (535 ft.) over 

the course of 9 days in sand and gravel aquifers (Rossi et al., 2004). Bacteria and pathogens 

have been found to travel faster than chemical or dye tracers (McKay, 1993, Rossi et al., 2004). 

The prevalence of pathogens in groundwater has a strong correlation with the depth to 

bedrock (Erb and Stieglitz, 2007, Muldoon and Bradbury, 2010). This fact indicates the 

importance of the unsaturated zone in the removal and attenuation of contaminants, which 

can survive for months to years in the subsurface. In 2005, a Wisconsin Karst Task force was 

assembled to address contamination in the Northeastern Wisconsin region, specifically in 

response to the highly publicized brown water contamination events. Best Management 

Practices (BMP’s) were proposed to reduce the contamination. Land features that affect the 

potential for contamination were identified to be thin surface soils deposits (<15 m - <50 feet -  

to bedrock), proximity to sinkholes or depressions, and other direct conduits to the 

groundwater.  

Several of the BMP suggestions are in the process of being incorporated into the NR151 

administrative code.  The depth intervals for which the regulations will be applied are 0.6, 0.9, 

1.5 and 6.1 m (2, 3, 5, and 20 ft.) to Silurian bedrock. A summary of some of the new 

regulations are shown in Table 1.  The depth-to-bedrock thresholds in NR151 are, in part, 

arbitrarily defined. This is a result of the fact that data necessary to refine and strengthen these 

standards are not readily available.   
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Table 1. A summary of the new standards in the process of being added to the NR151 rule. This 
table is adapted from information on Calumet County’s website.  

Depth-to- 
Bedrock 

Manure Regulation Relative vulnerability 
to contamination  

< 0.6 m  
(<2 ft.) 
Verification 

required  

• No mechanical application Extreme  

0.6 m - 0.9 m 
(2 ft -3 ft) 
Verification 

required 

• No frozen ground application 
• Incorporate within 72hr to ≤ 0.10 m (4 in.) depth  
• Pathogens ≤ 500,000 CFU (colony forming unit) 
• Pre-tillage 
• 63,139 L/Ha (6,750 gal/acre) maximum 

High  

0.9 m - 1.5 m 
(3 ft -5 ft) 
Verification 

required 

• No frozen ground application 
• Incorporate within 72hr to ≤ 0.15 m (6 in.) depth  
• Reduced application rates OR pathogens ≤ 

500,000 CFU 
• Pre-tillage 
• 63,139 L/Ha (6,750 gal/acre) maximum 

Significant  

1.5 m - 6 m  
(5 ft-20 ft)  
No verification 

required 

• No frozen ground application 
• Incorporate within 72hr to ≤ 0.15 m (6 in.) depth  
• Reduced application rates OR pathogens ≤ 

500,000 CFU 
• Pre-tillage 
• 93,535 L/Ha (10,000 gal/acre) maximum 

Moderate  

 

The motivation of this research is the investigation of mechanisms of infiltration in the 

vadose zone. To reduce the occurrence of nitrate and pathogens in groundwater, it is critical to 

understand the pathway of these contaminants from the ground surface to the water table. 

The attenuation of contaminants in the unsaturated zone can facilitate the ability of plants to 

uptake nutrients and reduce the loading of applied fertilizers into aquifers. 

2.2 Organization 

This thesis is organized as follows:  

(1) A description of the motivation for the study and site selection   
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(2) The methods used to characterize the sediments at the site and complete infiltration 

experiments.   

(3) The results from laboratory analysis, field experimentation, and numerical modeling.   

(4) A critical analysis of the data obtained and its compliance/non-compliance with different 

models.   

(4) A discussion of how the data may reveal infiltration mechanisms, and how model results can 

inform our hypotheses.  

(5) Implications, future directions, and conclusions.  

 
2.3 Site Description 

The study site, named Field 19, is just South of the town of Spring Green, WI, located in 

the Lower Wisconsin River Valley (LWRV) in Southwestern Wisconsin (Figure 3). The LWRV 

follows the path of the Wisconsin river as it flows into the Mississippi River and is characterized 

as an !outwash plain” with up to 76 meters (250 ft.) of sand and gravel sediments (Gotkowitz et 

al., 2005). There are two aquifers in the Sauk Co. region. The uppermost aquifer is comprised of 

unlithified sediments from glacial and alluvial deposition and has thicknesses up to 61 m (200 

ft). Hydraulic conductivity of the unlithified aquifer ranges from 17 m/day to 297 m/day (55 

ft/day to 976 ft/day) with a mean of 29 m/day (96 ft/day) (Gotkowitz et al., 2005). The second 

aquifer is a partially confined sandstone aquifer, which underlies the unlithified sediments and 

extends down to the Precambrian bedrock. Most municipal well pumps are positioned within 

this sandstone unit, however several municipal wells pump only from the unlithified aquifer 

(Gotkowitz et al., 2005). Based on well inventory reports, the median casing depth of private 

wells in Sauk Co. is 22 meters (72 ft.), well within the shallow aquifer (DNR Well Inventory).  
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Field 19 was selected for this study because it is already in use for hydrological studies, 

and the clean sand at this location was deemed ideal for the investigations reported in this 

thesis. The study was conducted on a grassy, non-cultivated SW corner of the agricultural field. 

The cultivated portion of the field is center-pivot irrigated, and the operators employ modern 

management practices, such as cover crops, and applying variable amounts of fertilizer based 

on need across the field (Schacter, 2019). The origin of the sediments in the field is similar to 

other sediments found in the LWRV.  Alluvial deposits from a glacial outwash have resulted in 

large deposits of sand and gravel at the end of the last ice age (Gotkowitz, 2005). The site is 

located 800 m (0.5 miles) from the river"s edge (Figure 4).  The soil at Field 19 is classified as a 

Sparta loamy sand with a 1% to 6% slope (USDA). A typical soil depth profile at the site (USDA) 

is described below:  

• H1 – 0 cm to 40 cm (0 in. to 16 in.): loamy sand 

• H2 – 40 cm to 76 cm (16 in. to 30 in.): loamy fine sand 

• H3 – 76 cm to 152 cm (30 in. to 60 in): sand 



 19 

 
Figure 3. Land use map of Wisconsin (adapted from the Wisconsin Department of Natural 

Resources, 2016). 

 
Figure 4. A map of the study site; Field 19. The site is near the Wisconsin river, forest, and the 

town of Spring Green.  
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2.4 Previous work at Field 19 

Field 19 has been the site of nitrate-loading studies for the past few years by 

hydrogeological researchers at the University of Wisconsin-Madison. As a part of these studies, 

the hydrogeology of the field area is well-characterized. Hydraulic head measurements indicate 

that the underlying aquifer is well connected vertically and horizontally (Krause, 2017). 

Hydraulic conductivity measurements at the edge of the field range from 15.6 m/day to 75.2 

m/day (52 ft/day to 246 ft/day) with a mean of 31.1 m/day (102.5 ft/day) (Krause, 2017).  

To quantify transport in groundwater beneath the field, a 0.025 M sodium bromide 

(NaBr) aqueous solution was injected as a tracer into the shallow aquifer and sampled down-

gradient in multi-level wells just southwest of the farmed area. Nitrate loading to the 

groundwater was estimated to be between 66-123 kg N/Ha/year with 222 – 228 kg N/Ha. 

Within this extremely permeable soil, these loading amounts are low relative to similar studies 

with the same crops (Schachter, 2019). 
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 Unsaturated Flow Mechanisms 

3.1 Multiphase Fluid Flow 

Although previous work at the site has focused on fluid flow and transport in the 

saturated zone, this study focuses on the vadose zone. Hydrologic processes in the vadose zone 

are termed multiphase fluid flow. Multiphase flow is a general term for when more than one 

fluid or phase is present in a porous media, such as oil and water, or in our case water and air. 

Multiphase fluid flow in the vadose zone is affected by additional processes and soil properties 

compared to saturated (single-phase) flow. In addition to saturated permeability, grain size, and 

heterogeneity of the sediments, multiphase flow processes are also controlled by capillary 

pressure and unsaturated permeability. 

The permeability describes the ease of which water can pass through the medium. 

Permeability (k) is analogous to hydraulic conductivity (K) (Equation 1) in saturated materials, 

according to: 

 !(#) = !"

#$
  [1] 

Where # is the suction head,  &	is the dynamic viscosity of the fluid, ( is the fluid density, and 

and ) is the acceleration of gravity. Permeability is measured using constant or falling head 

permeameters. These tests determine the saturated permeability. However, in multiphase flow 

processes, the permeability of one fluid, decreases with increasing saturation of the other fluid. 

For example, in a water-air system, as the media dries out and the water saturation decreases, 

the permeability of the water decreases while the permeability of the air phase increases. 

Through the laboratory testing of soils, the coefficients to fit the relative permeability function 

can be determined, which describes how the permeability changes with water content.    
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Unsaturated fluid flow is also affected by the soil hydrophobicity. Hydrophobicity is a 

measure of how the material repels water on its surface and can be measured through the 

contact angle of a drop of water to the mineral surface (Figure 5).  When the contact angle is 

less than 90° the soil is classified as hydrophilic (attracts water), and a contact angle of over 90° 

the soil is classified as hydrophobic. The hydrophobicity of a soil is also reflected in the soil-

water characteristic curve: water suction is zero or negative in a hydrophobic soil (if the suction 

is referred as positive in hydrophilic systems) (Al-Futaisi & Patzek, 2003). Water suction is also 

known as capillary pressure, which is defined as the pressure difference between two phases, in 

our case air and water, and describes how water will be pulled into pore spaces. Capillary 

pressure is related to the pore size of the soil: the smaller the grains and pore space, the higher 

is the capillary pressure. In this thesis the capillary pressure will be discussed in terms of 

pressure head or water suction. Capillary pressure can be converted to head (kPa to m) using 

the unit weight of the liquid in the porous space. 

 
Figure 5. The contact angle of water with different surfaces defines the hydrophobicity of a 

material. 

 
3.2 Heterogeneities 

A confounding aspect of unsaturated behavior, which is difficult to describe 

mathematically, is preferential flow. Understanding and modelling preferential flow is 
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fundamental because it can affect the timeline of contaminants being transported to the water 

table. Preferential flow is directly related to the presence of heterogeneities in the subsurface. 

For example, although a soil matrix may have low permeability, a fracture or burrow can 

provide a direct conduit for infiltration into groundwater, thereby leading the contamination 

susceptibility of a soil to be under-estimated (Simunek et al., 2002, Clothier et al., 2008, 

Simpkins and Bradbury, 1992). In studies of pathogen transport, an effect termed !first flush” 

has been observed. During first flush, particles will typically break through soils on the initial 

wetting front (Zopp et al., 2016), which can be exacerbated in the presence of preferential flow.  

There are three dominant types of preferential flow. These include macropore flow (i.e., 

flow through cavities or fractures), finger flow (i.e., non-uniform flow resulting from 

heterogeneities in soil properties or hydrophobicity), and funnel flow (i.e., lateral flow imposed 

by horizontal textural heterogeneities) (Lin, 2010). Past studies have shown the specific 

conditions wherein preferential flow is favored. Soil characteristics that affect preferential flow 

have been identified in literature and include macropores and cavities, soil texture, layering, 

hydrophobicity, initial water content, and hydraulic properties (Guo and Lin, 2018).   

Another process that can affect infiltration is the capillary barrier effect. A capillary 

barrier can form in soils with layered textures and permeabilities. When a fine-grained soil 

overlies a coarse-grained soil in unsaturated conditions water may be stored in the fine-grained 

material because of higher suction. The interface between the coarse and fine-grained 

materials is termed the capillary barrier (Figure 6). This effect has been well-documented and is 

used in the design of landfill cover systems. Capillary berries have also been detected using 

electrical resistivity surveying (Figure 7). Capillary barrier cover systems prevent the leaching of 
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contaminants from waste because the water is held in the cover system and is eventually lost 

to evapotranspiration or lateral drainage (Stormfront and Anderson, 1999; Zhan et al., 2017). 

Field and laboratory experiments have shown that the water will continue to accumulate in the 

fine-grained soil until the suction head in the fine-grained soil decreases sufficiently to reach 

the !breakthrough head” (this also known as the capillary entry pressure) of the coarse layer. 

The breakthrough head is the suction head at which the lower layer will begin to accept water. 

Stormfront and Anderson (1999) found that the suction head needed to break through the 

barrier is independent of infiltration rates and the upper layer soil properties. Therefore, the 

breakthrough head depends only on the lower layer properties.  The breakthrough head value 

can be gleaned from the Soil-Water Characteristic Curve (SWCC) of the lower layer of soil, 

which displays the relationship between matric suction and saturation. Typically, as a soil 

drains, the matric suction sharply increases. The breakthrough head is near the first bend in the 

curve, where the matric suction starts to rapidly increase as saturation decreases (Stormfront 

and Anderson, 1999; Khire et al., 2000). The breakthrough head is labeled in Figure 23.  

 
Figure 6. An illustration of the capillary barrier between fine- and coarse-grained soils. The 

capillary forces hold the water in the fine-grained layer (Adapted from Mancarella and Simeone 
2012). 



 25 

 
Figure 7. A capillary barrier detected by Electrical Resistivity tomography. Adapted from Halihan 

et al. (2019). 

