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Two 3-day pumping tests were performed in the riparian zone alongside a perennial 

stretch of the San Pedro River located in southern Arizona, in 2001. A shallow 

unconfined aquifer was pumped with three fully penetrating wells. Our purposes were to 

determine whether borehole ground penetrating radar (BGPR) can be used to monitor 

transient flow in the vadose zone with high spatial and temporal resolution and to 

determine if these data could be used to advance our understanding of vadose zone flow 

processes. 

BGPR measured a dramatic change of water storage in the unsaturated zone during the 

tests. The ratio of the cumulative storage loss to the drawdown defined instantaneous 

specific yield. There was an initial period of delayed drainage as the instantaneous 

specific yield slowly increased to equal the laboratory-derived value. The BGPR 

measured water content profiles determined effective hydraulic parameters in calibrating 

a one-dimensional vertical unsaturated flow model. 
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ABSTRACT: 

Two 3-day pumping tests were performed in the riparian zone alongside a perennial 

stretch of the San Pedro River located in southern Arizona, in 2001. A shallow 

unconfined aquifer was pumped with three fully penetrating wells. Our purposes were to 

determine whether borehole ground penetrating radar (BGPR) can be used to monitor 

transient flow in the vadose zone with high spatial and temporal resolution and to 

determine if these data could be used to advance our understanding of vadose zone flow 

processes. 

BGPR measured a dramatic change of water storage in the unsaturated zone during the 

tests. The ratio of the cumulative storage loss to the drawdown defined instantaneous 

specific yield. There was an initial period of delayed drainage as the instantaneous 

specific yield slowly increased to equal the laboratory-derived value. The BGPR 

measured water content profiles determined effective hydraulic parameters in calibrating 

a one-dimensional vertical unsaturated flow model. 

9 
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CHAPTER I - INTRODUCTION 

Contribution from the unsaturated zone to the yield of an unconfined aquifer during 

pumping remains an unsettled question. Drawdown of the piezometric level in confined 

aquifers by pumping has been characterised by the Theis equation, yielding information 

of both transmissivity and storativity of the aquifer. The drawdown curve that results 

during pumping of an unconfined aquifer differs from the smooth Theis curve for 

confined aquifers. There have been many interpretations of the cause of this. 

Mathematical analysis was led by the concept of delayed yield, first championed by 

Boulton(1954), then formulated in delayed yield curves of Neuman (1972). These 

analytical solutions ignored contribution from the unsaturated zone to give satisfactory 

solutions or fits to the observed drawdown curve. Rather, these solutions attribute the 

rapid initial drawdown of an unconfined aquifer when pumping begins to the artesian 

release of water from below the water table due to aquifer compressibility. However, 

experiments carried out by Higgins (1968,1980) suggested that compressibility alone 

could not account for the observed drawdown. Unsaturated flow has to be considered. 

Numerical simulation of the response of an unconfined aquifer Brutsaert (1986) 

considering both unsaturated flow and compressibility concluded that compressibility 

alone cannot produce the experimental results of Higgins. Although there is clearly some 

doubt whether flow from the unsaturated zone is truly negligible during pumping, 

analytical solutions that assume that compressibility alone controls the transient response 
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of an unconfined aquifer are applied routinely to the characterization of unconfined 

aquifers. One continuing difficulty in resolving this issue is the need for sufficiently rapid 

measurements to characterize the transient response of the unsaturated zone during 

pumpmg. 

Fundamentally, improved characterization of the transient response of unconfined 

aquifers to pumping requires improved understanding of the drainage process. The 

saturated hydraulic conductivity and compressibility define the movement of water 

through a saturated medium during pumping. The transient response of an unsaturated 

porous medium is commonly characterized using equilibrium relationships between the 

volumetric water content and the pressure head and between these properties and the 

hydraulic conductivity. These relationships remain difficult to measure, especially at the 

field scale. Vachaud (1972) showed that these relationships could differ under static and 

transient conditions, further complicating the task of characterizing transient unsaturated 

flow. Proper characterization of these parameters is critical to describing coupled 

saturated and unsaturated flow during pumping of an unconfined aquifer. Physically, it is 

the difference in rate of decline of the water table, largely controlled by the saturated 

medium properties, and the rate of drainage from above the water table, controlled by the 

unsaturated medium properties, that is thought to give rise to the delayed drainage effect 

that is seen on unconfined pumping test curves (Nwankor,1992). This effect may be 

exacerbated by a lengthening of the capillary fringe during drainage without violating the 

water content/pressure head relation, leading to excess storage above the water table. As 

a result of the possible impacts of changes in hydraulic properties under transient 
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conditions, further examination of the behavior of unconfined aquifers will require high

resolution (spatial and temporal) measurements of both volumetric water content and 

water pressure. 

High resolution measurements would allow for analysis of flow in the unsaturated zone 

using models of greater complexity than the Green-Ampt equation for infiltration and 

Young's equation for drainage. Solution of transient forms of Richards' s equation in 

particular requires measurements of water content and/or water pressure with depth and 

time. Over the past several decades, field methods have been developed to monitor water 

pressure and water content rapidly and automatically at discrete points in the subsurface. 

Each of these methods has limitations and advantages for specific applications. Time 

domain reflectometry (TDR) can be placed at depth in a semi-permanent fashion, giving 

real-time readings over long unattended time intervals. The shortcoming of this method is 

the small volume of soil measured by each probe, requiring multiple probes placed at 

small depth intervals to measure the water content profile with high depth resolution. 

Permanent burial of TDR instrumentation is invasive, changing the soil structure in the 

sample volume of the instrument. A neutron probe profiles the water content as it is 

lowered down a borehole at any desired depth resolution. Because neutron probes use a 

radioactive source, which emits epithermal neutrons randomly in time, each reading 

requires a relatively long averaging time to achieve acceptable repeatability. In addition, 

the sample volume of a neutron probe is inversely related to the volumetric water content, 

which affects the depth resolution of the water content profile. Tensiometers measure the 



water pressure. Like TDR, tensiometers require burial at depth in a semi-permanent 

fashion and respond to changes in only a limited volume of soil. 
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Many geophysical methods have been considered for subsurface hydrologic 

monitoring. Of these, ground penetrating radar (GPR) shows the greatest promise for 

high resolution water content mapping. GPR is used widely in environmental and 

engineering applications. Typically, the method is applied at the ground surface. One 

antenna transmits electromagnetic (EM) pulses into the ground and a second antenna 

records EM energy as a function of time. Energy travels directly to the receiver through 

the air and through the shallow ground. Some energy is also reflected from subsurface 

structures or discrete objects. This energy arrives later at the receiver. A series of 

measurements made with different antennae placements can be used to form a two- or 

three-dimensional image of the subsurface electrical properties, specifically the dielectric 

permittivity. Through the relationship between the dielectric permittivity and the 

volumetric water content of soils (Topp, 1980), GPR can be used to determine the near

surface water content (Davis and Annan, 2002), or to determine average water content 

above a known reflector at depth ( Grote et al., 2002), or to approximate the water content 

profile through a common midpoint profiling approach (Davis and Annan, 2002). 

Surface-based GPR is non-invasive, so it can be used to map shallow water contents 

(Huisman et al., 2003). But, surface-based GPR does not provide sufficiently high

resolution, quantitative measurements of the water content profile to constrain 

unsaturated flow models. 
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In BGPR, the GPR antennae are lowered through two parallel boreholes. We examine, in 

particular, the zero offset profiling (ZOP) mode of BGPR, for which the antennae are 

always placed at a common depth for measurement. In ZOP mode, the travel times of 

electromagnetic waves that travel directly through the soil between the antennae are 

measured and related to the volumetric water content between the antennae. ZOP BGPR 

requires the installation of two parallel access tubes, making the method invasive. 

However, the antennae can be lowered with any desired depth interval, allowing for a 

user-defined depth resolution. For some applications, which require high depth 

resolution of the water content profile, this practical limitation may be acceptable. In 

addition, the relatively large distance between the access tubes (on the order of a few 

meters) leads to a larger sample volume, which may lead to more representative water 

content measurements. Finally, BGPR is capable of very rapid measurements of several 

seconds per measurement depth, allowing for monitoring of transient processes. In this 

study, we examine the ability of BGPR to measure the volumetric water content profile 

rapidly enough and with sufficiently high depth resolution to constrain a model of the 

response of an unconfined aquifer to pumping. 

The specific objectives of this study are: 

1. To assess the performance limitations of BGPR in a specific field setting by: 

• Comparing the water content profiles inferred from BGPR measurements 

made with antennae of different frequencies (50, 100, and 200 MHz) for 

common borehole separations; 



• Comparing the water content profiles inferred from BGPR measurements 

made for different borehole separations with common antennae frequencies; 
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• Comparing water content profiles made in the same boreholes with the same 

antennae frequencies under the same hydrologic conditions at different times; 

• Determining whether critically refracted first arriving EM energy complicates 

the analysis of the water content profile near the ground surface and/or near 

the water table; 

2. To assess the utility of BGPR for monitoring the water content profile with 

sufficient depth and time resolution to characterize transient flow in the vadose 

zone by: 

• Monitoring the water content profile through the vadose zone and into the 

shallow saturated zone during pumping and recovery; 

• Determining the maximum depth resolution of BGPR by determining its 

resolution of the depth of the top of the saturated zone compared to 

independent measurements of the water table depth; 

3. To determine whether BGPR water content profiles can give additional insight 

into the physical processes occurring during pumping in an unconfined aquifer 

by: 



• Comparing the measured subsurface storage change with the storage change 

predicted using laboratory-based van Genuchten parameters; 

• Comparing the measured specific yield with that inferred from laboratory

sample measurements; 

• Comparing a water characteristic curve derived from BGPR and piezometer 

measurements to a laboratory-measured characteristic curve. 