 

 Testing Methodology 

Field testing using sampling and geophysical methods was conducted to assess vadose 

zone flow and transport and to provide parameters for the hydrogeological modeling.  Three 

sample grids were established, and a tracer solution was applied at the center of the grids. To 

verify hydrologic processes and geophysical data, soil samples were collected for laboratory 

characterization of water content, density, permeability, SWCC, grain size distribution, and pore 

water chemistry. Ground Penetrating Radar (GPR), electrical resistivity (ER), and 

electromagnetic induction (EMI) surveys were taken along gridlines for three different sample 

plots before and after infiltration. Finally, the hydrologic processes were modeled in the 

program TOUGH2.  

4.1 Field Experimental Setup 
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There were three phases to the field experiment at Field 19. For each phase, there was a 

four-by-four-meter grid established, with the center being the injection point (Figure 8). Each 

phase has procedural variations because of the refinement of the subsequent experiments. The 

details of the experiments will be discussed in the following sections. 

An infiltrometer was constructed that held 38 L (10 gals) of the tracer solution and 

allowed for an infiltration at near-constant head (Figure 9). When the tracer solution level in 

the infiltration ring dropped to the elevation of the vent tube outlet, air vents into the tank 

allowing more solution to flow into the infiltration ring. Based on the elevation of the outlet 

tube and the vent tube, an average head between 5 cm and 8 cm was achieved (Table 1). The 

infiltrated fluid was an 0.025 M NaBr aqueous solution. Bromide is a conservative tracer and 

has been used in previous studies at this site (Krause, 2017, Schacter, 2019). 

 

 
Figure 8. The location of the three experimental grids at Southwest edge of the farmed section 

of Field 19.  
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Figure 9. Infiltrometer design and field deployment.  The infiltrometer was designed to 

maintain a “near-constant head”. When the water level in the infiltration ring dropped to the 
elevation of the outlet tube, air would vent into the tank to allow more water to flow into the 
ring. The head in the ring fluctuated by approximately 5 cm or 8 cm with a fluctuation of +/- 2 

cm over the course of the infiltration. 
 
Table 1. Summary of conditions and infiltration parameters for the three experimental grids. 
  Grid 1 – 09/18/2020 Grid 2 – 10/30/2020 Grid 3 – 04/23/2021 

Volume of water infiltrated 38 L 76 L 76 L 

Time to infiltrate 66 mins. 201 mins. 148 mins. 

Approximate head (above ground 
surface) 5 cm 5 cm 8 cm 

Sampling method Auger and bag Auger and bag Push probe sampler 

Average temperature 10 days prior* 17.8 °C 7.3 °C 8.2 °C 

Cumulative precipitation 10 days 
prior* 

63.0 mm 117.3 mm 0.76 mm 

Cumulative precipitation 5 days 
prior* 0.0 mm 0.25 mm 0.51 mm 

Cumulative evapotranspiration 10 
days prior** 21.8 mm 4.6 mm 24.7 mm 

* The temperature and precipitation records are from the Weather Underground station KLNR, which is 1 mile 

from field site.  

** The evapotranspiration record is from the UW Extension satellite-estimated online model.  
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In the first infiltration experiment, 38 L (10 gallons) were applied. During the next two 

infiltration experiments, 76 L (20 gallons) of solution were seeped into the center of the grid. 

The volume of solution applied was increased to evaluate if the tracer would penetrate deeper 

into the soil layers. Assuming the 76 L (20 gallons) of fluid infiltrated in a perfect cylinder below 

the infiltration ring, and the soil porosity is 0.4, the plume would penetrate to a conservative 

depth of 1.22 m as defined by Equation 2:   

! = !
"#  [2] 

where z is the depth that a cylindrical plume will reach, V is the volume of solution infiltrated, * 

is porosity, and A is the area of the infiltration ring. This analysis assumes full saturation by the 

tracer. 

 The site conditions for the 10 days prior to the infiltration were obtained from a nearby 

weather station (wunderground.com). The infiltration experiment in September 2020 was 

during the warmest and had 63 mm of precipitation within 10 days before the infiltration, and 0 

mm of precipitation directly before the infiltration. October 2020 had the highest amount of 

precipitation during the 10 days before the infiltration. The groundwater levels from a nearby 

(~15 km - ~10 mi) well showed that groundwater levels were lowest in September 2020 and 

April 2021, and highest during October 2020 (Figure 10). 
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Figure 10. Groundwater levels on 9/1/2020 – 5/30/2021 from the USGS site DN-09 
approximately 10 miles East from Field 19 and in the LWRV sediments (Source: USGS). 

 
Soil samples were taken before and after each infiltration event. The location of soil 

samples is shown in Figure 11.  There were two different methods used in the collection of the 

soil samples, named the !auger and bag” method and the !push probe sampler” method. 

During the first two experiments in September 2020 and October 2020, the auger and bag 

method was used. This method uses a hand auger to dig to ~10 cm interval samples that are 

removed and then sealed in separate plastic bags. The samples were weighed in the field using 

a field scale with a 1-g resolution. The samples were then weighed in the lab and the field scale 

measurements were used to determine if evaporation had taken place. The difference between 
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the field scale and lab scale was added to the weight of the wet sample to account for the 

evaporation. The push probe sampler method used a JMC Environmentalist's Sub-Soil Probe. A 

hollow metal probe and plastic liner with a length of 0.9 m (3 ft) and a diameter of 3.3 cm (1.3 

in) is hammered into the ground and is removed with a ratcheted pedal. An extension to the 

probe allows another length of core to be sampled down to 1.8 m (6 ft). Figure 12 shows a soil 

core taken back to the lab. The soil probe method is considered more accurate than the auger 

and bag method in increasing density accuracy, reducing sample mixing , and allowing less 

evaporation. 

 
Figure 11. The geometry of the three study grids and the location and timing of soil sampling. 

Pictures of the “auger and bag method” and the “push pole method”. 
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Figure 12. The core upon being brought back to the lab, with visible heterogeneities in color. 

 
4.2 Characterization 

4.2.1  Water Content & Degree of Saturation 

The gravimetric water content of the samples was determined using the ASTM D2216 

Standard Laboratory Determination of Water (Moisture) Content of Soil and Rock by Mass. The 

wet soil samples were dried in an oven at 110 °C for 8-12 hours, and then weighed. The 

gravimetric water content w was determined as shown in Equation 3: 

+ = %!"#&%$%&
%$%&

= %'(#"%
%$%&

	  [3] 

where Mwet is the mass of the wet soil, Mdry is the mass of the dry soil, and Mwater is the mass of 

the water.  

 The volumetric water content of the sample was calculated using the entire sample 

volume (Equation 4):   

, = '!(#"%
'#)#(*

= %!"#&%$%&
#!(#"%

(

)*++
  [4] 
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where - is the radius of the auger or soil probe, .	is the length of the depth interval of the 

sample, rwater is the mass density of water, Vwater is the volume of water in the pore space, and 

/,-,./  is the total volume of the soil sample.  

4.2.2  Dry Density 

The dry density, (0*1, was calculated for each sample, using Equation 5:  

(0*1 = %$%&
'#)#(*

  [5] 

4.2.3 Grain Size Distribution 

 The grain size distribution was completed using the ASTM D6913/D6913M standard Test 

Methods for Particle-Size Distribution (Gradation) of Soils Using Sieve Analysis. The soil samples 

were washed to remove the finer material using the No. 200 sieve as the splitting sieve. The 

separated fine material was weighed to determine the mass. The coarse material was oven 

dried and mechanically sieved using the No. 4, 10, 20, 40, 60, 80, 100, and 200 size sieves.  The 

amount of material retained on each sieve was weighed to calculate the percentage passing 

through each sieve size. 

4.2.4 Chemical Analysis 

 The pore water chemistry of the samples was analyzed on a Dionex ICS-6000 Ion 

Chromatography system to determine Br concentrations in the soil moisture. To prepare the 

samples, a small amount (~1 g) of soil sample was weighed into a vial and diluted with 10 ml of 

deionized water. The samples were mixed, and then filtered using a 0.45 µm pore size nylon 

filter.  

 Calibration standards to test for bromide and nitrate were prepared at 20, 10, 1, 0.5, 

0.1, 0.05, and 0.01 ppm Br- and NO3-. The solutions are passed through columns which retain 
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the anions through Coulomb interactions. The retention time of the anion depends on their 

ionic strength. Once the separated ions leave the column, the conductivity of the solution is 

measured over time. Nitrate and bromide clearly peaked at ~10 mins. and 12 mins., 

respectively. The magnitude of conductivity is proportional to the solution concentration. 

 The height and width of the peaks correspond to the concentration of the ions, which can be 

determined through the calibration curve.  The original concentration of the samples was back-

calculated adapting the standard formula for solution dilutions as in Equation 6. 

102/3,40/02/3,40 = 1524/0/524/0   [6] 

In Equation 6, Ci is the i-th concentration and Vi is the volume of the i-th solution. This equation 

was adapted to back-calculate for the initial concentration of the pore fluid (Equation 7).  

16 = 1( ',
-.(/0*"!
1!(#"%

= 1( ',
-.(/0*"
1!(#"%

∙
-!(#"%
-$%&

= 1( ',
-.(/0*"
-$%&

∙
-!(#"%
1!(#"%

= 1( %$%&
%.(/0*"

∙ ',
'!(#"%

 [7] 

where C2 is the initial concentration in the pore fluid, C1 is the mean of the concentrations for 

each sample measured on the IC, V1 is the amount of water in the dilution, and 38.9:/4  is the 

weight of the sample used in the dilution. 

The errors for the concentration calculations were derived from both the errors of the 

water content, and the chemistry results. The error for the water content was based on a +/-1 g 

resolution of the field scale, and +/- 0.1 g resolution of the laboratory scale. The error for the 

concentration measurements from the IC (C1) was approximated as the range of measurements 

for a sample divided by two. These errors were combined using the general Equation 8 for 

multivariate error propagation formula:  

4 = 56 ;5
;<,
76 4<,6 +6

;5

;<+
76 4<+6 +	… 6

;5

;<2
76 4<26   where  : = :(;) [8] 
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To apply this formula to the calculations for the error concentration, the partial derivatives with 

respect to the mass of water, and the measured concentration were derived in Equation 9.  

4 = 56 ;5
;=,
76 4=,6 +6

;5

;%!
76 4%!(#"%

6 = <= ',%$%&#!(#"%
%.(/0*"%!(#"%

>
6

4=,6 +=
	=,',%$%&#!(#"%
%.(/0*"(%!(#"%+ )

>
6

4%!(#"%6    [9] 

In this formula 4=, 	is the scale error of +/- 1 g or +/- 0.1 g depending on the scale used, and 

4%!(#"% 	is the range of measurements divided by two. 

 The error analysis presented here depends on several assumptions. One assumption is 

that there is a normal distribution of concentration measurements for one sample, thus that 

the mean of concentration measurements for a sample is the most probable estimate. 

However, there were no more than three measurements per sample, which is not a large 

enough population to confirm a normal distribution. Another assumption is that the range/2 is 

approximated as the standard deviation of the concentration measurements. Lastly, the error 

propagation formula assumes that the variables are independent.  

4.2.1 Soil Water Characteristic Curves 

Soil Water Characteristic Curves (SWCCs) were determined using the ASTM D6836 – 02 

“Standard Test Methods for Determination of the Soil Water Characteristic Curve for 

Desorption Using a Hanging Column”, which measures saturation in terms of matric suction. In 

this test a saturated soil sample is placed above a porous plate, and a series of increasing 

applications of suction are applied to the sample. The equilibrium water content for each level 

of suction is measured until no more water will drain with a higher suction (negative pressure 

head), determining the residual water content ,*.  
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Two samples were analyzed, one that was collected from a depth of 31-45 cm and 

hereby referred to as “Sand38” and a sample that was collected from a depth range of 74-89 

cm and hereby referred to as “Sand81”. From here on, all references to sample depths will be 

midpoint (mean) of the depth range. 

 The hanging column test results provide key parameter values. The laboratory results 

are fit to a curve using the van Genuchten (1980)’s function (Equation 10) to produce the 

SWCC. 

,(#) = ,* +	? A.&A%
[(C(DE)2]/

@   (A	 = 	1 − 1/E)                                [10] 

where # is the negative suction head [cm], 	,*  is the irreducible water saturation, ,8	is the 

saturated volumetric water content (also the porosity), and F, E are fitting coefficients.  

The SWCC provided parameters to solve for the relative permeability curves. The 

relative permeability (!*/) describes the permeability of a phase with respect to water content. 

These values are determined using the van-Genuchten-Mualem model (Mualem, 1976, van 

Genuchten, 1980): 

,4 =
, − ,*
,8 − ,*  

 !*/(,4) = (,4)/ G1 − ?1 − (,4)
,
/@9H

6
								I:	# < 0 

 !*/(,4) = 1	  I:	# ≥ 0                    [11] 

In this equation ,4  is the effective saturation and M is a fitting coefficient representing the pore 

connectivity assumed to be 0.5. 
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4.2.2 Permeability 

 Permeability tests were completed for three samples, from depths of 35 cm, 80 and 130 

cm. The test ASTM D5084 – 03 “Standard Test Methods for Measurement of Hydraulic 

Conductivity of Saturated Porous Materials Using a Flexible Wall Permeameter”. During this 

test, the sample was placed in a flexible wall permeameter with a diameter of 3.5 cm (1.4 in), 

with porous plates above and below. A constant head of 1.8 cm was applied to the sample 

through a marionette bottle. The water level change over time was monitored to determine the 

permeability. Permeability tests were done on samples from depth intervals of 0.3 m – 0.4 m, 

0.75 m - 0.85 m, and 1.25 m – 1.35 m. The permeability values were attributed to the Sand38, 

Sand81, and Sand130 model layers, which will be described in the following sections.  

4.3 Mathematical Descriptions and Modeling of Unsaturated Flow  

Multiphase flow (or unsaturated flow) refers to the presence of multiple fluids or phases 

flowing into the pore space of the soils. A commonly utilized mathematical description of 

multiphase flow is the multiphase Darcy Equation, with respect to the liquid water phase, and 

neglecting the gas phase. The gas is treated as a “passive bystander” in the mathematical 

modeling under the assumption that no phase changes occur: 

;

;,
*N((( = ;

;G
?! H%*

",
((∇(P( + (()Q)@                                         [12] 

In the Darcy Equation, *	is the porosity, N( is the saturation of phase 1, ((is the density of 

phase 1,	! is the absolute permeability, !*/ is the liquid water relative permeability, &( is the 

viscosity of phase 1, P( is the pressure of phase 1, and Q	is the vertical coordinate. The viscosity 

and density of water can be ignored because we are assuming constant temperature, i.e. 

isothermal conditions, and then the Richards Equation is simplified to:     
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;A

;,
= ;[!∇J]

;G
                                                                                    [13] 

where  , = *N( is the volumetric water content, S	 = !!*/(()/&( is the unsaturated hydraulic 

conductivity, and ℎ	 = 	Q + P(/((())	is the total hydraulic head. 

 These foundational equations are used in numerical simulation programs (e.g., TOUGH2 

- Module EOS9) for variably saturated isothermal flow (Pruess, 2012). TOUGH2 - Module EOS9 

was used to construct models of the hydrologic processes that occurred in the field. There were 

two models constructed. The first model is a two-layer model, with the upper layer a fine sand 

with the parameters found from Sand38, and the lower layer is a coarser sand with the 

parameters of Sand81 (Figure 13). The second model has an additional layer of fine sand at 1.15 

m - 1.135 m with the parameters of Sand130. The input parameters for the models are 

summarized in Table 2. The 3-D model space is depicted in Figure 13. There is a no-flow 

boundary along the sides of the model space, and a constant head applied to the bottom to 

simulate the water table. The top of the model is a free surface to depict the atmosphere. To 

reach steady-state conditions, the average rainfall for 10 days prior to the infiltration in October 

2020 (117 mm precipitation) and April 2021 (0.76 mm precipitation) was simulated on the 

surface of the model.  

Table 2. Summary of TOUGH2 input parameters for the two sands. Density and hydraulic 
conductivity were measured with the permeability tests. The porosity and van Genuchten 
(1980)’s fitting parameters were determined by the SWCC curve.   

Soil type Density 
[g/cm3] 

Porosity 
or θs 

Hyd. 
conductivity 

[m/day] 
$3 % & ' 

Sand38 
(Fine Sand) 

1.6 0.395 8.6 0.067 0.03049 5.7 0.5 

Sand81 
(Coarse Sand) 

1.7 0.333 12.1 0.005 0.03062 6.7 0.5 

Sand130 
(Finer Sand) 

1.7 0.41* 13.0 0.1289* 0.03477* - 0.5 
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* The fine sand (from a depth of 25 cm) defined in Flores-Mangual were used for the Van Genuchten parameters 

for Sand120 in the multi-layer model.  

 

 
Figure 13. The 3-D model space and boundary conditions for the two-layer model and the 

multi-layer model. 

 
4.4 Near-surface geophysics 

Non-invasive geophysical techniques can characterize subsurface structures without 

disturbance, and they can be easily repeated to determine temporal changes (Binley et al., 

2015, Guo and Lin, 2018). Large spatial scales can be investigated, in comparison with point-

scale invasive measurements. The use of geophysical techniques can provide information on 

subsurface properties in their undisturbed state and can also rapidly sample large areas, where 

destructive methods fall short.  

The geophysical methods are sensitive to many subsurface conditions such as 

mineralogy, porosity, water content, connectivity, etc. This brings about the problem of non-

uniqueness in the interpretation of the results: multiple combination of surface condition can 

be modeled to obtain similar geophysical signatures. It is also important to use suitable 
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geophysical tools at the appropriate scale, resolution, depth, and sensitivity for a certain 

application. 

The geophysical instruments used in this research include ground penetrating radar 

(GPR), electrical resistivity (ER), and electromagnetism (EM). EM is discussed in Appendix. A.  

4.4.1 Ground Penetrating Radar (f >107 Hz) 

Ground Penetrating Radar (GPR) is an electromagnetic method that operates under a 

propagation regime. This means that the signals are reflected or transmitted in the subsurface, 

rather than dissipating and inducing additional EM signals. GPR instrumentation has two main 

components, the transmitter and receiving antennae. The transmitting antenna generates high 

frequency electromagnetic pulses that propagate into the ground. The propagating EM signals 

interact with the subsurface attenuating in high electrical conductivity media and reflecting off 

interfaces with contrasting electromagnetic properties. The reflected waves are captured with 

the receiving antenna. Stronger reflections come from interfaces with large differing 

electromagnetic properties (e.g., differing dielectric permittivity) (Davis and Annan, 1989).   

The dielectric permittivity is a measure of the ability of free charges in the subsurface to 

move or polarize in the presence of an electric field. Water has a real relative permittivity of 80, 

which makes it much more polarizable than other materials, such as minerals (U = 4-9) and air 

(U = 1). Water has such an impact on GPR signals, that empirical equations have been 

developed to relate wave velocity to volumetric water content. One equation is Topp’s 

Equation (Topp et al., 1980): 

, = 5.3 ∙ 10&6 + 2.29 ∙ 10&6U. − 5.5 ∙ 10&KU.6 + 4.3 ∙ 10&LU.M                          [14] 
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where U. is the apparent relative permittivity [-] and ,	is the volumetric water content [-] The 

EM wave velocity is usually assumed to be only sensitive to the dielectric permittivity of the 

subsurface (as in non-ferromagnetic materials): 

/ = =

√O%
       [15] 

where V is the EM wave velocity [m/ns], c=0.3 m/ns is the velocity of light in free space, and U*  

is the real relative permittivity (or dielectric constant - U* = U/U5*44	8:.P4). Velocity in non-

ferromagnetic, low conductivity materials is mostly affected by the dielectric permittivity of the 

materials, however the amplitude of the signal is greatly affected by the conductivity σ of the 

subsurface. The signal attenuates with distance from the transmitter at a rate controlled mostly 

by the electrical conductivity and described by the attenuation coefficient: 

F = 5"

O

Q

6
       [16] 

where F is the attenuation coefficient, 4 [S/m] is the electrical conductivity, and μ [H/m] is the 

magnetic permeability of the subsurface. The depth penetration of EM signals in the radar 

regime is mainly controlled by the conductivity of the subsurface (Davis and Annan, 1989). A 

limitation of GPR is that the signal penetration can be very low in conductive media such as 

clays. However, the amount of signal attenuation also provides information of the subsurface. 

For example, during remediation of conductive contaminants, such as landfill leachate, a 

reduction in attenuation post-remediation can confirm the contaminant is no longer present. 

Chang et al. (2004) conducted a study relating the attenuation of GPR signals to subsurface clay 

distribution and the movement of an initiated plume. They found there was cause for caution 
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during long-term attenuation studies, as the effect of seasonal temperatures and road salt may 

mask signals due to the movement of water. 

 The relative dielectric permittivity of a soil is closely related to the water content, and is 

weakly dependent on the soil type, density, and temperature (Topp et al., 1980). A higher 

dielectric constant causes the radar wave velocity to decrease (Equation 15). The strong 

correlation with water content makes GPR an excellent tool to investigate temporal changes in 

saturation and subsurface heterogeneities. Sherrod et al. (2019) utilized GPR to locate 

subsurface cavities which could be conduits for infiltration, or cause ground collapse. Time-

lapse studies use multiple GPR soundings or surveys along the same area at multiple time 

points. Studies have used GPR in a grid pattern to obtain 3-D information of wetting patterns 

(Truss et al., 2007, Haarder et al., 2011, Di Prima et al., 2020). A complication of time-lapse GPR 

is that the measurements must be taken in the same location, so researchers have used plastic 

slides as guides or rotary-laser positioning systems. Haarder et al. (2011) and Truss et al. (2007) 

analyzed GPR signals before and after simulated rainfall for time-shifts and amplitude 

differences due to increased water content. Haarder et al. (2011) found that GPR had 

comparable results to the dye tracer, and were able to identify funnel flow as a preferential 

flow mechanism. Di Prima et al. (2020) used a similar method to image the propagation of a 

plume by a constant-head infiltrometer. The methods used in their study are outlined in Figure 

14. A fine-scale (0.2 m) grid survey allowed them to determine that macropore flow was a 

significant pathway for infiltration. GPR has proven to be a tool with lots of potential in 

detecting preferential flow mechanisms, however there is still reliance on in-situ studies such as 

dye tracers to confirm the results (Guo and Lin, 2018).  
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In this study two GPR systems were used in this study; a 500 MHz GSSI GPR instrument, and 

a 200 MHz PulseEkko Sensors and Software system. The systems were run over a 4 by 4-meter 

grid with 0.5 m gridline separations (Figure 15). The common midpoint survey was completed 

at the site to find the EM velocity distribution and depth of multiple reflectors. 

 
Figure 14. Workflow for the utilization of GPR to detect preferential flow from Di Prima et al. 

(2020). 
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Figure 15. A diagram of the experimental grids and the location of the infiltrometer to scale. 

4.4.2 Electrical Resistivity 

4.4.2.1 Theory of operation  

Electrical resistivity methods apply a current to the subsurface, either by direct contact 

or capacitance. In the direct contact electrical resistivity method, stainless steel electrodes are 

driven into the ground along a line and connected to a controller. Voltage is applied to the 

current electrodes creating an electrical current in the near surface. The voltage drop 

distribution across the survey line is measured at multiple voltage electrode pairs. The 

resistivity measurement is sensitive to the volume beneath the electrode dipoles. The Dipole-

Dipole array was used, which is a survey geometry that emphasizes both lateral and vertical 

changes. Equation 16 is used to estimate apparent resistivity ((.) in a Dipole-Dipole geometry: 
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(. = \E(E + 1)(E + 2)] ∆'

S
                                                     [17] 

where ] is the electrode separation, E is an integer value of the dipole separation, ∆/ is the 

voltage drop, and _ is the applied current.  

 The resistivity of the near surface is a result of ionic conduction in the pore fluid, 

conduction through the soil particles, and surface conduction through the excess charge at the 

soil particles’ surface. Archie’s Law describes the relationship in volumetric water content (,) to 

the resistivity of the medium: 

( = ](T,&9                                                                                   [18] 

where (T is the fluid resistivity and ] and A are empirical parameters which describe the 

connectivity, tortuosity, and porosity of the porous media. An accurate calculation of the water 

content depends on the chosen fluid resistivity, and the parameters a and m, which are 

commonly 1 and 2, respectively. These parameters can be found by fitting a curve to laboratory 

derived results (as in Deiana et al., 2018), however they are commonly assumed.  

 Electrical resistivity lends itself well to time-lapse studies, and it has been used to image 

infiltration events to determine the hydraulic conductivity with depth (Deiana et al., 2018), to 

evaluate shallow aquifer connectivity and heterogeneity (Cassiani et al., 2005), to track 

conductive contaminants (Dimech et al., 2019), and to monitor moisture changes from the field 

to centimeter scale (Schwartz, 2008, Vanella et al., 2018). 

 Electrical resistivity surveys have also been conducted at Field 19 to locate the 

progression of a plume beneath the water table (Krause, 2017). The breakthrough peak of the 

plume was detected at a low resolution. This may have been due to poor electrical coupling of 
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electrodes with resistive sandy soils. To ensure good coupling, NaCl solution was applied 

directly around the electrodes. 

4.4.2.2 Determination of water content 

Archie’s law shows how electrical resistivity measurements are sensitive to both the 

resistivity of the pore fluid and the volumetric water content of the porous media. In this study 

a saline tracer was used, so it should be noted that the electrical resistivity signals are the result 

of increases in both water content and fluid conductivity.  The electrical conductivity (σ) of the 

NaBr aqueous solution is calculated using the molar conductivity (l) of each ion divided by its 

molar concentration in the solution. The molar conductivity is defined as the conductivity of a 1 

L solution containing one mole of a certain ion. The molar conductivity of Na+ is 0.0501 S L mol-1 

cm-1, and the molar conductivity of Br- is 0.0781 S L mol-1 cm-1. The calculations show that the 

fluid conductivity is 0.32 S/m and the resistivity is 3.12 Ωm.  