16 
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CHAPTER II - THEORY 

Theory of the Drainage Response of an Unconfined Aquifer 

Predicting and explaining the response of aquifers to pumping is central to subsurface 

hydrologic studies. The fundamental model relating drawdown and discharge to 

storativity and transmissivity is the Theis curve for confined aquifers (Theis, 1940). Other 

models have been constructed that take account of pumping from unconfined aquifers 

(Kroszynski and Dagan, 1975; Brutsaert, 1971). These studies concluded that the position 

of the water table is not substantially affected by drainage from the unsaturated zone. 

Other studies focused on the delay response of the water table during pumping an 

unconfined aquifer (Boulton, 1954; Neuman1972). While Boulton (1954) required an 

empirical delay index, Neuman (1972) provided a solution that relied on vertical flow 

components to arrive at a theoretical solution of delayed response. Other studies 

considered drainage from the unsaturated zone to be an important component of 

discharge from pumping of an unconfined aquifer (Nwankwor et al, 1992). This greatly 

complicates interpretation of pumping tests, because the unsaturated hydraulic 

conductivity decreases as the water content throughout the unsaturated zone decreases in 

response to pumping. As water content decreases vertical drainage gradually diminishes. 

The contribution of vertical drainage from the unsaturated zone to the overall volume 

pumped is equal to the difference between the initial and final lengths of water stored 

above the final water table location. Despite the general agreement that drainage does 
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occur during pumping of an unconfined aquifer, the relative importance of this delayed 

drainage to the characteristic shape of a drawdown curve of an unconfined pumping test 

has been the cause of much debate (Nwankwor,G.I., et al , 1992, Neuman, S.P., 1975). 

There are three distinct periods of drainage during pumping of an unconfined aquifer. 

There is an initial period of rapid drawdown, followed by a period of minimal drawdown, 

followed by a final period during which drawdown resumes. Those who support a large 

role of delayed drainage in the shape of the response curve of an unconfined aquifer 

explain these periods as follows. As pumping begins, water drains quickly in response to 

the decrease in pressure beneath the initial water table depth near the well. After this 

initial rapid response, the water table continues to lower more rapidly than the medium 

can drain due to the reduced hydraulic conductivities above the original water table 

elevation. This gives rise to a significant volume of "excess storage" above the water 

table. That is, the length of water in storage is higher than it would be under hydrostatic 

conditions for the same water table elevation. As the rate of water table decline slows 

due to expansion of the size of the drawdown cone, drainage from the vadose zone 

provides proportionally more of the total water demand from the region near the pumping 

well. This results in very little further drawdown for some time. The rate of drainage 

continues to decline to a constant rate. Eventually, this rate is at least as rapid as the rate 

of water table decline, allowing drainage to keep pace with further drawdown. After this 

time, there is no generation of "excess storage". 
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Soil Properties Affecting Drainage 

Drawdown at a given location gives rise to a downward hydraulic head gradient at the 

base of the vadose zone, which results in drainage. One-dimensional vertical drainage 

can be described as: 

d(KdH/dz)ldz = d(p8v)/dt Eq. 1 

where K is the hydraulic conductivity (T1), His hydraulic head (L), z is the dimension in 

the vertical direction (L), KdH /dx is the vertical water flux (L T 1
), p is density (M L-3

) 

and Bv is volumetric water content (L3 L-3
) of the porous medium. 

Assuming that air is infinitely mobile, this can also be written as a form of the 

Richards' equation: 

!!__[Kz * k/B)(dlf/w + dz J] = d{)' 
dz dz dz dt 

Eq2. 

where Ks is saturated hydraulic conductivity (L T1), kr is relative permeability(-) to the 

phase, as a function of the volumetric fluid content e, and lf/w is pressure head of water 

(L). This mixed form of the Richards' Equation has two unknowns, 8, and lfl. 
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The relationship between pressure head and water content for a given soil can be used to 

reduce the number of dependent variables. The relationship between pressure head and 

water content can be described by the water retention function of van Genuchten (1980) 

which utilizes two parameters. One parameter, a ( r1), is based on the inverse of air entry 

pressure head and the other, n, is an empirical parameter. The equation follows the form: 

Eq 3 

where the unitless effective saturation, Se, is equal to({}- ()r) I ( (ls. - ()r), and ()r is the 

residual water content and ()s is the saturated water content. 

Brooks-Corey ( 1964) presented another model of the water retention function. This 

equation also uses two parameters, the inverse of air entry pressure head, a (L-1), and a 

pore size distribution factor, A (-), which affects the slope of the water retention function: 

Se = 1 (ah~ 1) Eq.4 
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The hydraulic conductivity is a function of the water content, decreasing as water content 

decreases. The relationship between Kand the effective saturation was expressed by 

Mualem (1976) as: 

[ 
( 

n J(1-~)]
2 

K(Se) = Ksat · (Se Y · 1- 1- Sen-1 for Se< 1, 

and K(Se) = Ksat for Se= 1 Eq. 5 

The parameters Se and n are the same used in the van Genuchten model and l is a soil 

pore connectivity parameter, which is taken to be equal to 0.5 for most soils. 

Examples of characteristic curves for two soils are shown in Figure 1. The soil properties 

listed were derived for soil samples collected at the field site used in this study. The 

method of determination of these parameters is shown in Chapter VII. 

Soil Br n m 

soil A 0.076 0.35 0.07 3.5 0.714 15.0 

soil B 0.076 0.32 0.30 6.0 0.833 15.0 

Table 1: Soil properties of two soils collected at 2.6m depth from the study site 
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Under hydrostatic conditions, the water pressure head is equal to the height above the 

water table, allowing for direct determination of the water content profile for given soil 

parameters. Under transient conditions, a model must be used to relate the boundary 

conditions at the top and the bottom of the vadose zone to the water content distribution. 

In this study, flow is considered to be one-dimensional vertical through the vadose zone. 

We define a zero flux at the upper boundary and use measured water table elevations to 

assign a time-varying head at the lower boundary. A variably saturated water flow and 

solute transport model, HYDRUS (Simunek,1998), was used for all numerical flow 

simulations. Modeled water contents are compared to GPR measured water contents to 

examine the response of the vadose zone to pumping. In addition, these comparisons 

allow for determination of the appropriate soil hydraulic parameters to describe 

hydrostatic and transient conditions. In HYDRUS, equation 3 is restated to allow for a 

distinct capillary fringe as: 

Se= 1 Eq. 6, 

where hs is air entry pressure (1). 



Borehole Ground Penetrating Radar Measurement of Water Content 

Ground penetrating radar (GPR) is a time domain, electromagnetic (EM) method of 

measuring the velocity of a narrow bandwidth electromagnetic wave within a porous 

medium. The velocity an EM pulse is a function of the dielectric permittivity of the 

medium at the frequencies used in GPR. Dielectric permittivity of the subsurface is 

strongly influenced by the water content, allowing GPR to detect small changes in 

subsurface water content with time and space. Ground penetrating radar functions by 

measuring the travel time of EM pulses. If the length of the travel path is know, the 

velocity can be determined directly from the travel-time of the EM pulse as: 

velocity = L It = };; , Eq. 7 

where L (L) is the length of the travel path of the EM wave, t (T) is the travel time, t:,. is 

the dielectric permittivity of the medium relative to the dielectric of free space(-) and c 

(L T 1
) is the speed of light in a vacuum. 
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The dielectric permittivity of soil is highly dependent upon the volumetric water content. 

The relative dielectric permittivity of saturated wet sand is 25, while that of dry sand is 

between 2 and 4. This translates to a nearly three-fold decrease in velocity between 

saturated and dry sand. Topp et al(l980) developed a polynomial relationship between 

volumetric water content and travel time that is applicable for a wide range of soils. This 
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relation allows for determination of water content using measurements of dielectric 

permittivity of soils with minimal soil-specific calibration. This polynomial relationship 

was simplified by Ferre et al (1996) to as: 

B = 0.1181( ~ )-0.1841. 

Com outer 

Control 
Unit 

Critically 
Refracted 

Wave 

Direct 
wave 

Eq. 8 

4: Schematic diagram of borehole ground penetrating radar used in zero offset profiling 
(ZOP) mode. Travel paths between the transmitter (Tx) and receiver (Rx) of direct and 
critically refracted waves are shown. 

In this study, GPR was used in the borehole mode, for which the transmitting and 

receiving antennae are lowered into two parallel vertical access tubes. This study is 
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further limited to zero offset profiling (ZOP) gathers, for which the antennae are placed at 

a common depth for each measurement. Multiple-offset gathers (MOG) are used to form 

two-dimensional tomograms of subsurface water content. In practice, multiple 

measurements are made at each depth and stacked to increase the signal to noise ratio. 