4U.V* = aU.V*3U.V* = (0.0501 W	+

9-/	P9
+ 0.0781 W	+

9-/	P9
)0.0259-/

+
= 0.00320 W

P9
= 0.32 W

9
   

( = (

X.M6
	dA = 3.12	dA [19] 

 To calculate the change in volumetric water content using Archie’s law, a pre-infiltration 

freshwater resistivity had to be assumed. Based on experience, two end-member resistivities of 

typical Wisconsin groundwater were determined to be 10 Ωm to 50 Ωm. Furthermore, the 

fraction of pore water filled with the tracer fluid 24 hours later was estimated based on the 

bromide concentration results to be ~28% for the 1 m wide 2 m deep volume beneath the 

infiltration center. With 56% tracer and 44% freshwater, the two end-member post-infiltration 

resistivities are 6.1 Ωm and 23.7 Ωm. The modeled resistivity model block values beneath the 

infiltration center were individually used to calculate volumetric water content and averaged. 
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4.4.2.3 Inversion methodology 

During the September 2020 and October 2020 experiments, 1 m electrode spacings and 

13 electrodes were used. During April 2021, the electrode spacing was reduced to 0.5 m and 

the number of electrodes was increased to 22 electrodes. This resulted in a denser set of 

measurements near the surface. The downside of decreasing the electrode separation and 

increasing the number of electrodes is that the depth of survey penetration decreased, and the 

survey time increased to ~35 minutes. This change results in some smearing of the signals, as 

the timescale of plume development is shorter than 35 minutes. To process the data, outlier 

measurement values were first removed. For most of the analyses, the two electrodes closest 

to the infiltration ring had anomalously low resistivity readings and were deleted (Figure 16). 

These anomalous data points may be the result of poor electrode coupling, or an instrument 

problem. It is also possible that these electrodes could be in contact with the saline solution of 

the plume and the high readings were due to the strong current through the fluid. The 

electrodes could also have been installed too deep for the spacing that they are placed at, 

leading to error-prone data.  

 
Figure 16. The location of electrical resistivity measurements for the two survey methods as 

well as the location of removed datum points. 
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The electrical resistivity data was inverted using the RES2DINV (Geotomo, 2010), which 

uses a smoothness-constrained least-squares solver. The time-lapse inversion regime inverts 

the pre- and post-infiltration surveys together to calculate the percentage change in resistivity 

over time. Various settings were tested during the inversion, and results were compared to the 

default parameters in the RES2DINV software. It was found that model refinement drastically 

improved the inversion results by decreasing the model block size. A summary of the input 

parameters used in the inversion is compared to the default parameters in Table 2.  

The input parameters in RES2DINV were chosen based on prior knowledge of field 

conditions, experience, and to minimize physically unrealistic results. To prevent high resistivity 

zones presenting in the model, the resistivity of the model was limited to not increase by more 

than three times the initial iteration. When the resistivity in the model was unlimited, high 

percentage positive change in resistivity lobes occurred in the time-lapse data. It was expected 

that the model resistivity will decrease after the infiltration, and non-agreement to this aspect 

indicates that the model is not providing realistic results. Limiting the resistivity range removed 

the side lobes and produces a more physically accurate result (Figure 17). The RMS errors of the 

model increased by 3% after limiting the resistivity values, however the model with the lowest 

RMS resulted in the unrealistic lobes. The smoothness constraint for the time-lapse inversion 

was chosen because as the surveys take ~35 minutes to complete, some smearing of the 

infiltration plume is expected. The input parameters which affected the outcome the most 

were model refinement, the removal of bad data points, and the limitation of resistivity.  



 48 

 
Figure 17. A comparison of different inversion methods for a survey in April 2021 24 hours after 
infiltration. The resistivity was limited by setting a limiting factor on how much the resistivity 
may change from the initial iteration. 

 
Table 2. A summary of the settings used to invert the ERT surveys in RES2DINV compared to the 

built-in settings.  

 Built-in Inversion Method Custom inversion method 
Damping Parameters 

Damping factor 

 

Initial factor is 0.15, increase with 

depth by 1.05 

Minimum damping factor 0.02 

Initial factor is 0.15, increase with depth by 

1.05 

Minimum damping factor 0.03 

Limitation of model 

resistivity 

None Model resistivity values cannot exceed 

between 3-0.3 times the 1st iteration values 

Forward Modeling Settings 
Type Finite-difference Finite-difference 

Mesh size Normal Finer 

Inversion Progress Settings 
Convergence limit 5 5 

Number of iterations 7 7 

Inversion Methods and Settings 
Robust inversion Yes Yes 

Time lapse inversion  Blocky constraint Smoothness constraint 

Smoothness constrained 

least squares 

Applied to model change vector Applied to model change vector 

Least-squares solution Incomplete Gauss-Newton Incomplete Gauss-Newton 

Model refinement Model blocks are one times unit 

electrode spacing 

Model blocks are half the unit electrode 

spacing 

Errors 
Average RMS Error 3.6% 6.3% 
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 Results  

5.1 Characterization 

5.1.1 Infiltration Rate 

 The infiltration rate in September 2020 was the highest rate at 0.45 l/min. October 2020 

had a lower infiltration rate of 0.33 l/min. April 2021 infiltration progressed at 0.4 l/min. The 

head of water in the infiltration ring in September 2020 and October 2020 is 5 cm, and in April 

2021 the head was 8 cm. These data are presented in Figure 18.  

 
Figure 18. Infiltration rate data for the experimental phases at Field 19. 

 
5.1.2  Gravimetric & Volumetric Water Content 

The gravimetric and volumetric water content results were analyzed for trends and 

similarities (Figure 19). Most sample error bars did not overlap, indicating that the datasets are 

most likely distinctive signatures. The volumetric water content measurements depend on an 
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assumption of an accurate volume of sample, however there is always a degree of mixing and 

compaction during soil sampling. Because the September 2020 and October 2020 soils were 

sampled with a different methodology than in April 2021, the accuracy of the volume 

measurements vary. The driest experimental period appears to be September 2020 (Figure 19 

A-B). The October 2020 data had slightly higher water content than the April 2021 data (Figure 

19 D,F). As a result of the different sampling methodologies, the soil samples only extend as 

deep as 0.8 m in September 2020.  There is a small increase of about 0.04 in volumetric water 

content from 0-0.4 m, after which the water content decreases with depth (Figure 19 A-B). The 

pre-infiltration water content is consistently lower than the post-infiltration. One month after 

the infiltration, another core was collected on grid 1, and the water content showed similar 

trends to the previous samples. This core was collected down to a depth of 1.3 m, at which the 

volumetric water content increases by 0.04.  

October 2020 soil was sampled to a depth of 0.95 m. The gravimetric water content 

consistently decreases for the entire sample, except for one datum point at 0.95 depth under 

the center of the infiltration center. In general, the water content decreases with depth from 

the center of infiltration, and measurements were made at 0.25 m and 0.5 m offset from the 

ring (Figure 19 C-D).  One anomaly from October 2020 is that the pre-infiltration soil is a higher 

water content than the samples taken at this later time. This could be the result of the errors in 

the “auger and bag” sampling method, or differential evaporation.  It is unlikely that this 

difference can be explained by precipitation, as the last rain event was 5 days prior to the 

experiment.   
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 In April 2021, the “push pole” sampling method was used to reduce error thought to 

occur during the auger and bag method. Samples were collected up to 1.7 meters deep. All the 

samples show a similar shape in water content trends. There was a small increase in water 

content until 0.4 m, which was similar to that observed in April 2021 water content 

measurements. From 0.4 m to 0.8 m there was a significant decrease in water content, after 

which it increased until 1.2 m. After 1.2 m, the water content decreased back down to levels 

similar to 0.8 m (Figure 19 E-F). This profile had a “M” shape in the water content profile vs. 

depth. The pre-infiltration core was not collected below a depth of 0.8 m, so it is unknown if 

this increase is only due to infiltration. The pre-infiltration results for the 0 m to 0.8 m depths 

displayed consistently lower water contents than the post-infiltration samples. We found a dip 

in water content at 0.8 m coinciding with where the two lengths of core separated, leaving a 

potential site for evaporation. To assess that this was not attributed to the sampling 

methodology, two more soil samples were collected 2 m away from the Grid 2 center. These 

samples were taped closed and analyzed after 1 and 3 days. There was no change in the water 

content for either testing time. The water content for these samples was similar to the pre-

infiltration core but did not have the same increase below 0.8 m and instead continued to 

decline. As a result we could not confirm that the “M” shape was not partly attributed sampling 

methods, as it appears that the low water content at 0.8 m is possible and characteristic of the 

site. All samples regardless of time after infiltration or location showed a near-identical water 

contents at 0.8 m. The highest water content in April 2021 occurred in the sample taken 3 

hours after the infiltration event. Samples taken 24 hours later in the infiltration center and 
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0.25 m offset display a lower water content and almost indistinguishable from each other, 

which may indicate lateral connectivity.  
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Figure 19. Gravimetric and volumetric water content for Grids 1, 2, and 3. 
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5.1.3 Dry Density 

The dry density of the samples showed a slight increase with depth (Figure 20). In 

September 2020 and October 2020, the dry density ranged from 0.8-2.5 g/cm3. The samples 

which had densities as low as 0.8 g/cm3 are assumed to be erroneous measurements as this is a 

near-impossible density for soils. In April 2021, the dry density ranged from 1.25-2.1 g/cm3. The 

dry density measurements in April 2021 have fewer outlying data points and represent a more 

typical dry density for sand. This supports the assumption that the push pole method provides 

better volumetric estimates than the auger and bag method.  
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Figure 20. The dry density results for Grid 1 and 2 (September 2020 and October 2020) – Top, 

and Grid 3 (April 2021) – Bottom. 

 
5.1.4  Chemical Analyses 

The chromatographs of each sample were processed to obtain nitrate and bromide 

concentrations, and then back-calculated to determine the original pore water concentration. 

The nitrate levels were quite variable and with a high range of measured sample values (Figure 

21). Nitrate concentrations ranged from undetectable to over 60 ppm. In September 2020, 
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nitrate was the lowest at under 15 ppm (Figure 21 A). During October 2020, nitrate levels were 

higher (30 ppm – 60 ppm) in the top 0.2 m of soil, and then decreased with depth (Figure 21 C). 

In April 2021, nitrate levels averaged around 15 ppm and remained constant with depth (Figure 

21 E). The nitrate concentrations may depend on the level of irrigation as the edge of the field is 

sprayed by the center-pivot sprinkler.  

The bromide concentrations were near undetectable (>10 ppm) in September 2020, 

when there was only 38 liters of solution applied (compared to the 76 liters infiltrated in 

October 2020 and April 2021) (Figure 21 B). Bromide levels in October 2020 and April 2021 

were more variable. For the October 2020 infiltrations, the bromide levels were between 1,000 

ppm -1,750 ppm beneath the center of the infiltration ring after 24 hours (Figure 21 D). 

Samples 0.25 m northeast from the infiltration center display bromide levels that were 

between 1000 – 2000 ppm, but then dropped to near-zero levels below 0.5 m. Samples 0.5 m 

northeast from the infiltration center were at background bromide concentrations for the 

entire profile. In April 2021, the bromide levels were high, with some readings over 3,000 ppm 

(Figure 21 F). The concentration of the applied solution is 2,050 ppm, so this must be an 

indication of sampling or analysis errors as the solution must mix with the pore fluid reducing 

its concentration level below 2050 ppm.  As in October 2020, the bromide levels beneath the 

infiltration center are elevated (1,250 ppm – 3,000 ppm) for the entire core length. The center 

and offset samples are similar up to a depth of 0.8 m. Below 0.8 m, a sample taken 3 hours 

after the infiltration drops to a lower concentration of 100 ppm - 750 ppm, and then drops 

below background levels below 1.4 m. The sample collected 0.5 m southeast at 24 hours after 
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infiltration is similar to the 0.25 m northeast sample, however the concentrations remain 

elevated until 1.0 m where the concentration drops below background levels.   
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Figure 21. The nitrate and bromide concentration results for Grids 1, 2, and 3. 
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5.1.5  Grain size distribution 

The grain size distribution from the core sample between Grids 1 and 2 shows variation 

with depth, which can best be seen in the D10, D30, D60, and coefficients of uniformity (Cu = 

D60/D10) and curvature (Cc = D302/(D60D10)) (Figure 22). The D10, D30, and D60 grain size increases 

from 0.05-0.09 mm until 0.9 m where there is a sharp drop. At 1.2 m there are the lowest 

values of the entire profile, indicating a finer soil from 1 m – 1.4 m. The coefficient of curvature, 

a measure of the level of gradation, decreases with depth. The coefficient of uniformity also 

decreases with depth except for a sharp rise at 1.2 m, indicating a more poorly-graded layer. 

The entire profile can be classified as a fine, clean sand, however it is clear there are textural 

variations within this area.  
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Figure 22. The grain size distribution for a sample collected between Grid 1 and 3. 

 
5.1.6  SWCC & Permeability 

The soil-water characteristic curve results for the fine and coarse samples are plotted 

with those found in Flores-Mangual et al. (2016) at depths of 25 cm (fine sand) and 70 cm 

(coarse sand). The samples analyzed in the laboratory were collected at depth intervals of 31-

45 cm (fine sand) and 74-89 cm (coarse sand). The relative permeability curve is shown in 

Figure 20. The SWCC curves were fit using the van Genuchten-Mualem model, and the dashed 

vertical lines show the irreducible water content values (Figure 23). The curves have little 

vertical displacement from one another. The residual water content for the fine sand was 
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higher at 0.067 than that of the coarse sand at 0.005. However, the irreducible water content is 

always higher in the Flores-Mangual et al.’s samples compared to the samples analyzed in this 

study. This indicates the soils used in Flores-Mangual et al. (2016) may have different 

characteristics than the Field 19 samples. The inset in Figure 23 shows that the sample curves 

plot close together in their centers.  

The permeability results showed that Sand38 had a porosity of 0.39, and a permeability 

of 8.6 m/day. Sand81 had a porosity of 0.33 and a permeability of 12.1 m/day. Sand130 had a 

permeability of 13 m/day (Figure 24). The relative permeability curves are shown in Figure 25. 

Only saturated permeability was measured directly, and these curves are derived from the van 

Genuchten fit of the SWCC.  

 
Figure 23. Water retention curves of the laboratory fine and coarse samples, along with the 

values published by Flores-Mangual et al. (2016) for soils from a nearby site to Field 19. 

 

 
 

Breakthrough 
head 
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Figure 24. Laboratory hydraulic conductivity measurements from Field 19 and from Flores-

Mangual et al., 2016. 

 

 

Figure 25. Relative permeability of water phase in the fine sand and coarse sand layers. 
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 Geophysics 

5.1.7 Electrical Resistivity 

Linear >50 m long ERT surveys were run adjacent to the grids in September 2020 and 

May 2021, which showed there are changes in the resistivity with depth and resistivity trends 

with depth are laterally continuous (Figure 26). The two surveys have overall similar resistivity 

profiles, and a generally higher resistivity in the southern half of the section.  However, the 

surveys were completed using two different electrode separations, which affects the depth of 

measurement locations. There is very little elevation changes (<0.3 m) in the edge of the field, 

so the results were not corrected for topography. The resistivity of the upper 1-2 m of the 

subsurface is between 3,000 - 10,000 Ωm, which then transitions to a higher resistivity zone of 

10,000 – 30,000	Ωm until ~4 m (September 2020) or ~5 m (May 2021), where there a decrease 

in resistivity to <1,000 Ωm. The depth of these features in the resistivity models is approximate. 

The depth of the reduction of resistivity at the bottom of the model is poorly constrained as 

there are fewer measurements at the bottom of the profile.  

The interpretation of ERT infiltration survey results were semi-quantitative. Before 

performing the infiltration tests, we hypothesized that there would be a pattern of low 

resistivity after the infiltration, which would coincide with the displacement of the tracer 

solution. ERT surveys for all three girds show an increase in resistivity at a depth of about 0.7 m 

before the infiltration, and it appears there are two main layers of distinctive resistivity (Figures 

27, 29, 30, 31). The average resistivity in the upper soil layer is ~2,000 Ωm, ~3,000 Ωm, and 

~2,000 Ωm for September 2020, October 2020, and April 2021 respectively. The average 

resistivity in the lower soil layer is ~15,000 Ωm, ~26,000 Ωm, and ~26,000 Ωm for September 
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2020, October 2020, and April 2021, respectively. These results show that the first survey was 

the least resistive, and October 2020 and April 2021 were similar with October 2020 being 

slightly more resistive in the upper layer. 

 
Figure 26. Linear ERT surveys from September 2020 and May 2021, which show the soil 

stratigraphy and the water table. Results are presented in the same color scales. 

 
 The time-lapse results in September 2020 show there is a decrease in resistivity of ~35% 

directly below the infiltration center (Figure 27). The area of low resistivity grows and deepens 

over the course of 2 to 3 hours post-infiltration. After 3.5 hours, the low resistivity area extends 

to ~1.3 m, entirely within the upper soil layer. There was no survey 24 hours after the 

infiltration, as was performed in October 2020 and April 2021.The lower corners of the survey 

showed sharp decreases in the resistivity, which were initially thought to be artifacts of the 

inversion. A forward model of the water table at a depth right at the bottom of the model 

shows it would result in low resistivity corners (Figure 28).  
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In October 2020 and April 2021 there is also a low resistivity area under the infiltration 

center post-infiltration, with up to -65% change in resistivity from before the infiltration. The 

comparison of these data is difficult because of the different electrode separation between 

October 2020 and April 2021 surveys. Forward modeling shows that a change in electrode 

separation does change the model results.  In October 2020, there is very little decrease in 

resistivity 2 hours after the infiltration, however after 24 hours there is a large low resistivity 

area which extends to the bottom of the model (Figure 29). The spread in the resistivity signal 

at the bottom of the model could be due to the reduced sensitivity and resolution with depth in 

the model. The percentage of desaturation in October 2020 shows an increase at ~1.2 m to 1.4 

m depths slightly below the first soil layer, a small decrease in saturation at ~2 m, and then 

another increase in saturation at the bottom of the model space. There appears to be a 

directional component to the October 2020 infiltration, as the plume skews towards the North-

Northeast in the bottom of the models. This directional component is not apparent in the 

September 2020 or April 2021 survey results.  

The April 2021 time-lapse data show a similar pattern to the October 2020 images 

however the low resistivity area was detected at the very beginning of the infiltration (Figure 

30, 31). At 24 hours post-infiltration there was also a low resistivity zone situated at ~0.75 m 

depth, with a similar depth profile as in October (decreasing then increasing at the bottom of 

the model). The low resistivity zone appears to propagate directly downwards, and then 

spreads out at a certain depth below ~1 m.  
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Figure 27. Time-Lapse electrical resistivity results for the field test run in September 2020 on Grid 1. 
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Figure 28. Forward modeling of the water table at 2 m and how it can be expressed in low-

resistivity corners at the bottom of the model. 
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Figure 29. Time-Lapse electrical resistivity results for the field test run in October 2020 on Grid 2. 
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Figure 30. Time-Lapse electrical resistivity results for the field test run in April 2021 on Grid 3 in the West to East direction. 
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Figure 31. Time-Lapse electrical resistivity results for the field test run in April 2021 on Grid 3 in the North to South direction.
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5.1.8  Ground Penetrating Radar 

 The CMP from the 200 MHz GPR results show there are multiple reflectors in the 

subsurface around the three grids in Field 19 (Figure 32). The average velocity down to a depth 

of 0.9 m is 0.120 m/ns. The next reflector occurs at a depth of 2.35 m and a velocity of 1.30 

m/ns.  At 3.75 m, the velocity drops to 0.20 m/ns, and reflectors below 4.35 m have velocities 

of approximately 0.1 m/ns. The wave velocity decreases with depth, which was expected as the 

water saturation will increase near the water table.  

 
Figure 32. Common Midpoint survey performed adjacent to experimental grids 

 
 A linear 500 MHz reflection GPR survey line was run south-to-north along the western 

side of the experimental grids (Figure 33). The 500 MHz GPR displays laterally continuous 

reflectors at approximately 1 m and 2 m depths using a velocity of 0.106 m/ns. The 2 m 
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reflector may represent the water table and is not appearing to be flat because the data has 

not been corrected for topography (the area elevation gently decreases from South to North).   

 
Figure 33. 500 MHz GPR on a South to North line bordering the infiltration grids in April 2021. 

 
 The 500 MHz GPR infiltration survey results from October 2020 and April 2021 

infiltration tests showed time-shifted reflectors after the solution injection. There are clear 

horizontal reflectors at ~1 m and 2 m as well as weaker reflectors down to 5 m which are visible 

in the October 2020 (Figure 34) and April 2021 surveys (Figures 35). In October, GPR surveys 

were completed radially at 45° angles. Each survey shows a ~4 ns (-0.14 m) dip in the 2 m 

reflector and a reduction in amplitude below the infiltration center. In October 2020 the dip in 

the 2 m reflector is slightly off-center toward the north in the N-S survey, and to the north-

northeast in the SSW-NNE survey (Figure 34), which compares well with the electrical resistivity 

data trends to the NNE. 
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Figure 34. 500 MHz GPR surveys collected radially during the October 2020 infiltration phase. 

Grid 2 Line 13 (E->W) – October 2020
GPR data collected the day after 
the NaBr aqueous solution injection

0.0 m 0.5 m 1.0 m 1.5 m 2.0 m 2.5 m 3.0 m 3.5 m 4.0 m

Center of injection area

These traces show both attenuation (reducing in signal amplitude) 
and reduction in EM wave velocity (longer travel times)
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Figure 34 (cont.) 

 
In April 2021, the surveys were completed on a cartesian grid, which provided more 

information on the lateral spread of the plume. Three hours after the infiltration event, the 2 m 

reflector dips by 4 ns beneath the infiltration (Figure 36). There is a slight change in the 1 m 

reflector after the infiltration. The lower reflector amplitude decreases after the infiltration and 

remains dampened 24 hours after infiltration in the survey lines directly beneath the infiltration 

center, as well as the survey lines which are 0.5 m offset (Figure 37, 38, 39).  

Grid 2 Line 10 (S->N) – October 2020
GPR data collected the day after 
the NaBr aqueous solution injection

0.0 m 0.5 m 1.0 m 1.5 m 2.0 m 2.5 m 3.0 m 3.5 m 4.0 m

Center of injection area

These traces show both attenuation (reducing in signal amplitude) 
and reduction in EM wave velocity (longer travel times)
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Figure 35. 500 MHz GPR of the background measurements on the survey grid in April 2021. 

 

 
Figure 36. 500 MHz GPR results for one hour after the infiltration in April 2021. 
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Figure 37. 500 MHz GPR results 24 hours after the infiltration in April 2021. 
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Figure 38. Time-lapse GPR (S/N direction) from October 2020. Individual traces are shown to 

illustrate attenuation patterns. 
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Figure 39. Time-lapse GPR (E/W direction) from October 2020. Individual traces are shown to 

illustrate attenuation patterns. 



 79 

The 200 MHz GPR infiltration surveys from April 2021 also show a dip in reflectors below 

the infiltration center (Figure 40). Directly beneath the infiltration center at a depth of 1 m 

there is a disturbance of the reflectors where the traces dip downward, as in the 500 MHz data. 

However, there is a second downward dip in a reflector at ~2.5 m depth below the infiltration 

center. This time shifted reflector was not visible in the 500 MHz data. This could be the result 

of increased attenuation of high frequency GPR signals. The survey lines 0.5 m offset from the 

center line may also show dips in reflectors. There was only a pre-infiltration survey of the 

central survey lines, and it was assumed that this pre-infiltration survey was similar for all the 

other survey lines. In the north-to-south surveys, the line 0.5 m west shows a dip in the 2.5 m 

reflector and not in the 1 m reflector. There is also a dip in the 2.5 m reflector for the west-to-

east survey line 0.5 m south of the infiltration center.    

 
Figure 40. 200 MHz GPR results the April 2021 infiltration tests. The boxes highlight the time-

shifted reflectors. 
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The GPR data was also analyzed for water content using time-shift analysis and Topp’s 

Equation (Equation 14). In October 2020, it was found that there was a 4 ns increase in travel 

time from the 2m reflector. There was also a downward shift of the ~1 m reflector, however the 

change was smaller due to a shorter travel distance to the antennae (Figure 41). The position of 

the reflector does not physically move, but the velocity decreased with increasing water 

content. To determine the change in water content above this reflector, the change in velocity 

was used to re-calculate the relative dielectric permittivity using Equation 15. The results of the 

analysis show the volumetric water content increased to 0.231 (at ea=9.97) from 0.203 (at 

ea=8.0) over the course of the infiltration event. This change in water content corresponds to a 

change in volumetric water content of 12%.  

 
Figure 41. October 2020 post-infiltration (24 h) surveys over the infiltration center and time-

shift analysis. The circled area highlights the time-shifted reflector.  

 
The electrical resistivity data from October 2020 was also used to calculate water 

content using Archie’s Law (Equation 17). This equation requires the assumption of a fluid 

resistivity. Using the two end-member fluid resistivities (as discussed in Methods), the post-

infiltration fluid resistivity was calculated twice. When the background resistivity is 10 Ωm, the 

resulting water contents are within the range of water contents sampled in October 2020 

(Figure 19), although slightly lower. The resistivity measurements extend down to 2.6 m and 

the laboratory water content measurements extend to 0.9 m, so comparing the two has little 
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merit. When the estimated water content is plotted with depth the calculations resulted in a 

higher water content in the upper 0.75 m of soil in the pre-infiltration results than in the post-

infiltration (Figure 42). This could be due to the inversion parameters over-emphasizing certain 

resistivity changes. The water content in the pre-infiltration could also be slightly higher 

because of the rain event. This is an ongoing debate, as we do not have a good estimate of how 

long a rain event will take to drain from the soil. The GPR water content is much higher than the 

values indicated by ERT, as well as the laboratory water content data. The GPR is likely sampling 

a different volume than the electrical resistivity and the soil samples. These calculations are 

presented in Table 3. 

Table 3. Summary of geophysics derived volumetric water content for the October 2020 
infiltration event. 

 
Pre-infiltration 
Water Content 

24 h Post-infiltration 
Water content 

Change 

North – South ERT (freshwater 
= 10 Ωm) 

0.057 0.066 0.008 

East-West ERT (freshwater = 
10 Ωm) 

0.058 0.062 0.004 

North – South ERT (freshwater 
= 50 Ωm) 

0.025 0.030 0.005 

East-West ERT (freshwater = 
50 Ωm) 

0.026 0.029 0.003 

500 MHz GPR 0.203 0.231 0.028 
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Figure 42. Volumetric water content estimated from the electrical resistivity profiles below the 

infiltration center using Archie's Law.  