However, even if tens of measurements are made, the measurement time at each depth is 

typically less than two seconds. In ZOP, a single measurement is made at each depth; 

whereas, MOG typically makes many measurements at each depth. ZOP was chosen for 

this study because of the longer measurement times associated with MOG and because 

flow was likely to be predominantly vertical in the vadose zone. In ZOP applications, 

profiles of the volumetric water content are measured at a series of times. Because the 

antennae are lowered in boreholes, a user can choose any desired measurement depth 

resolution. There are two distinct advantages of BGPR over surface GPR for our study. 

First, each measurement in BGPR is made at a known depth and the depth resolution can 

be defined by the user after the boreholes are installed and may be changed during the 

experiment. Second, the distance between the antennae is known, yielding a more 

precise calculation of water content for each depth interval. A disadvantage of BGPR for 

subsurface monitoring is the need to drill boreholes and install PVC casing, making the 

method invasive and therefore less useful for monitoring over large areas. 

At each measurement depth, the travel time of the first arriving signal from the 

transmitting antenna (Tx) to the receiving antenna (Rx) is measured. The first arriving 

energy is of primary importance in BGPR analysis because it is assumed commonly that 
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this energy took the shortest path between the antennae (labeled "direct wave" on Figure 

4). Later arriving energy is assumed to have taken a longer route or to be the result of 

reflections in the subsurface. The direct wave travels over a known travel that is equal to 

the distance between boreholes. Therefore, the water content can be determined using 

Equation 8. Reflected waves travel over an unknown path length, so Equation 8 cannot 

be used. A typical, unshielded GPR transmitting antennae generates EM waves that 

travel in many directions. Under some conditions, energy that travels along a path that is 

critically refracted at the ground surface may be the first to arrive at the receiving antenna 

(labeled "critically refracted wave" on Figure 4) . This can occur because EM energy 

travels very quickly through air at the ground surface, compensating for the distance 

traveled from the transmitter through the soil up to the ground surface and from the 

ground surface down to the receiver (Figure 4). The travel time of the critically refracted 

wave depends primarily upon the dielectric permittivity of the shallow subsurface and 

upon the depth of the antennae. Because this energy does not travel through the medium 

between the antennae, this travel time cannot be used directly to determine the water 

content of the medium between the antennae. In general, ZOP BGPR first arrival travel 

times that are associated with critically refracted waves are not used for quantitative 

water content monitoring. It is assumed in this study that first arrival data is from direct 

travel energy with the exception of a surface layer. This is explained in greater detail in 

Chapter V: Water Content Profiling Across the Ground Surface and Across the Water 

Table. 
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CHAPTER II - MATERIALS AND METHODS 

Surface Conditions 

The San Pedro River flows through a wide valley formed by the horst and graben faulting 

typical of the Basin and Range geological province that characterizes much of 

southwestern Arizona, Nevada and western Utah. Sediment deposition from erosion of 

the bordering mountain front has filled the San Pedro valley up to 1900m thick 

(Hereford, 1993). The San Pedro had been a meandering stream, cutting a channel and 

reworking sediments and refilling channels with high-energy flood events. The 

stratigraphy of the stream channel is a heterogeneous mixture of sediments with a wide 

range of hydraulic conductivities. The river had no well-defined channel until the late 

19th century when the San Pedro was entrenched within a flood channel approximately 

100 meters wide and 5 meters deep. Entrenchment of the San Pedro River was caused by 

cattle overgrazing, irrigation and anomalous storm events (Hastings and Turner, 1965). 

The San Pedro River begins in the northern Mexican state of Sonora and enters southern 

Arizona where it flows approximately 100 miles before entering the Gila River. It is a 

perennial stream with an average discharge between 1 and 5 cfs, with both losing and 

gaining reaches depending upon groundwater conditions and time of year. Where depth 

to bedrock is shallow, an upward hydraulic gradient contributes groundwater to 
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streamflow. This gaining streamflow occurs primarily north of our study area. The 

riparian zone is characterized by stands of cottonwood trees shading the stream and its 

banks within the entrenched channel. Mesquite bosques growing on the bordering 

riverbanks compete with native grasses. Much of the year surface stream flow fails to 

reach the Gila River because of diversions for human use. By modeling hydrologic and 

human water uses in the San Pedro Basin, the contribution of streamflow to pumped 

water is estimated to be 40% (Vionnet and Maddock, 1992). The threat of complete loss 

of streamflow and the subsequent loss of the riparian corridor led to the establishment of 

the San Pedro Riparian National Conservation Area. Federal protection included a land 

exchange that retired all agricultural pumping along the river. Outside of the conservation 

area pumping is only regulated by permit and is therefore not prohibited. Therefore, 

draw down from continued pumping threatens the future of the San Pedro River. 

Groundwater pumping appeared to have affected neither the regional nor the floodplain 

aquifer along the river as of 1988 (Putnam et al, 1988) 

The purpose of the main research project was to investigate effects of groundwater 

pumping on cottonwood trees to establish the baseline water table required by 

cottonwood trees along the river. Our research site is within the San Pedro Riparian 

National Conservation Area located along the stream, in the flood channel, within a stand 

of cottonwood trees. The site lies approximately one mile south of the town of Palominas 

at coordinates 31 °22'07"N. and l 10°07'05"W. 
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Subsurface Conditions 

The pumping test was in a shallow aquifer that is approximately 100 ft thick. A thick clay 

aquitard forms the lower boundary of this shallow aquifer 100 ft depth. This aquifer is 

known as the San Pedro shallow unconfined aquifer. The clay aquitard layer is not 

extensive throughout the upper San Pedro River basin, so this shallow aquifer is not 

entirely isolated from a deeper aquifer. 

Pumping Wells 

Three pumping wells were placed at the apices of a triangle to for a region of near

uniform drawdown within a cottonwood stand. The purpose of pumping was to lower the 

water table below the root zone of the cottonwood trees for a 24 hour period, preventing 

moisture uptake by the phreatic trees. The arrangement of wells was designed by Marla 

Odom for her masters research in the Hydrology and Water Resources Department at the 

University of Arizona. Distance between the three wells varied from 42 to 60.5 m (see 

Figure 5). Two of the wells were drilled on a flood channel lying about six feet above the 

San Pedro streambed. The third well was placed up on the edge of the incised channel 

bank of the San Pedro River, about fifteen feet above the other wells. The three wells 

were drilled to a depth of 100 ft. Each well was cased with 6 inch casing over their entire 

length and screened from 20 ft to 90 ft depth. 
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The capacity of each pump was 200 gallons per minute (gpm). Discharge from the two 

wells on the flood channel was piped downstream from the site to prevent water 

infiltrating back into the drawdown cone. Effluent from the third well was discharged 

about 200ft down gradient into a fallow field. 

The San Pedro River ceased to flow at the site during the June pumping test and did not 

resurface over two days of recovery. The San Pedro River flowed during the entire 

September test. This may have been from the monsoon season taking place in September 

while in June a dry season was in force. 
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D oog 0 OAccTube#4 * 
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Figure 5: Palominas site map of wells, access tubes and USGS piezometers 
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BGPR Access Tubes 

It was expected that the greatest cumulative drawdown would occur at the center of the 

triangle formed by the three pumping wells. This would also be in the center of a region 

of laterally uniform drawadown. Therefore, the four BGPR access wells were drilled as 

close as possible to the center of the triangle formed by the three pumping wells. The 

cottonwood trees monitored in the main research standing in the middle between the 

three pumping wells prevented positioning of the GPR access tubes exactly at the center. 

The four access wells for GPR surveys were laid out in a diamond in such a way that the 

six possible two-well configurations gave six different interwell distances: 

Access tubes 1-2 1 - 3 1-4 2-3 2-4 3-4 

Distance (m) 2.98 3.12 2.12 2.43 2.95 1.375 

Table 2: Distance between access tube configurations, Palominas. 

The BGPR access wells were drilled by WDC Exploration Drilling Company of 

Tucson, AZ, on March 25, 2001. The holes were drilled with a hollow stem 6-inch 

diameter auger drill to an average depth of 1 lm. The wells were cased with 2-inch 

diameter PVC pipe. To avoid possible measurement artifacts due to groundwater within 

the PVC tubing, and to protect the BGPR antennae from immersion, the access wells 

were not screened and were capped at their lower ends. To prevent the air-tight PVC 

casing from rising due to positive water pressure below the water table, the casings were 
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initially filled with water. Before any BGPR surveys were conducted, the casings were 

bailed out. PVC casing was used because, unlike metallic casing, it does not interfere 

with the propagation of electro-magnetic waves. The PVC tubes extended 0.826 m above 

the ground surface to facilitate BGPR measurements. The annulus around each casing 

was backfilled with drill cuttings. Over a month passed before the first pumping test, 

allowing the subsurface to re-equilibrate hydrologically from the effects of drilling. 