 

5.2 Numerical Modeling 

5.2.1 Two-Layer Model 

The models in TOUGH2 were formulated, executed, and tested by Dr. Carla Romano. My 

work on the modeling consisted of presenting the data and help with the interpretation of the 

results.  

Initial modeling efforts utilized a two-layer model. The soil-water characteristic curves of 

Sand38 and Sand81 were used to parametrize the upper and lower layers. Initial water 

saturation conditions were simulated by applying the average rainfall over the course of the 10 

days prior to infiltration. October 2020 had more rainfall during the 10 days before the 

infiltration and therefore modeled with a higher initial water content than the April 2021 
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model. The upper layer of soil has a much higher water content than the lower layer, attributed 

to their differing residual water content values (Figure 43). The laboratory measured initial 

water contents distributions for the October 2020 and April 2021 infiltration tests are higher 

than the models are showing.   

 
Figure 43. Initial conditions of the two-layer model for October 2020 and April 2021. 
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The results of the two-layer model for October 2020 showed that the infiltration plume 

breaks into the lower layer at 2 hours into the infiltration (after infiltration start) (Figure 44, 45). 

This conflicts with the field ERT data that suggests the plume is retained in the upper layer of 

soil at least until 2 hours after the infiltration is finished (corresponds to 5.5 hours after 

infiltration start). The plume reaches the capillary rise at about 6 hours. The modeled 

volumetric water content results show reasonable values in comparison with the laboratory 

volumetric water content, as both profile values range between 0.05-0.2 (Figure 45). After 24 h 

from infiltration start, the volumetric water content values plateau towards residual volumetric 

water content values for each sand.  The laboratory water content does not show the sustained 

drop in water content at 0.75 shown in the model results. 

The two-layer model results from the April 2021 infiltration show a different timing of 

plume propagation compared to the October 2020 infiltration. These results appear to indicate 

that the plume breaks through to the lower layer at 3.0 hours into the infiltration (Figure 46, 

47). The electrical resistivity results may agree with these results, which suggest the plume is 

held in the upper 0.75 cm of soil for at least 30 min after the infiltration (3 hours after the 

infiltration start). The results also show that the plume reaches the capillary fringe about 10 

hours after the infiltration and it progressed at a slower rate than in October 2020. The 

conditions that were different from October 2020 and April 2021 were the initial water content 

and the infiltration rate. These factors must affect the infiltration progression. For example, the 

initial lower volumetric content in April 2021 reduces the unsaturated permeability of the soils 

and therefore the water velocity. 
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The water content model results for April 2021 show clear differences with the 

laboratory water content data. The water content from 0 m - 0.8 m are similar in range, and 

April 2021 laboratory data also shows a sharp drop in water content at 0.8 m as in the model. 

However, there is no trace of the increase in water content at 1.2 m depth in the model as seen 

in the laboratory results (Figure 47).  
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Figure 44. Simulated two-layer infiltration model for the October 2020 infiltration. 
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Figure 45. Two-layer model center volumetric water content profile from the October 2020 

infiltration model. 
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Figure 46. Simulated two-layer infiltration model for April 2021. 
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Figure 47. Two-layer model center volumetric water content profile from April 2021. 
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5.2.1 Multi-Layer Model 

A new model structure was created based on the grain size distribution. As for the two-

layer model, the initial volumetric water content is simulated by applying the average rainfall 

over the course of the 10 days prior to infiltration. Initial water content conditions are shown in 

Figure 48.  

Considering that the two-layer and multilayer models only differ for an additional layer 

at 1.15 m to 1.35 m, nothing changes in terms of breakthrough time at the 0.75 m interface 

between the Sand38 and Sand81. In October 2020, model results at 5 hours show that the 

plume has broken through the Sand130 layer, however most of the plume is still within the 0-

1.2 m depth range (Figure 49, 50). At 7 h since the start of the infiltration, the plume reaches 

the capillary rise of the water table. 

The model results for the April 2021 model show that at 8 hours (4.5 hours post-

infiltration), most of the plume volume remains in the upper layer, but has broken through to 

the lower, fine-grained layer (Sand130) (Figure 51, 52). These results indicate that the plume is 

slower than in October 2020 model, where the plume had broken through all layers in 5 hours. 

Moreover, in the October 2020 model, the plume seems to have almost completely dissipated 

within 24 hours. In contrast the April 2021 results show that the plume is still migrating 

downwards. Overall, the additional layer of finer sand at 115 cm increases the time at which 

the infiltration plumes reach the water table in both the April 2021 and October 2020 cases, 

compared to the two-layers model. The timing results are summarized in Table 4. This 

illustrates how initial water content and textural layers can have a large effect on model results. 
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Figure 48. Steady-state conditions for the multi-layer model. 
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Figure 49. Multi-Layer model from October 2020. 
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Figure 50. Multi-layer model center volumetric water content profile from October 2020. 
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Figure 51. Multi-layer model from April 2021. 
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Figure 52. Multi-layer model center volumetric water content profile from April 2021. 
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Table 4. Estimates of breakthrough times for the models. 

 Breakthrough at 0.75 m Breakthrough at 1.3 m Reaches capillary rise due to 
water table 

2 – Layer Model 

October 2020 2 h N/A 6 h 

April 2021 3 h N/A 10 h 

Multi-layer Model 

October 2020 2 h 5 h 7 h 

April 2021 3 h 8 h 11 h 

 

The modeled volumetric water content at the location and time of the soil samples was 

plotted for a side-by-side comparison (Figure 53). The laboratory water content in October 

2020 is generally higher than the modeled values, but there is a decrease in water content at 

approximately 0.7 m, which tend to agree with the model results. The last datum point in the 

central soil sample at a depth of 0.95 m shows an abrupt increase in water content which could 

be showing the increase in water content at 1.15-1.35 m in the model, or it is anomalously high 

and potentially attributable to laboratory errors.  The modeled water content shows very little 

change in water content from pre- and post-infiltration, as do the measured values. The 

measured pre-infiltration data from October 2020 could be presenting a higher water content 

because the degree of error in the measurements is greater than the range of measurements. 

The volumetric water content for the multi-layer April 2021 model is in partial 

agreement with the measured values. The pre-infiltration volumetric water content is much 

more homogenous in the measured data (assuming the 24 day later data is similar to the pre-

infiltration). For example, there is not a drastic dip at 0.75 – 1.1 m or an increase in water 
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content at 1.1-1.3 m as is represented in the modeled profile. In the modeled results below a 

depth of 0.75, the 24-hour samples are assigned a higher water content value than the values  

for the 3-hour sample (Figure 53). The model indicates that 3 hours post-infiltration and 25 cm 

from the infiltration center, the solution is only in the upper layer of soil. The water content 

results indicate that the plume has already reached the Sand130 layer and spread out over 0.25 

m. This may indicate that the model is under-estimating the lateral spread of the plume. This is 

supported by the bromide concentrations, which show above-background levels up to 1.4 m in 

the 25 cm/3 hour sample (Figure 53). However, the 24-hour samples agree with the model in 

terms of general trends, and the “M” shape is represented in the model’s output as well as the 

measured values. Overall, this comparison shows that the multi-layer model is in greater 

agreement with the water content distribution in April 2021 as compared to the two-layer 

model.  
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Figure 53. The model results for depth profiles of the soil water content samples, and the laboratory soil water content and bromide 

concentration results. 



 99 

 Discussion 

The goal of this research was to answer the following question: 

What are the dominant infiltration mechanisms (i.e., uniform? preferential flow?) at Field 19, 

and how can geophysical methods and numerical modeling inform this investigation? 

Prior to fieldwork, it was expected that the selected site would provide a “homogenous” 

infiltration volume through clean sand. The site was expected to yield a downward columnar 

plume with slight lateral spreading. However, the geophysical surveys and laboratory results 

show that soil stratigraphy and initial conditions affect the infiltration progress, yielding a more 

complex system. The NaBr aqueous solution may pond at the finer-grained soil interfaces in the 

upper 1.4 m of soil, before flowing into the coarser grained sediments and the water table. The 

initial hypothesis was that there is a fine sand overlying a coarser sand, and a capillary barrier 

holds the water in the upper layer before breaking through to the coarser layer. However, we 

found that there is not likely a two-layer system with a capillary barrier, but multiple texturally 

different soil layers which promote the retention and lateral flow of the solution.  

A detailed characterization of the soil stratigraphy is important to understand flow 

processes. Information from the geophysical surveys and laboratory characterization showed 

different signatures. The electrical resistivity indicated a two-layer system, with a less resistive 

layer in the upper ~0.7 m of soil, and less resistive sediments underneath. GPR data also 

showed reflectors at ~1 m and ~2 m depths. The 2 m depth reflector could be the water table, 

however the nearby groundwater wells were not measured to confirm this. These interfaces 

are puzzling and in apparent contradiction with the grain size distribution data. The grain size 

distribution showed there are textural layers in the soil, with a coarser layer at 0.75-1.15 m, and 
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a finer grained layer at 1.15-1.35 m. These textural layers may correspond to different water 

contents or mineralogical properties, which affect the geophysical signals and control the 

hydrogeological response. The water content data may align with the grain size distribution. 

The water content profile from April 2021 shows a low water content at 0.8 m depth, and a 

higher water content at ~1.2 m depth corresponding to the coarser grained layer at 0.075 m 

and the finer layer at 1.15 m, respectively. 

Evidence of the retention of water in upper layers of soil is apparent in the time-lapse 

electrical resistivity and is supported by the chemical analysis of tracer concentrations showing 

there was lateral spreading only in the upper 1 m of soil.  As in previous findings of the 

utilization of GPR surveys to locate preferential flow pathways (Truss et al., 2007, Haarder et al., 

2011, Di Prima et al., 2020), small-scale flow mechanisms were unable to be identified in this 

study. The time-lapse GPR provided soil stratigraphy, direction of flow, and volumetric water 

content. Numerical models in TOUGH2 constrained our hypothesis and informed the 

hydrological processes and their physical possibilities.  

The electrical resistivity data consistently shows that the plume stays in the upper layers 

of soil for at least 2-3 hours post-infiltration, however the chemistry data show bromide in the 

lower layers of soil at this time. One hypothesis to explain this signal is that the electrical 

resistivity is more sensitive to the saline water than movement of freshwater. The saline water 

introduced into the surface may push down the freshwater, causing an increase in water 

content at the bottom of the model, which is not sensed by the electrical resistivity. This 

phenomenon is not discussed routinely in the literature but has been documented in other ERT 

studies (Dimech et al., 2019). However, this hypothesis still does not match the observed 
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chemistry data. The chemistry data show that bromide has moved to the lower sediments after 

3 hours post-infiltration. Another explanation for this is that there is heterogenous flow, (i.e., 

fingering flow), which cannot be not detected by the electrical resistivity nor GPR surveys. One 

other possibility is that the highly resistive sand and the conductive plume have an extremely 

high contrast which the electrical resistivity inversion struggled to resolve.  

During the initial field experiment in September 2020, the electrical resistivity surveys 

indicated that the infiltrate did not penetrate lower than 1 m at 3 hours after the infiltration 

event (Figure 27). This was surprising as it was expected that the plume would drain through 

the clean sand within this time frame. The electrical resistivity also showed a clear horizontal 

interface where the resistivity increases from 3,000 Ωm to 15,000 Ωm at approximately 0.7 m. 

This abrupt drop in resistivity seemed to be driven by a two-layer system. Visual inspection of 

the soils showed the texture becomes coarser with depth. In an experiment 38 liters (10 gal) of 

solution was infiltrated at a rate of 0.45 l/m, which was the highest rate compared to October 

2020 and September 2020 (Figure 15).  Experiments in April 2021 were conducted during the 

driest conditions with a pre-infiltration volumetric water content ranging from 0.04 – 0.14, 

compared to 0.12 – 0.16 in October 2020. The breakthrough head of the lower layer is 50 cm 

(Figure 23). The suction head in September 2020 is 100 cm - 50 cm, which is above the 

breakthrough head. Theoretically, this could create conditions for a capillary barrier, however 

there is no other evidence supporting this hypothesis. The October 2020 infiltration was wetter 

and so had lower suction head beneath 50 cm, and so a capillary barrier would not form. 

To explore the parameters which would cause the water to be retained in the upper 

layer of soil (operating under a two-layer model), a 3-D model was constructed in TOUGH2. The 
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porosity, irreducible water content, and permeability from laboratory tests were the input 

parameters of the model. The model results using these parameters predict that the plume 

would break through to the lower layer at 0.7 m before the infiltration had ended in both 

October 2020 and April 2021 scenarios and had reached the water table at 6 hours and 10 

hours, respectively (Figure 44, 46). These results conflict with our findings from the electrical 

resistivity wherein the plume was retained in the upper layer about 3 h post-infiltration.  

The water content and chemistry data from all experiments were also not represented 

in the two-layer modeling results. The chemical data show that the plume did not spread to 

0.50 m west from the infiltration center in October 2020, as the concentrations were below 

background levels for all depths. The modeling results indicate that there would have been an 

increase in water content and bromide concentration at 0.5 m west after the infiltration (Figure 

53). The non-compliance of the field data with the numerical modeling indicates that the soil 

structure at the site may be more complicated than a two-layer system and the parameters of 

the model may not be representative of the field conditions.  