Water Level Monitoring 

The piezometer used in these tests to monitor depth to ground water is part of a network 

of piezometers installed and maintained by the USGS to monitor groundwater levels 

within the San Pedro Riparian National Conservation Area. The piezometer we used has 

a depth of 4.97m (16.3ft) and is screened in the bottom foot (32cm) with vertical slits in 

the casing. The piezometer has a natural filler pack and was developed by pumping. The 

piezometer is cased with 2 in. ID galvanized steel pipe and extends 1.4m (55.13 inches) 

above the ground surface as a protective measure against damage during flooding. A 

threaded cap prevents introduction of foreign materials into the piezometer. Each 

piezometer in the USGS network is equipped with an electronic device to record water 

table levels at half-hour intervals. We did not use this recording device. Rather, we made 

manual measurements with an electronic sounder to allow for monitoring at times that 

correspond with those when the BGPR profiles were collected. Because the access tubes 

and the piezometer are located only 2.9m apart, we assumed that the water table depth in 



the piezometer is the same as the water table depth at all of the BGPR access tubes. We 

further assume that although the screened depth of the piezometer is below the water 

table, the vertical hydraulic gradients are not sufficient to cause a significant difference 

between the measured water table elevation and the water table elevation at the BGPR 

access tubes. 

Borehole GPR Equipment 
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Two types of ground penetrating radar surveys are conducted typically: surface and 

borehole. In surface GPR applications, both antennae are placed on the ground surface 

and transects are made on a regularly spaced grid to map subsurface properties. 

Alternatively, readings are taken with different antennae separations with a common 

midpoint of the two antennae for each reading for vertical sounding. Borehole surveys 

involve lowering the transmitter and receiver antennae down boreholes and taking 

readings at regular depth intervals. Each reading is a record of the energy arriving at the 

receiver as a function of time after the signal is transmitted. In surface mapping, these 

radar traces are placed side-by-side to form a pseudo-image of subsurface structure. 

Common midpoint analyses show parabolas whose shapes depend on the subsurface 

dielectric permittivity profile. For borehole GPR studies, only the first arriving energy is 

typically determined from each GPR trace. This measure of the EM travel time between 

antennae can be used to infer the volumetric water content profile, as discussed above. 
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BGPR equipment consists of a central control box connected by fiber optic cable to two 

separate electronic modules. These Faraday-shielded modules contain performance 

enhancement systems that are directly connected to either transmitter or receiver 

antennae by reinforced coaxial cable that includes a radio frequency absorbing jacket to 

minimize interference. These cables are marked every 14 m with colored tape to allow for 

rapid placement of the antennae at known depths below the top of the access tube casing. 

The central control box is also connected to the main power supply and to the control 

device, a laptop computer for the Sensors and Software (Ontario, Canada) PulseEkko 

system used in this study. Manufacturer software allows for adjustment of data collection 

and plotting parameters. The main power supply is a 12-volt DC battery. Each 

performance enhancement system requires two video camera batteries. These smaller 

batteries increase power output to the transmitter to either 1000V. These video batteries 

had to be changed on average every three or four hours of continuous operation, 

depending how often profiles were taken. Access to the site by vehicles permitted use of 

power invertors to convert car battery 12-volt DC current to 110-volt AC current for 

powering a laptop computer. This was necessary because of the long duration of the 

pumping and recovery tests. We used three different antennae frequencies: 50, 100 and 

200 MHz. The 50 MHz antennae has a pulse energy spread from 25 to 75 MHz with a 

resulting center frequency wavelength typically 2m in soil. The 100 MHz antennae 

wavelength is typically 1 min soil emitting a pulse with an energy spread between 50 and 

150 MHz. The high-resolution 200 MHz antennae has a wavelength typically about 

0.5m, emitting an energy spread over a spectrum of 100 to 300 MHz. 
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Calibration is required before each BGPR survey is made. Calibrations are made by 

holding the antennae above of the access tubes in the air and making several travel time 

recordings. The travel time through air is well know for a given antennae separation 

because the relative dielectric permittivity of air is 1.0. Therefore, the difference between 

this known time and the measured time can be used to determine the time required for 

signal to travel through connecting cables and other instrument components. This time 

difference is removed from later readings to give the actual travel time through the 

medium between the antennae at each measurement depth. 

BGPR surveys can be run either in step or continuous mode. In step mode the 

operator controls when each reading is collected. Continuous mode readings are taken at 

regularly spaced time intervals. A beep signals the time that a measurement is being 

taken. The operator can select the time interval between readings. The receiver and/or 

transmitter is/are lowered one depth interval after each measurement. The depth interval 

is also operator selected. In ZOP mode, both the receiver and transmitter are lowered 

between successive measurements. Finally, the operator can select the number of 

readings to collect and stack for each measurement. Higher stacking increases the signal 

to noise ratio at the expense of longer survey times. The choice of depth interval controls 

the maximum depth resolution of the profile and the time required for each survey. The 

choice of time interval controls the survey time. In this study, the measurement depth 

interval was 0.25m and a measurement was taken every three seconds during a survey. 
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Sixteen readings were stacked for each measurement. Based on our choice of antennae 

frequency, the GPR software adjusted other system parameters including: the recording 

time for each reading, the maximum depth interval between readings, and the minimum 

antennae separation is required for each antenna. For our data collection parameters, each 

depth measurement could be made within three seconds, including the time to lower the 

antennae to the next depth. This rapid survey time is one of the real advantages of 

BGPR, but it requires that the instrument be operated by two people, one lowering each 

antennae. The equipment does include cable stops that allow for one-person operation, 

but this greatly slows the rate of data collection. The minimum distance is equal to the 

wavelength of the transmitted signal: 2m for 50 MHz, Im for 100 MHz, and 0.5m for 200 

MHz. These minimum distances were considered when designing the access tube 

locations. 

Hanging Water Column 

Numerical modeling of unsaturated flow requires a continuous function relating the water 

pressure head and the water content. We chose to use the van Genuchten ( 1980) 

relationship between pressure head, h, (L) and effective saturation, Se,(-) (Equation 6). 

This relationship is not linear. Therefore, many paired water content and pressure head 

measurements are typically made over as wide a range of water contents as possible to 

infer the van Genuchten parameters: a and n. We measured points on the soil 
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characteristic curve using the hanging water column method. In this method, a sample of 

soil is saturated in a cylinder. The open end of a hose attached to the bottom of the 

column is raised to the top of the soil surface and water is supplied to achieve zero water 

pressure at the top of the soil column. Then, the pressure at the base of the column is 

decreased by raising the soil column a prescribed amount (e.g. 10 cm) while keeping the 

outflow tube at a fixed height. The column and tube remain at these positions until 

drainage stops. The steps are repeated until no further drainage occurs with further 

araising of the column or until a sufficiently low pressure head has been established at the 

base of the column for the experimental objectives. A final volumetric water content of 

the column is made and then the volumetric water content at each applied pressure 

condition is calculated. 

Drawdown Tests 

The first pumping test began at 9:05 am on June 2, 2001. This test will be referred to as 

the "June pumping test". The plan was to pump from each of the three wells for three 

days at a constant rate of 200 gallons per minute per well. After running for 17 % hours, 

the generator powering the pumps stopped at 2:45 am, June 3rd, and could not be started 

again for six hours. The generator stopped again at 5:45 am on June 4th for l1,4 hours. 

Each interruption allowed partial recovery of the water table, relieving stress on the 

subject cottonwood trees. Pumping was continued an additional day because of these 
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interruptions, each well pumping about 1.5 million gallons instead of the calculated 

865,000 gallons. The water table at the USGS piezometer, initially at 1.90m below 

ground surface was lowered 0.93m to a depth of 2.84m at the end of three days of 

pumping. The San Pedro River ran dry adjacent to the site during the pump test and did 

not resurface again over two days of monitored recovery. A total of 54 BGPR profiles 

were taken during the pumping phase and 45 additional profiles were collected during 

recovery. The second pumping test (the September pumping test) ran without generator 

failures. The pumping test began at 9:20 am on Saturday, September 22, 2001 and 

continued until 9:45 am Tuesday, September 25 . Recovery monitoring lasted until 12:40 

pm, Thursday, September 27. During the September pumping test, 36 BGPR profiles 

were taken during pumping and 30 more profiles were collected during recovery. 

Figure 6: Lowering BGPR antennae at start of a downhole profile reading. 
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BGPR Monitoring 

During the June pumping test, BGPR profiles were measured with all six access-tube 

configurations at each measurement time. The six access-tube combinations were 

repeated for each of three antennae frequencies: 50, 100 and 200 MHz. This series of 18 

profiles was collected at three times during the pumping and recovery: before pumping 

started, during pumping and during groundwater recovery. These profiles were collected 

to allow for comparisons among antennae frequencies and access-tube configurations to 

examine the effects of survey design and instrument configuration on the accuracy of 

water content profiling with BGPR. 

For the September test only one frequency and one access-tube pair were used. This 

allowed for more rapid measurement of the water content profile at the onset of pumping 

and of recovery. The choice of antennae frequency and borehole separation was based 

upon preliminary analysis of the June pumping test results, as discussed below in the 

analysis section. For the September pumping test, the depth profiles were not taken at 

regular time intervals. The timing of measurement depended on the rate of change of the 

water level in the monitoring well. Profiles were taken as rapidly as possible at the start 

of the pump test. Then, as the water table fell more gradually, BGPR profiles were taken 

less frequently with as much as several hours between profiles. Similarly, measurements 

were taken rapidly at the beginning of the recovery period and the measurement interval 

was lengthened as recovery progressed. 
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Borehole Ground Penetrating Radar Waveform Analysis 

A Quick-Basic computer program was written to analyze the BGPR data. This 

program read in the text files recorded by the Sensors and Software BGPR equipment. 

These files include header information describing the collection parameters and a series 

of voltages measured as a function of time. The program automatically interpreted the 

travel time of the first arriving energy wave from this time series. There are four method 

available for automated waveform interpretation, as described below. Using the known 

borehole separation, the water content was calculated using equation 8. In addition to 

travel time and water content analysis, the program formatted output to produce water 

content change at each depth as a function of time and to sum the water storage change in 

the profile as a function of time. 

The first travel time picking routine selects the time associated with the first amplitude 

higher than zero. This is the simplest indication f the arrival of the transmitted EM pulse. 

The routine can identify either positive or negative polarity waves. This approach is free 

from bias, but is susceptible early picks due to background noise. 

The second picking option selects time when the amplitude first exceeds a certain percent 

of the maximum (or below minimum for negative polarity waves) amplitude recorded. 
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The assumption is that the maximum amplitude is associated with the direct wave 

because it has minimal attenuation. This modification, which is also used in the Sensors 

and Software automated picking program, reduces the influence of noise. However, there 

can be an error introduced due to changes in the slope, or rise time, of the first arriving 

wave. To account for this, a line is fitted to the waveform and projected back to zero 

amplitude. The time of zero crossing is used as the travel time. Following the default 

used by Sensors and Software, a 5% cutoff was used most commonly. 

The third picking option is similar to the second, but it steps backward in time along the 

waveform from the time of arrival of the maximum amplitude. The same 5% percent 

cutoff was used and the waveform was extended back to zero amplitude. This option was 

developed in an attempt to deal with noise that exceeds 5% of the maximum amplitude 

and is especially useful for highly attenuated waveforms. 

The fourth picking option is a slight refinement of the second option. The waveform is 

examined forward in time until the time of at which the waveform first reaches half of the 

maximum amplitude is found. The program then steps backward in time until the first 

point with an amplitude less than 100 m V is found. This sets a consistent noise cutoff 

regardless of the maximum amplitude of the waveform. For our data, this identified the 

travel time most consistently for all antennae frequencies, borehole separations, and 

subsurface conditions encountered. 
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The program made use of the first measurements made for each profile for calibration. 

These measurements were made with the antennae above the ground to allow for 

inclusion of standard air-based calibration measurements, described above, within each 

BGPR measurement file. In addition, a novel approach to calibration was developed and 

included in the program. This correction was based on the average of the five travel 

times measured between depths 4.4m and 5.4m. This depth interval was chosen because 

it was below the water table for all measurement times; as a result, the travel time should 

have remained constant through time. A time offset was determined as the difference 

between the average time in this region for a given profile and the average time measured 

before pumping began. This offset was subtracted from every measurement in the profile 

to ensure that each profile had the same average reading in the calibration depth interval. 

It was found that this was more reliable than air-based calibration, perhaps because the 

longer travel time through a saturated medium allowed for more accurate determination 

of the effects of instrument drift and operator bias. 
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CHAPTER III - RESULTS 

Soil Physical and Hydraulic Properties 

The drill log for the borehole for one of the pumping wells (Table 1) indicates that the 

entire depth consists of sediments with variably changing proportions of gravel, sand and 

silt. The percents of clay and silt increase considerably over the bottom 15 feet as the 

aquifer transitions into the underlying clay aquitard. It is difficult to distinguish between 

alluvial deposits deposited by the San Pedro and colluvial deposits transported from the 

surrounding mountain slopes based on grain size. However it is assumed the shallow 

unconfined aquifer which the pumping wells fully penetrate is composed of alluvial 

deposition from the San Pedro River. 
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depth color percent gravel fraction acid comments 

ft gravel sand silt/clay rxn 

5-10 brown 5 70 25 fine pebbles, granules mod roots, moist, 

vfine sand 

10-15 brown 5 70 25 fine pebbles, granules weak roots, moist 

15-20 brown 50 25 25 fine pebbles, granules weak moist 

20-25 brown 55 40 <5 cobbles to granules none wet, cobble 

(<5%) 

25-30 brown 50 50 <5 cobbles to granules none wet, cobbles 

often, clean sand 

30-35 brown 50 50 <5 cobbles to granules none wet, cobbles 

often, clean sand 

35-40 brown 10 35 55 fine pebbles, granules none wet, mostly silt 

40-45 brown 40 55 5 cobbles to granules none wet, large 

cobbles present 

45-50 brown 50 45 5 cobbles to granules none wet, large 

cobbles present 

50-55 brown 70 30 <5 fine pebbles, granules none wet, no cobbles 

55-60 brown 15 60 25 fine pebbles, granules none wet, no cobbles 

60-65 brown 15 65 20 fine pebbles, granules none wet, occasional 

cobbles ( <5%) 

65-70 brown 15 40 55 none wet, mostly silt 

70-75 brown 5 20 75 fine pebbles, granules none wet, mostly silt, 

mod clay 

Table 3: Lithologic Description from Drill Cuttings of Well Palominas #3: courtesy of 
Marla Odom 
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The moisture release behavior were measured for two soil samples, A and B, taken from 

2.68m of depth during drilling one monitoring wells boreholes. The hanging column 

method was used for low suctions and a pressure plate apparatus was used for high. 

Paired measurement of pressure head, h (L), and volumetric water content, 8 (cm3cm-3
) 

are shown in Table 4 for soil sample B. Values of a and n were found by minimizing the 

square of the sum of differences between fitted and measured effective saturated Se as a 

function of the pressure head equally for all observations. This nonlinear parameter 

estimation was completed using the spreadsheet model of Wraith and Or (1998). The 

predicted moisture release curve based on the fitted van Genuchten parameters (Table 5) 

is compared with the measurements for each soil sample on Figure 7. 

h theta m;;/m;; Measured Se Fitted Se Difference squared Sum (diff) 

0 0.3689 1 1 0 0.006445 

3.5 0.3549 0.9455 0.9946 0.0024 

8.2 0.3533 0.9394 0.9421 0.0000 

12.9 0.3221 0.8182 0.8211 0.0000 

19.4 0.2658 0.6000 0.6085 0.0001 

26.1 0.2236 0.4364 0.4273 0.0001 

33.8 0.1892 0.3030 0.2907 0.0002 

40.8 0.1658 0.2121 0.2130 0.0000 

60 0.1408 0.1152 0.1077 0.0001 

79.1 0.1251 0.0545 0.0648 0.0001 

98.8 0.1111 0.0000 0.0429 0.0018 

15000 0.063 0.0000 0.0004 0.0000 

Table 4: Measured and fitted Se for soil sample B. Fit is the minimum sum square of 
differences between measured and fitted effective saturation (Se) 
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B 15 bar B A 15 bar A 

alpha (a) 0.0540 0.0541 0.0685 0.0703 

m 0.6526 0.5407 0.6305 0.5314 

n 2.8783 2.1770 2.7063 2.1341 

Theta residual 0.1111 0.0630 0.0920 0.0590 

Theta saturated 0.3690 0.3690 0.3218 0.3218 

Table 5: van Genuchten parameters from fitting hanging column measurements 
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Figure 7: Measured and fitted effective saturation as a function of pressure head for soil 
samples A and B, both from research site. 
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Drawdown 

The decrease in water level from the initial level ( draw down) as a function of time is 

shown for both pumping tests on Figure 8. The interruptions caused by pump stoppage at 

two different times are evident on the June plot. The September pumping test was three 

days in duration. The pumping interruptions in June caused a delay of a little more than 

one day, so this test lasted four days in total. Recovery was monitored for approximately 

one day in June and two days in September. 
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Figure 8: Drawdown as a function of time since pumping began for the June and 
September pumping tests. 
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BGPR Profiles - Intercomparison of Measurements Made at the Same Time 

Figures 9, 10, and 11 display waveforms collected at the same depth with 50, 100 and 

200 MHz BGPR antennae in air, in the unsaturated zone, and in the saturated zone, 

respectively. The waveform is a record of the EM pulse received by the BGPR receiving 

antenna as a function of time since the pulse was generated by the transmitting antenna. 

Although only the first arriving energy is used in our analyses, further information is 

contained in the waveforms which may be of use for later analyses. 
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Figure 9. BGPR wave traces from 3 frequencies taken 0.83m above ground surface 
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Figure 11: BGPR wave traces of 3 frequencies taken in the saturated zone (3.17m bis) 

The arrival time of the first-arriving energy is consistent for the three antennae 

frequencies at all depths. This is most clearly evident for the signals collected in air, 
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shown on Figure 9. As expected, the amplitudes of the detected signals decrease with 

increasing antennae frequency and with increasing water content. The latter effect is due 

to the direct relationship between water content and electrical conductivity, as expressed 

by Archie's Equation (Archie, 1952). Low amplitudes of the first arriving energy (e.g. 