 In October 2020, the 500 MHz GPR gave insight into soil structures. Reflectors at ~1 m 

and ~2 m appeared to be continuous along the survey lines and beyond (Figure 33).  The 

reflector at ~2 m is likely the water table, although there is some conflict with the electrical 

resistivity data on the depth of the water table. The water table is not expressed in the 

electrical resistivity model that extends to 2.6 m. The lower corners of the electrical resistivity 

surveys in September show a decrease in resistivity. At first it was thought that this originates 

from model instabilities, however a forward model in Res2dMOD of a water table at 2 m 

revealed the same low-resistivity corners (Figure 28). The same corner effect is not apparent in 
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the October 2020 or in the April 2021 infiltrations. It is puzzling to not observe this in October 

2020, as the water table was likely highest at that time, according to a nearby (10 mi) 

groundwater well (Figure 10). In April 2021 it was not expected to see the water table as a 

result of the smaller electrode spacing and half the depth of penetration of September 2020 

and October 2020.   

 The water content profile of soils in April 2021 showed an “M” shape, where the lower 

water contents occurred at 0.1 m, 0.8 m, and 1.6 m deep. The soil sampling in April 2021 was 

conducted at twice the depth of the other investigations by using the push pole method, 

thereby leading to more information available. This water content profile did not fit with the 

two-layer model of the hypothesis. Initially, the team was concerned that this was the result of 

evaporation at the ends of the core liners causing the dips in water content, however additional 

field testing showed that the low levels of water content were similar to background levels, 

which also revealed a slight dip at 0.8 m (Figure 19). 

The grain size distribution provided insight into additional soil structures that could 

explain the water content profile. The grain size distribution showed a homogenous sand until 

0.8 m, where there is an increase in grain size until 1.0 m. From 1 m to 1.4 m the grain size is 

reduced to the finest of the profile. After 1.4 m the soil particle diameter increases (Figure 22). 

This information details that there is a coarser layer at 0.8 m to 1 m, and a finer layer at 1 m to 

1.4 m. This may indicate that the water was not retained in the coarser layer at 0.8 m to 1 m, 

and hence the water content drops and pools to give higher water content in the finer layer at 

1.2 m.  
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The grain size distribution data and its compliance with the water content data from 

April 2021 shows that the two-layer model does not provide an adequate representation of the 

field area. Instead, there are about four different layers of differing texture which affect the 

infiltration process. A new model space was formulated which included four layers (Figure 48) 

corresponding to the grain size distribution results.  The results show it takes longer for the 

water to penetrate deeper into the soil, as water is retained in a finer grained layer. These 

results are partially in agreement with the water content, chemistry, and electrical resistivity 

results. The model never shows the water being retained in the upper layer for 2 hours after 

infiltration, although it shows that the water content is still much higher in the upper layer than 

the lower layers at 3 hours post-infiltration (Figures 49, 51). A comparison with the laboratory 

water content results shows that the general shape of the curves is similar, however the 

measured water contents are higher in October 2020 infiltration, and they do not show the 

same lateral spreading in April 2021 (Figure 53).   

The experimental design was being developed along with the experiments, there were 

key differences between testing at Grid 1, 2 and 3, which made their comparisons challenging. 

Firstly, the soil sampling method in September 2020 and October 2020 resulted in samples only 

as deep as 0.8 m, were disturbed and mixed in the field during bagging, and were sampled at 

wider depth intervals (10-15 cm). This also affected the chemistry readings only tested a small 

amount of soil, and the bulk representation of a small portion of soil becomes less likely as 

sample sizes increase. The electrical resistivity survey electrode separation also decreased to 

0.5 m in April 2021 from 1 m in September 2020 and October 2020, which affects the depth of 
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measurements and measurement density. Survey location (radial vs. cartesian) and timing also 

varied within the different measurement phases. 

6.1 Recommendations 

There are several aspects of this research which are unresolved. A complete 

understanding of the spatial and temporal heterogeneity, the timescale of natural rainfall 

infiltration, the mass transport of the bromide tracer compared to the fluid flow, and the origin 

of the geophysical signals is still lacking.  

An increased understanding of the site heterogeneity could be achieved multiple ways. 

The multi-layer models are based on the grain size distribution data from one core between 

Grids 1 and 3 (September 2020 and April 2021 grids). From the electrical resistivity and GPR 

surveys, it appears there is lateral continuity of the resistivity profile and GPR reflectors, 

however we do not have a fine-scale resolution of these features. Another core could be run for 

the grain size distribution between Grids 2 and 3 (October 2020 and April 2021 grids) to have a 

better idea of the spatial variation and continuity of the grain size horizons. The alignment of 

the water content results with the grain size horizons indicates that the grain size is an 

important controlling factor in the infiltration progress. Thus, it would be worth the effort to 

repeat a grain size distribution tests. 

 The understanding of heterogeneity with depth could also be improved. More soils at 

different depths could be tested for permeability and SWCCs. Our Sand81 SWCC has a very low 

residual water content of 0.005 which is not seen in our field results. This could indicate this 

low residual water content is not characteristic of the entire layer in the modelling. Additional 

SWCCs could be completed for soils in the 90 cm – 110 cm interval. Currently, a SWCC of a sand 
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at a depth of 130 cm is being prepared. Another soil below this depth in the “coarser” horizon 

could be tested. The established horizons in the grain size distribution likely have different 

properties, and more testing can be done to determine if the sands are distinctive in properties 

other than grain size.  

Invasive methods, such as soil pits, could also provide a larger scale of visual 

information. An invasive investigation could also allow for in-situ observation of soil features 

and their extent such as layering in color, worm burrows, and root structures. This type of visual 

information is difficult to obtain with sensors and non-invasive methods.  

An increased understanding of the temporal variations in water content would also 

strengthen some of the analyses. In October 2020, there was significant rainfall in the 10 days 

leading up to the experiment, however we do not know if that water was still dissipating at the 

time of the experiments. The pre-infiltration water content in October 2020 was higher than 

the post-infiltration water content. Although this difference could be due to the sampling 

methods described, it is possible that this could be due to residual water from the rainfall 

event. We also see a higher water content in the upper 0.75 m of soil in the electrical resistivity 

measurements, which may support this claim, however the electrical resistivity inversion could 

also be affecting these results.  

Soil sensors, although disturbing to the soil, could provide some long-term information 

as to how the moisture content in the soil varies. The Teros12 sensors (Meter Group) use read 

the volumetric water content, electrical resistivity, and temperature of the soils. Installing some 

of these sensors at various depths could provide us with more information on how fast natural 

infiltration events progress, and how long the water takes to drain from the soil. These sensors 
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may also provide some information on how water is retained at different depths. For example, 

the sensors could be installed at a depth of 0.5 m and 0.8 m. This could potentially provide 

information on if the water drains faster from the 0.8 m depth sensor, as our water content 

measurements may indicate.  

The transport of the bromide tracer was assumed to be conservative, however further 

modeling of the bromide transport could help to understand the electrical resistivity results. 

The electrical resistivity signals may be stronger due to the presence of the ions in the solution, 

and these signals may mask changes in the existing freshwater signals. One hypothesis we have 

presented for the electrical resistivity signals is that the saline plume may have pushed down 

some of the existing freshwater in the pore space as the infiltration progressed. The water 

content results from April 2021 showed an increase in water content down to a depth of 1.3 m 

3 hours after the infiltration, however the electrical resistivity surveys showed a low resistivity 

plume in the upper 0.7 m of the soil. The existing pore water which could have been pushed 

down in advance of the plume could have caused the elevated water content and was not 

detected by the electrical resistivity. Transport models in Comsol could help to understand 

what hydrologic parameters would promote differential movement of the freshwater and the 

saline plume.  

Joint forward modeling of the electrical resistivity and hydrologic model could improve 

our understanding of the relationship of the geophysical signals and the infiltration progress. 

There have been recent advancements in the use of “coupled hydrogeophysical inversions” to 

reduce uncertainty (Singha et al., 2015, Hinnell et al., 2010). Coupled inversions remain 

computationally intensive, however coupled inversion capabilities in modeling packages are 
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expected to proliferate (Singha et al., 2015).  Hinnel et al. (2010) cautions that a coupled 

inversion will not provide good results if the hydrologic models are not a good representation 

of the subsurface. A directly coupled inversion of the electrical resistivity data and the 

hydrologic models could provide insight into both the geophysical signals and the hydrologic 

model parameters, especially once there are more laboratory soil results available to improve 

the hydrologic models.  

The subsurface soil structures and the geophysical signals are also not well understood. 

The interface of low to high resistivity in the ERT at 0.7 m and the reflector at 1 and 2 m in the 

GPR data cannot be tied to any of the specific results from the laboratory testing of soils. 

Further forward modeling of the electrical resistivity signals and GPR signals can help to 

investigate the origin of the subsurface signals. A soil pit could also allow for visual 

identification of layering which could be tied to the GPR reflectors. 

Future research can also refine the electrical resistivity survey methods by forward 

modeling, and by utilizing the program ‘Compare R’ which determines an optimized array 

geometry based on survey targets (Abdullah et al., 2018). A study by Carey et al. (2016) showed 

time-lapse electrical resistivity surveys with large changes in moisture content after rainfall can 

cause unrealistic artifacts in electrical resistivity surveys. By forward modeling, they found that 

this was largely dependent on the array geometry used, with the “dipole-dipole” array creating 

the most artifacts. The “pole dipole” and “modified pole-dipole” had less artifacts and was able 

to image the rainfall at the desired resolution. This study highlights the importance of choosing 

an array which will balance the target resolution without introducing artifacts which will 

misguide the interpretation. Forward modeling may help to determine the origin of the artifacts 
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found in the time-lapse electrical resistivity and determine if a different array geometry may 

improve the results.  

Further work involving our existing datasets of GPR could also provide more information 

on the infiltration processes and the sensitivity of the GPR signals to the processes occurring. 

Attenuation and a decrease in EM wave velocity was observed beneath the infiltration center, 

and the many traces collected contains very detailed information. The attenuation and time lag 

of all traces collected could be found to construct a 3-D representation of time-lapse GPR 

signals. This study could also incorporate a statistical analysis of the signal to noise ratio of the 

GPR data and strengthen the quantitative results of this study.  

Conclusions  

In this research a methodology was developed to investigate a constant-head ring 

infiltration plume using near-surface geophysical methods. The infiltration process was not a 

homogenous (column) infiltration but encountered textural boundaries in the soil which caused 

the infiltration plume to be attenuated.  

The GPR and ERT survey results indicate there is stratigraphy in the soil structure. Initial 

hypotheses of plume progression consisted of a two-layer system with a capillary barrier. This 

hypothesis was supported by the electrical resistivity surveys, but it is in contradiction of the 

tracer concentration, water content, and grain size distribution of the soils. A new hypothesis 

was formulated of a multi-layer soil structure with multiple textural boundaries which may slow 

the progression of the plume.  

The challenges faced in this research highlight some of the current obstacles in 

investigating unsaturated flow processes in the field. By nature, flow processes in the 
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unsaturated zone are difficult to investigate due to their temporal and spatial variations at 

different scales. This is important as all the techniques used in this research have differing 

sensitivities and resolutions, which complicates their comparison. Furthermore, the processing 

of the data can affect the results in meaningful ways, as seen in the electrical resistivity results. 

The results of the electrical resistivity could be affected by the inversion parameters, the 

electrode geometry, or the high contrast between the freshwater sand and the saline tracer 

fluid.  

It was found that invasive methods are imperative in supporting the geophysical signals 

which can be complicated to interpret and cannot provide small scale observation that may 

control the response of the system. Forward modeling of the electrical resistivity and GPR 

signals in response to the hydrologic processes can improve The GPR data also contains a 

wealth of delay-time and attenuation data, and further analyses of the time-lapse data could 

provide more information on the infiltration dynamics. the analyses of the geophysical signals. 

Further research could incorporate soil moisture sensors to monitor the field characteristics to 

understand the temporal variations in water content 

In this research we were able to approximate the temporal and directional plume 

development and hypothesize the heterogeneities in the soil. This has implications for 

understanding the timeline of contaminant infiltration in agricultural environments. Additional 

analyses and field testing can further characterize subsurface heterogeneity and improve the 

infiltration methodology.  
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APPENDIX A. Electromagnetic methods  

Electromagnetic geophysical instruments operate by induction of electromagnetic fields 

in the subsurface. Induction describes how electromagnetic forces from a transmitter affect 

their surroundings without physically touching. To induce an electromagnetic force in the 

subsurface, a magnetic field must first be generated. The EM system’s components include 

transmitter and receiver coils. A time-varying electric current is run through the transmitter 

coil. The current running through the coil produces a primary time varying magnetic field (!!) 

as governed by the Ampere’s law. This law describes the magnetic field resulting from an 

electric current: 

∇ × ! = % = &' [20] 

where H is the magnetic field strength, and I is the current density. % is related to the electric 

field strength by % = &' where &	is the conductivity. 