200 MHz measurements below the water table) add error to the determination of the first 

arrival. Both the 50 and 100 MHz waveforms have sufficiently high amplitudes 

throughout the profile to allow for reliable interpretation. The 50 MHz amplitudes are 

consistently higher than the 100 MHz amplitudes. However, the 50 MHz antennae are 

twice as long as the 100 MHz antennae (two meters vs. 1 meter). As a result, the depth 

over which the water content is averaged is nominally twice as large for the lower 

frequency antennae. The choice of antennae frequency becomes a balance between 

signal amplitude and depth discrimination. 

For the June pumping test, eighteen different BGPR depth profiles were collected at each 

measurement time. These profiles were formed as a combination of three antennae 

frequencies and six borehole pairs. The three measurement times represented the 

conditions before pumping began, after three days of pumping, and after 17 days of 

recovery. All profiles are shown as BGPR-measured water content versus depth below 

the ground surface. 

Figure 12 shows the water content profiles collected in access tubes 1 and 2 at the same 

times with the three antennae frequencies. The results show spurious readings with the 
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200 MHz antennae due to errors in time picking resulting from the low signal amplitudes. 

There is general agreement between the 50 and 100 MHz profiles and the. However, the 

50 MHz profiles have consistently higher water content than both 100 and 200 MHz 

profiles at depth before and during the pump test. We decided to use the 100 MHz 

antennae exclusively for the second pumping test because they gave the best combination 

of amplitude and depth resolution. In addition, based on the agreement of the 200 MHz 

and 100 MHz profiles in regions where the 200 MHz antennae operated, we decided that 

the 100 MHz responses were more representative than the 50 MHz responses. 

Figures 13, 14, and 15 show BGPR-measured water content profiles for all six access 

tube configurations before pumping, three days after pumping began, and after 16 days of 

recovery, respectively. Each panel shows results from one antennae frequency. 

Assuming that the water content profile was constant across the site, all six profiles 

should have measured very similar water content profiles under hydrostatic conditions 

before pumping and long after pumping stopped. Assuming also that drawdown across 

the site was uniform allowed for direct comparison of the profiles during pumping. All 

profiles show negative water contents above the ground surface. This is because the 

water content versus dielectric permittivity relation developed for soils does not apply in 

air. The profiles in Figure 12 gradually gain water content with depth until reaching the 

water table at about 2 m depth after which water content wavers about an approximately 

constant value. There are variations among profiles from different access tube pairs. 

However, there is good agreement in the patterns of water content change for separate 
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access tube pairs at depths that remained below the water table throughout the entire test. 

In Figure 12, access tube profiles show a consistent variation with 100 Mhz and with 50 

MHz. These variations in separate access tube profiles remain consistent with pre-

pumping (Figure 12), pumping (Figure 13), and post-recovery (Figure 14) profiles as 

well. For example profiles from configurations (2-3) and (1-4) are consistently low while 

(3-4) is consistently high in water content when compared to the mean of all six profiles. 

Variation of water content with depth in single profiles is likely due to change in soils 

and porosity causing differences in water contents. These variations may be localized, not 

identical for all access tube pairs. 
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Figure 12 A): BGPR profiles taken from access tubes 1 and 2 with 50, 100 and 200 MHz 
antennae before pumping began 
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Figure 13: BGPR-measured water content profiles from all six access tube configurations 
before pumping began. Profiles measured with: A) 100 MHz and B) 50 MHz antennae. 
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Figure 14: BGPR-measured water content profiles from all six access tube configurations 
after three days of pumping. Profiles measured with: A) 100 MHz; and B) 50 MHz 
antennae. 
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Figure 15: BGPR-measured water content profiles from all six access tube configurations 
after 16 days of recovery. Profiles measured with: A) 50 MHz; and B) 100 MHz 
antennae. 
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The differences between the profiles increase with depth in Figures 13, 14, and 15. These 

differences may result from three causes: changes in the distance between access tubes 

with depth; differences in water content profiles among profiles; or inconsistencies in the 

time picking from the BGPR traces. If the errors were due to straight, but nonvertical 

boreholes, we would expect a trend in the error with depth. To check this, the separation 

distance was calculated using equation 8 and assuming that the water content was 

constant at those depths always below the water table for all profile and equal to the mean 

measured water content measured in all access tube pairs. Taking as an example the 

access tube pair 1 - 4, at a depth of 8 m the mean water content measured from all of the 

access tube pairs is 0.275 m3m-3
. The water content measured in access tubes 1 - 4 is 

0.205 m3m-3
. To obtain a water content of 0.275 in profile 1 - 4 with the measured first 

arrival time, the separation distance would have to be 2.50 m. The same "apparent 

distance" was calculated for each borehole pair based on the 50 and 100 MHz 

measurements taken after 3 days of pumping. The results shown in Figure 16A and B 

show a consistent trend in separation with depth, for all six access tube configurations 

suggesting the access tubes are not vertical and parallel to each other. It may be useful to 

take measurement of the borehole angle to achieve accurate BGPR water content profiles. 

Variations from a smooth trend with depth may be from some combination of actual 

changes in subsurface conditions and inconsistencies in travel time analyses. 
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Figure 16A, B: Calculated access tube separation distance using equation 8. Water 
content is the same as the mean for each depth . The access tube pair is listed above each 

series. The 50 and 100 MHz profiles were from before and after pumping. 
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The mean of the profiles of all six access tube pairs from the three main stages of 

the pump test are shown in Figure 17. The mean from 50 MHz as well as 100 MHz is 

shown. The figure shows the degree of similarity between these means from the three 

stages of the pump test. 

BGPR Profiles - Changes in Water Content with Time 

Measurements of the water content profile through time with the same antennae 

frequency and access tube pair show good repeatability (Figures 18, 19, 20). The 50 and 



100 MHz results show sufficient repeatability to attempt to monitor water content 

changes with time using BGPR. Because of excessive signal loss, the results seen from 

the 200 MHz antennae are not repeatable enough to allow for water content change 

monitoring. 
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The repeatability of the measured water content profile for each access tube pair allows 

for meaningful measurement of the change in water content with depth and time during 

pumping and recovery. The experimental setup allows for a one-dimensional model of 

water flow to describe the response of the vadose zone to pumping. To improve temporal 

resolution of the water content profile, only one access tube pair and one frequency were 

selected for use in the September pumping test. 

To use the measured water content change profiles to constrain a numerical water flow model it is 

necessary to determine the repeatability of the water content profile for each individual access 

tube pair over time. The change in measured water content with time (Figure 21) after three days 

pumping shows large changes in water content between 1.5m and 4m. However, the region 

deeper than 4 m, which lies below the water table for the entire experiment, registered very small 

changes in measured water contents. Most of the borehole pairs show water content differences in 

this depth region that are comparable with the accuracy of ground penetrating radar. 

measurements +- 0.02 m3m-3
. Some access tube pairs show less spread of water content 

difference than others, in particular pairs 1-2, 2-3 and 2-4 have better agreement between pre- and 

post-pumping water contents in the region deeper than 4. 
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Figure 18: Water content profiles measured with 50 MHz antennae before pumping, three 
days after pumping began, and after 16 days of recovery. Each panel shows results for 
one access tube pair. 
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Figure 19: Water content profiles measured with 100 MHz antennae before pumping, 
three days after pumping began, and after 16 days of recovery. Each panel shows results 
for one access tube pair. 
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Figure 20: Water content profiles measured with 200 MHz antennae before pumping, three days 
after pumping began, and after 16 days of recovery. Each panel shows results for one access tube 
pair. 
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Based on the results of the June pumping test, only 100 MHz antennae in one access tube 

pair, 2-4, were used in the September pump test. Drainage over time represented as 

contours of 0.03m3 /m3 water content change is shown in Figure 22. The area of most 

drainage is within the innermost contour extending from about 1.1 to 4.2 days. A solid 

light-colored line represents the water table elevation over time. The interval of contours 

close together immediately above the water table shows how drainage from saturated to 

residual water content was initially spread out, becoming confined during the pump test, 

then gradually spreading out during recovery. This corresponds to stretching of the 

capillary fringe. 
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Figure 22: Results from September test show change in water content during 3 
days pumping and 2 days recovery over the entire depth from the 
ground surface to 6.67m depth. Thick light-colored line is the 
piezometric level during the pumping test. 
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CHAPTER IV - ANALYSIS 

Although the consistency of BGPR depth profiles has been demonstrated to be sufficient 

to observe water content changes over time, other assumptions of BGPR profiles must 

also be considered. The reference point of each individual BGPR depth reading may not 

be at the center of the antennae, where out of convenience it is usually placed. The one 

meter length of the 100 MHz antennae creates uncertainty in the reference point. Another 

assumption is that the first arriving wave is the direct wave because only the direct wave 

is valid. Not regarding these assumptions can give false results. These assumptions will 

be examined in this analysis. 