The magnetic field then induce currents in the ground, a process that is governed by 

Faraday-Lenz’s Law of Induction:   

 ∇ × ' = − "#
"$  [21] 

where E the electric field, and B is the magnetic field flux density. This equation describes how a 

time varying magnetic field will induce a time-varying electric field that opposes the change in 

the magnetic field. The currents induced in the subsurface are called eddy currents by the time-

varying electric field. The eddy currents in turn produce a secondary magnetic field (!%) which 

induces a current in the receiving coil (fig. #). The voltage in the receiving coil is a product of 

both the primary and secondary magnetic fields. The primary and secondary field sinusoidal 

waves differ in phase, with the secondary field being a function of the ground conductivity. 
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Under a low-induction number regime (the coil separation is lower than the skin depth), the 

ratio of the secondary and primary fields can be used to solve for the apparent conductivity σa 

of the ground (citations?): 

 && ≈ '
(!)%"

+*#*$, [22] 

where -+ is the permeability of free space, . = 201 where 1 is the frequency, and 2 is the coil 

separation.  

In this study there were two EM instruments utilized: the Geonics EM-31 and EM-38. 

These instruments are portable and are sensitive to depths of ~6 m and ~1.5 m respectively. 

The instruments operate in two modes by rotating the instrument by 90 degrees to change the 

direction of the magnetic dipole (Fig. #). When the dipole is vertical or horizontal, there is a 

different sensitivity function of the volume below the instrument (Fig. #). By changing the 

orientation of the instrument, two independent measurements of apparent conductivity can be 

obtained. Further, the height of the instrument also changes the volume of the subsurface 

which is being measured. This way multiple independent measurements may be made with the 

same instrument, which may be jointly inverted to model the subsurface true conductivity. 

 

Figure 54. Vertical and horizontal Dipole modes (Adapted from McNeill, 1980). 
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Figure 55. A. Scaled contribution to instrument signal at depth below the instrument in vertical 
and horizontal dipole modes. B. Scaled cumulative contribution to signal as a function of depth 

below instrument in vertical and horizontal dipole modes (adapted from McNeill, 1980). 

 
The EM data has not been completely processed in this research, but MATLAB codes 

were developed to visualize the data for quality control. Future efforts can attempt to invert 

the EM data to solve for the depth profiles of the conductivity. Programs such as EM4Soil allow 

for 1-D inversions which may be more time-effective, as the inversion input files can be 

complicated and require all data points to be co-located, leading to the need for interpolation.  

The EM38 instrument was operated on Grid 1 in September at 4 different instrument 

modes. The instrument was dragged on the ground at a height of 0 m, and then carried at hip 

height (~0.7 m), with a horizontal and vertical orientation. This resulted in many survey line 

data files which were time-consuming to assemble. A MATLAB code was written to compile and 

organize the data based on file names and to plot the data for visual inspection. The data points 

were plotted in their orientations on the grid, and the background of the plots were 

interpolated to a mesh by nearest-neighbor (Figure 56). Preliminary analyses show the data was 

noisy, and sometimes the conductivity decreased post-infiltration which was unexpected. In 

A B 
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some cases, the North to South surveys had a different average conductivity when compared to 

the East to West traces, leading to a patchwork pattern. It is unknown why some of these 

patterns arise, however it was found that the system is incredibly sensitive, and even a safety 

pin in the strap caused high fluctuations in the electrical resistivity.  
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Figure 56. EM38 data collected on Grid 1 in September 2020. 
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APPENDIX B: Arlington Field Station  

Arlington Field Station is an agricultural research center in Arlington, WI (Figure 57). The 

field site was chosen to be analogous to Kewaunee Co soils which are comprised of a clay-rich 

till. The purpose of the study in this area was to map the depth to bedrock, and repeat the 

infiltration experiment performed in Spring Green, WI. A field site was chosen which neighbors 

a sandstone quarry (Figure 58). At the border of the field and the quarry a soil cross-section 

exposed the varying depth to bedrock on the field (Figure 59).  

Two survey grids were established on the field in the deeper (1.5 m) and shallower (0.75 

m) areas of the field (Figure 59). An electrical resistivity survey with 1 m electrode spacing was 

completed on the northern side of the survey grids which exposed bedrock variations (Figure 

54).  

 
Figure 57. The location of the field site in relation to Arlington, WI. 
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Figure 58. The location of the two experimental grids in the corn field. 

 

 
Figure 59. Soil depth exposed at the quarry wall and an electrical resistivity survey showing 
bedrock surface adjacent to the experimental grids. 

 
 Infiltration experiments were completed on both grids on 10/10/2020. A 0.1 M (10,089 

ppm) sodium bromide solution was used in the infiltration. This concentration is four times 

higher than used in Spring Green. This was done to increase the contrast between the clayey 

soil and the solution. The head during the infiltration was approximately 6 cm across both 
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experiments. On the West Grid (deep) the 38-liter infiltration progressed at 1.1 l/min (Figure 

55). On the East Grid (shallow) the infiltration was completed in two parts. 38 liters were 

applied first at a rate of 0.8 l/min. The tank was removed and 19 additional liters of solution 

were applied. A half hour passed while filling up the tank again, and then the infiltration 

progressed at 0.25 l/min.  There was 1.2 cm of rain the 10 days prior to the infiltration, and no 

precipitation for the six days following (Weather Underground site KWIARL2).  

 

 
Figure 60. The infiltration rate of the two infiltration experiments. 

 
 Soil samples were taken from each grid using the Auger and Bag method. A pre-

infiltration sample was taken from Grid 2 (Deep), and 2 more samples were taken 3 days post-

infiltration. On Grid 1 (Shallow), two soil samples were taken 6 days post-infiltration. The 

samples extend to 0.75 m at which bedrock was encountered. The water content is difficult to 

interpret with the current data as the measurements do not have discernable trends. The 
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gravimetric water content is close to 0.25 for all samples and the volumetric water content is 

approximately 0.30 for all samples (Figure 56). There are variations between the gravimetric 

and volumetric water content showing the volume estimates from the Auger and Bag method 

are likely inaccurate. In October 2020, the water content in the upper 10 cm of soil is higher in 

gravimetric water content than the rest of the profile, however this is not the case in the 

volumetric water content. No rain occurred between the infiltration and the sampling, so this 

rise in water content could be due to the infiltration.  

 

 
Figure 61. Gravimetric and volumetric water content of two infiltration grids at Arlington. 

 

The chemical analysis was only completed for Grid 2 (Deep). The nitrate levels ranged 

from 30 ppm - 90 ppm in the upper 40 cm of soil, and 10 ppm - 60 ppm beneath 40 cm (Figure 
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57). The bromide concentration results showed that the bromide extended to at least 1 m deep 

beneath the center of the infiltration. There is not a clear trend with depth and values range 

from 2000 ppm to 4500 ppm. In the sample which is 25 cm SW of the infiltration center, the 

bromide concentration is slightly elevated from 0 m - 0.4 m depth (100 ppm - 400 ppm) and 

then is at background levels for the bottom of the profile (Figure 57). These results may indicate 

the plume mainly infiltrated downward with minimal horizontal spreading or diffusion. More 

soil samples should be analyzed to be able to discern trends.  

 
Figure 62. Nitrate and Bromide Chemistry results for Grid 2 (deep). 

 
200 MHz GPR surveys were completed along the edges of the field. The GPR had few 

clear signals, which may be a result of attenuation in conductive, clay-rich soils. Line 02 in the 

north of the field may indicate a bedrock surface at ~1 m depth (Figure 58). The 200 GPR was 

run in a cartesian grid atop the grids before and after infiltration. There is very little change in 

the profiles before and after infiltration in Grid 1 (Shallow) (Figure 59). GPR images for Grid 2 

show the same results.  
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Figure 63. Field-wide 200 MHz GPR survey. 

 

 
Figure 64. 200 MHz GPR on Grid 1 (shallow). 
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Electrical resistivity surveys were completed radially on the grids before and after the 

infiltration. A selection of survey results are displayed for Grid 1 and 2, which both showed very 

little change after the infiltration (Figure 60, 61). As in the longer survey, the bedrock surface is 

well defined. There is no visible change in resistivity after the infiltration. A time-lapse inversion 

may be able to determine if there were any small changes in resistivity.  

 
Figure 65. Pre- and post-infiltration electrical resistivity surveys on Grid 1 (Shallow). 
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Figure 66. Pre- and post-infiltration electrical resistivity surveys on Grid 2 (Deep). 
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APPENDIX C: Laboratory Barrel Experiment  

A laboratory barrel experiment was conducted to simulate the infiltration we observed 

at Field 19. The hypothesis at the time of this study was that there is a two-layer system at Field 

19, where fluid may be retained in the topmost finer-grained soil layer. At Field 19, the 

electrical resistivity results indicate the plume initially accumulated in the upper layer, and 

between 3 h to 24 h later broke through to the bottom layer and possibly the water table. This 

is supported in part by the chemical tracer results, which show the plume had spread 

horizontally in the upper layer, and in the bottom layer only flowed downward, directly 

beneath the infiltration plume.  

The goal of the laboratory experiment was to investigate the conditions which would 

cause water to be retained in the upper later. To simulate this phenomenon in the laboratory, a 

189 liter (50 gallon) barrel was filled with two different materials. The materials chosen to 

compose the simulate capillary barrier were a fine clean sand over a pea-sized limestone gravel 

(Fig. 58A). It was hypothesized that a constant-head infiltration event of 8 liters would be 

retained in the sand layer.  

To measure the infiltration progress, the barrel was outfitted with electrodes to survey 

the electrical resistivity. 3.8 cm (1.5 in) bolts were drilled into the sides of the barrel at 7.5 cm 

intervals, and electrodes were placed in the surface of the barrel at 9 cm intervals (Fig. 62). The 

locations of the FDR sensor placement and the electrical resistivity measurement locations are 

show in Figure 63. A spout was placed at the bottom of the barrel which freely drains. The 

barrel was first filled with water before it was filled with the material. The sand and gravel were 

weighed and poured through a sieve over the barrel into the water. It was though this method 
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would help to uniformly distribute the materials and avoid any heterogeneities which would 

result from layering. 120.7 kg of gravel and 113.3 kg of sand.  

 
Figure 67. Infiltration barrel materials and setup. A. The fine sand and gravel used in the barren 
in a smaller container. B. Electrode placement in the top of the barrel. C. The infiltrometer atop 

the barrel. 

To measure the infiltration in-situ, frequency domain reflectometry (FDR) sensors were 

buried in the barrel at various depths and displacements from the center at the minimum 

measurement frequency of 15 minutes (Figure 63). The TEROS 12 (Meter Group) sensors were 

used, which measure volumetric water content, electrical conductivity, and temperature. FDR 

uses travel time analysis of electromagnetic wave pulses up and down a wave guide, as a 

velocity which is relative to the dielectric constant of the material. The dielectric constant is 

related to the water content of the material by Topp’s equation (Equation 17) or other 

empirical equations.  
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Figure 68. The location and orientation of the FDR sensors in the barrel (left) and the location of 
the electrodes and apparent resistivity pseudo-section measurement points (right). 

 
 The experiment began by measureing the saturated electrical resistivity and sensor 

values. Subsequently, the barrel was allowed to drain for six days to reach steady state 

conditions.  The pre-infiltration results show that the volumetric water content increased with 

depth (decreased with elevation) in both the sand and gravel layers (Figure 64, 65). The sand 

and gravel sensors were plotted separately, and it is clear that the gravel had a higher water 

content than the sand at steady state conditions. The gravel sensors which were nearest to the 

bottom of the barrel had a higher volumetric water content than the higher elevation sensors 

which may indicate the barrel was poorly draining (Figure 65).  

 The goal of the experiment was to create conditions in which the water would be 

initially held in the upper layer of soil. Eight liters of tap water (in four-liter increments) were 

applied to the soil surface at constant head. Four liters of water was infiltrated, and then 

electrical resistivity was run for 30 minutes. Then a second four liters of water was applied. To 

match the field experiments, we wanted the fine sand to have a higher water content than the 
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gravel, but that was not attained. Based on the water content data, it appears that the water 

was not retained in the top layer of soil.  

 The sand sensors show a sharp increase in water content during the infiltration, and 

rapidly declines afterward. The central sensors in the sand had the highest increase in water 

content, indicating the water moved straight downwards. The gravel showed an increase in 

water content much smaller than in the sand, however the increase occurred right after the 

infiltration, showing the water immediately flowed through to the gravel before the infiltration 

had finished.  

 

 
Figure 69. The FDR water content results for the sensors installed in the fine sand. 
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Figure 70. The FDR water content results for the sensors installed in the gravel layer. 

 
 The electrical resistivity measurements were plotted in pseudo-sections to show the 

location of measurements (Figure 66). Pseudo-sections are not good representatives of the true 

subsurface resistivity but shows general trends. The resistivity increases when the tank is 

drained, and then decreases again after the infiltration. This aligns with our expected trends.  
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Figure 71. ERT initial results shown in apparent resistivity pseudo-sections. 

 
The electrical resistivity data proved to be difficult to invert. The program RES2DINV 

does not allow for the array geometry we have. Using a cross-borehole geometry would 

assume that the electrodes were buried and not along a free surface.  A MATLAB based 

program, EIDORS (Adler et al., 2006). A cylindrical model space and mesh was created, and 

electrode locations were specified (Figure 67). The inversion was unable to be run, as the 

correct input and parameters in the software were difficult to discern. The program would also 

crash frequently, which could be fixed by updating to a different Netgen version or the 

restructuring of input parameters, as suggested under EIDORS FAQ page. Further work could be 

done to attempt the inversion, or another inversion software could be considered.  

A 

C

B
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Figure 72. Cylindrical mesh with electrode locations created in Eidors. 

 

 