Repeatability of Travel Time Profiles 

The three travel time profiles shown on Figure 23 were taken almost a year apart. One 

profile was collected immediately before the pump test in September 2001. Two of the 

profiles were collected almost one year later, in August 2002. The water table depths 

were 2.06 m and 1.99 mat the times of the September 2001 and August 2002 

measurements, respectively. Since the river had not flooded within two months of either 

survey, we assumed that the profiles represent hydrostatic, drained conditions. The 

results show travel time measurements at the same depth on the same day differed by no 

more than 1.6 ns. The greatest difference observed was with antennae between the 

ground surface and the water table. Above the ground surface or below the water table, 
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travel times measured differed by less than 0.2 ns. The larger travel time errors above the 

water table may be due to travel time varying sharply with small differences in depth. 

For measurements made almost one year apart, the maximum measured travel time 

difference at any given depth was 2.9 ns, approximately 60 cm above the water table. 

The maximum travel time difference for measurements made almost one year apart 

below the water table is 1.2 ns, at a depth of 3.75 m. The maximum measured difference 

in travel time on the same day converts to a measured water content difference of less 

than 0.02 cm3cm-3
. For measurements one year apart maximum measured water content 

difference at the same depth was 0.034 cm3cm-3
. 

One access tube sprang a leak between September 2002 and August 2003. As a result, the 

readings taken in August 2003 were made with one tube filled with water. This did not 

cause much difference between measurements taken one year apart, suggesting that 

BGPR measurements can be taken in water filled piezometers. 

Water Content Profiling across the Ground Surface and the Water Table 

The standard reference for ZOP BGPR measurements is the middle of the antennae. For 

example, measurements referenced to the ground surface were made with 50 cm of the 

100 MHz BGPR antennae above the ground surf ace and the other half below ground. 

There is some question whether associating the measured dielectric permittivity with the 



center of the antennae may, under some conditions, lead to a misleading dielectric 

permittivity profile. 
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As the antennae are lowered below the ground surface, there is a steady, almost linear 

increase in the measured travel time from 9.5 ns in air to 44 ns below the water table in 

Figure 23. This may indicate a progressive increase in water content with depth. Or, this 

response may be due to the early arrival of critically refracted waves traveling along the 

ground surface. The low water contents associated with travel times measured above lm 

depth ( < 0.05 cm3cm-3
) support the hypothesis that critical refractions are arriving before 

direct arrivals at these depths. Wave travel through air can be up to five times as fast as 

wave travel through soil, depending on moisture content of the soil. The time saved 

traveling through air permits the distance a wave traverses to the ground surface and back 

to be a considerable proportion of distance between transmitter and receiver. The steady 

linear increase seen in travel time with depth in Figure 23 would be from the increase in 

travel distance to and from the surface. A similar response of first arrival times due to 

refraction is not evident near the water table on the travel time profiles in Figure 23. 

Rather, there is an initial decrease in travel time with depth below the water table. There 

is no steady increase in travel time with depth to indicate refraction above the water table. 

Travel time changes with depth near the water table are similar to those seen at deeper 

depths, are likely from differences in soil properties. This result suggests that critical 

refraction along the top of the capillary fringe may not be significantly affecting the 

travel time profile at or below the water table. 
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Figure 23. Three travel time profiles measured with 100 MHz borehole antennae on two 
different dates. Measurement depths are referenced to the mid-antennae. The 
depth of the water table was 2.06 m on September 2, 2001, and 1.99 m on 

August 8, 2002. The length of a 100 MHz antenna is shown for scale. 

Water content profiles collected during the period of pumping show decreasing water 

content with continued pumping below 1.5m depth (Figure 24 ). However, in the 

shallowest 1.5m, the profiles show little change in water content with time. If the profiles 

represent direct wave travel, then this response could be due to slow drainage from a 

relatively fine-grained layer above 1.5m depth. Or, the lack of measured water content 

change with continued pumping may be an indication that BGPR travel times measured 

at depths shallower than 1.5m are associated with first-arriving critically refracted waves 

that traveled along the ground surface. 
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Identifying Maximum Depth of Drainage on BGPR Water Content Profiles 

Based on the repeatability of the water content change profiles shown on Figure 23, we 

propose that the maximum depth of drainage is the depth below which there is no 

measurable water content change from the background. This maximum depth of drainage 

during the operation of pumping can be identified by comparison to the pre-pumping 

profile (Figure 24 ). A threshold of minimum water content change equal to the maximum 

difference in water content measured at the same depth between static profiles collected 

on the same day was chosen (0.02 cm3cm-3). 
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Figure 25. Water table depth and maximum depth of drainage of at least 0.02 cm3cm-3 

based on BGPR water content profiles collected during pumping and 
recovery. BGPR measurements are referenced to the middle of the antennae. 

The maximum depth of drainage and the water table elevation are compared through time 

on Figure 25. The lower limit of drainage appears to be offset below the measured water 

table by a constant distance, after a short period at the onset of pumping. We propose four 

possible causes for this consistent offset: a vertical hydraulic gradient, effects of the 

capillary fringe, critical refraction, and incorrect depth reference for BGPR measurement. 

These four causes are shown schematically in Figure 26 and are discussed below. 
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Figure 26. Shaded boxes show zones of full saturation. Dashed lines show the top of the 
capillary fringe. A. Vertical hydraulic gradients cause differences between the water table 
elevation and the water level measured in a piezometer. B. The maximum depth of water 
content change in a static profile lies above the water table at the top of the capillary fringe. 

C. The first arriving energy for antennae placed immediately below the water table may be 
associated with critical refractions that occur above the capillary fringe. D. A typical water 
content change as a function of elevation is shown in response to a lowering of the water 
table. The maximum depth of drainage is the top of the capillary fringe. If the center of the 
antennae (dashed black line) is centered below this depth, a water content change may be 
measured because drainage occurs over part of the sampled depth interval. 

Although the area of drawdown between the three pumping wells was intended to be 

horizontal, there was inevitably some vertical hydraulic gradient. During early time after 
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pumping began, there would be a downward vertical gradient near the pumps, while 

during early recovery there would be an upward vertical gradient. As the depth of 

screening in the piezometer used in our study was from 4.65 to 4.97 m depth, this would 

translate into the maximum depth of drainage measured by BGPR referenced above the 

piezometer water table readings during early pumping and below the piezometer readings 

during recovery. This behavior is not seen on Figure 25, suggesting that vertical 

hydraulic gradients are not the cause of the observed offset. 

Since the capillary fringe is the area above the water table where drainage does not occur, 

the maximum depth of drainage should be above the water table a distance equal to the 

thickness of the capillary fringe. In contrast, the results shown on Figure 25 show 

maximum depths of drainage that are deeper than the measured water table. Therefore, 

capillary fringe effects do not explain the observed offset. 

As the BGPR antennae are lowered below the water table critical refraction of waves can 

occur at the top of capillary fringe. First arriving critically refracted waves measured 

below the water table may erroneously identify a point of maximum drainage below the 

water table. This would result in the BGPR profile of maximum drainage beneath the 

profile of piezometer measured water table depth, consistent with the observed offset. 

However, examination of the water content profiles across the capillary fringe (Figure 

21) does not indicate that critical refraction is affecting the interpreted water content 

profile. Therefore, it is unlikely that this explains the observed offset. 
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Although a BGPR signal is transmitted over the entire length of the transmitting antenna, 

the measurement is conventionally referenced to the midpoint of the antennae. As the 

BGPR antennae are lowered across the water table, some of the signal is generated above 

the water table. If the velocity of the wave is affected by the portion of the energy that 

travels through this drier region, it would result in apparent drainage at a distance as 

much as one half the antennae length below the water table. For 1 OOMhz antennae whose 

length of one meter this would equate to raising of the profile of maximum drainage 0.5 

m. This nominally accounts for the difference in the observed maximum depth of 

drainage and the water table depth. 

It is likely that the observed offset between the maximum depth of drainage and the water 

table elevation is some combination of capillary fringe effects, refraction along lower 

water content regions above the capillary fringe, and incorrect depth referencing at the 

middle of the antennae. Applying a constant upward offset of 0.5 m to the measured 

maximum depth of drainage gives an excellent match between the water table depth 

measured in a nearby piezometer and the maximum depth of drainage determined with 

BGPR (Figure 27). However, as explained above, there are reasons to believe that the 

maximum depth of drainage should be shallower than the water table depth. So, this 

match does not guarantee that the maximum depth of drainage has been identified 

accurately with BGPR. 
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There is also the question whether the accuracy of the maximum depth of drainage with 

BGPR is constrained by depth resolution of the readings. As with any profiling device, 

the maximum resolution is constrained by the sampling depth interval, in this case 0.25 

m. It was unclear whether the relatively long BGPR antennae would lead to poorer 

resolution than the sampling depth interval. However, within the sampling depth interval 

used, the timing and magnitude of the aquifer response measured with BGPR show 

excellent agreement with those measured in the piezometer through most of the period of 

pumping and recovery. The largest differences are seen in the first three hours after 

pumping began. The water table lowering more quickly than the maximum depth of 

drainage at these early times is consistent with delayed drainage in response to pumping 

of an unconfined aquifer (Akindunni and Gillham, 1992; Nwankwor et al., 1992). 
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Figure 27. Water table depth and maximum depth of drainage of at least 0.02 cm3cm-3 

based on BGPR water content profiles collected during pumping and recovery. A 
0.50cm upward offset has been added to the depths of the BGPR measurements. 



Instantaneous Specific Yield 

The drawdown measurements from the piezometer were used together with the BGPR 

measurements of water storage change throughout the profile to determine the specific 

yield as a function of time for the September pumping test. 
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Specific yield is defined as the change in storage in an unsaturated medium per unit area 

per unit decrease in the water table elevation. The specific yield is also equal to the 

difference between the saturated and residual water contents. From Table 5, the average 

estimate of the specific yield for the site materials is 0.26 cm3 cm-3
. From our ID profile, 

the specific yield can be defined as the change in total water stored in the profile divided 

by the water level change. To avoid potential errors due to critical refraction at the 

ground surface, we summed the water content change from 1.42 to 3.17 m depth. No 

change in water content was observed below 3.17 m depth. For each profile, this 

calculation was repeated giving the instantaneous specific yield as a function of time 

during pumping (Figure 28). During pumping, the datum of calculating water content 

change was the initial pre-pumping water content. But during recovery, the datum was 

the sum of water content at the end of pumping. 

During pumping the instantaneous specific yield increased rapidly within the initial 0.2 

days of pumping. This behavior is consistent with the concept of delayed drainage. At 

the end of three days of pumping, the instantaneous specific yield reached 0.4cm3 cm-3
. 

This final specific yield is higher than the saturated water content measured in the 
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laboratory, possibly indicating errors inherent in soil sampling or in the calibration of the 

BGPR response to absolute water content. Although total drawdown at the monitored 

piezometer was close to one meter, water content change was monitored over nearly a 

two meter depth interval. During recovery, instantaneous specific yield behavior was 

similar, increasing rapidly at first then asymptotically going toward a constant value. This 

suggests that "delayed imbibition" may also play a role in unconfined aquifer response. 

The final value of instantaneous specific yield during recovery did not reach 0.4 cm3cm-3 

most likely because recovery was incomplete when monitoring ended. Hysteresis may 

also have a major impact on the specific yield during recovery. Also, subsistence of the 

drained aquifer would have decreased porosity which may also have cause a difference 

between drained and recovered instantaneous specific yield 
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Figure 28: Instantaneous specific yield calculated as the change in measured 
water storage per unit change in drawdown. Change in storage was 
calculated from 1.42 to 3.17 m depth. Dotted line is the laboratory
measured specific yield of 0.26. 
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Instantaneous specific yield only trended toward a constant value during pumping and 

recovery when the piezometric surface changed more slowly and conditions become 

more static. It can be concluded from this diagram that the relation between unsaturated 

water storage and drawdown did not remain constant under the dynamic conditions seen 

during pumping and recovery. During the 1st day of pumping the piezometric surface is 

falling more rapidly than drainage of total unsaturated water content resulting in low 

instantaneous specific yield. During recovery the piezometric surface is likewise rising 

more rapidly than total water content is re-saturating between the third and fourth day. 

In a static relation defined by the soil characteristic curve (Figure 1) the relation 

between pressure head and unsaturated water content remains constant. Under static 

conditions, the negative pressure head of water is equal to height above the water table. 

Under dynamic conditions, however, this relationship changes (Beliaev, 2001). The 

unsaturated water content curve, in particular the capillary fringe may actually elongate 

in response to drainage and recovery. This can be seen in the change in width of contour 

intervals depicting water content during pumping and recovery in Figure 22. 
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Inverse Estimation of the van Genuchten Soil Parameters 

A one dimensional numerical flow model was used to try to characterize the response of 

the site to pumping. Simulations were carried out using HYDRUS 1-D (Simunek et al., 

1998). The model domain was 5 min depth discretized into 5 cm elements. The upper 

boundary was set to zero flux and a variable pressure was defined on the lower boundary. 

The pressure head at the lower boundary varied with time and was defined based on 58 

water table elevation measurements collected in the piezometer over the course of the 

pumping and recovery test of five days (120hrs). Model output was every 2 hours of 

simulation, allowing for the construction of a near-continuous time series of water 

content profiles for comparison with the 65 BGPR profiles collected during the 

September pumping test. The initial condition was assumed to be hydrostatic. The soil 

was assumed to be without layers of different soil types. Although the soil samples taken 

from the site do represent different soil types, our model sums water content over the 

entire depth as one value. Therefore it was suitable to assume the entire soil column to be 

homogeneous. The nonhysteretic van Genuchten (van Genuchten, 1976) soil hydraulic 

property relationship was used to describe the soil hydraulic properties. Laboratory

derived van Genuchten parameters were used as initial estimates for the soil hydraulic 

property descriptions. Comparisons were made between the measured and modeled total 

length of water in storage from 1.675 to 4.175m depth. This was determined as the 

product of the water content and the sample interval ( or grid height) throughout this 

region for each measurement time. 
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Initially, the static water content profile measured with BGPR before pumping was 

compared with that predicted from laboratory-determined soil hydraulic properties in 

Figure 30. To represent the assumed linear averaging of water content over the one

meter length of the 100 MHz BGPR antennae used, each predicted volumetric water 

content was averaged over a 1 m depth interval, centered at the measurement point. The 

field- and laboratory-determined water content profiles show poor agreement. Therefore, 

the soil hydraulic properties were adjusted to fit the water content profile measured in the 

field before pumping. 

The first step in optimizing the fit with the drained profile was to set the saturated water 

content equal to the maximum value measured with BGPR, 0.309 cm3 cm-3
• Then, the 

remaining laboratory-determined hydraulic parameters were retained and the capillary 

fringe height was adjusted to give the best fit to the observed water content profile. The 

van Genuchten model does not allow for direct inclusion of a fixed capillary fringe 

height. To account for this, the predicted profile was shifted vertically to accommodate a 

larger or smaller capillary fringe. The predicted volumetric water content profile 

decreases slightly less rapidly than that measured with BGPR (Figure 29). But, the 

laboratory-derived values with a capillary fringe height of 65 cm show reasonable 

agreement with the measured water content profile (Figure 29). This model is referred to 

as CF=65 with parameters a= 0.07 cm-1
, n = 2.13 and Ksat = 15cmhr-1

. This model was 
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constructed in an effort to retain as many of the laboratory-determined parameters as 

possible. 

A second model was constructed that ignored the laboratory measured hydraulic 

properties. An arbitrary, smaller capillary fringe height of 15 cm was chosen and a and n 

were varied to match the BGPR-measured water content profile. A better fit to the BGPR 

measurements was found for this model (Figure 29), but the value of n is relatively large 

(a= 0.013 cm-1
, n = 3.5, Ksat = 15cmhr-1

). This model is referred to as CF=15. Given 

that there is no clear basis to prefer either of these models, both will be examined as base 

case models for future analyses. 

Volumetric water content 
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Figure 29: Soil hydraulic property estimates for model base case based on 
comparisons to the BGPR-measured water content profile before pumping. 

The measured water storage as a function of time since the beginning of pumping is 

shown on Figure 30. Before pumping began, BGPR measured a total of 0.88 m of water 
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in storage over the calibration interval (1.675m to 4.175m). Three days of pumping 

resulted in a minimum total water stored of less than 0.55 m, a loss of water from storage 

of approximately 0.33m. After two days of recovery, the total length of water stored 

increased to about 0.75 m. The predicted response of the aquifer, characterized as the 

total change in water storage in the profile, based on the base case parameters showed 

poor agreement with the BGPR measurements (Figure 30). Specifically, the field-

measured maximum water storage, associated with the freely drained background 

condition before pumping began, was slightly higher than the model predicted value for 

both base case models. In addition, the measured change in water storage over time is 

much larger than predicted by either base case model. 
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Figure 30: Comparison of BGPR-measured and base case model-predicted total 
water stored from 1.675m to 4.1745 m during pumping and recovery. 

In an attempt to improve the fit between the predicted and measured total stored water 

time series, the value of the saturated hydraulic conductivity, Ksat, was varied about that 
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measured in the laboratory (Figure 31). As expected, an increase in Ksat led to more rapid 

drainage while a lower Ksat led to slower drainage. Increases in Ksat to values greater than 

100 times the base case had no further effect on the response. The results show that 

changing the value of Ksat was not sufficient to provide a good prediction of the drainage 

response. Similarly, the value of n was varied about those defined for the base case 

models in an attempt to improve the fit between the predicted and measured total stored 

water time series, (Figure 32). However, variations of the value of n had very little effect 

on the drainage response. 

Unlike Ks and n, the value of a had a profound effect on the predicted response (Figure 

33) for the CF=15 model. The base case value of a was 0.07 for CF=65 and 0.013 for 

CF=15. The alpha value was changed to 0.2 and 0.5 for both models. For CF=65 model 

these changes had little effect on the total water content or drainage over time. The 

CF=15 model with an a of 0.2 showed a much more dramatic decrease in total water 

stored. However, the higher value of a also lowering initial total length of water stored 

from 0.865 to 0.815 m. The large difference between then values in the two base models 

caused the difference in their sensitivity to a. 
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Figure 31: Comparison of BGPR-measured and base case model-predicted total 
water stored from 1.675m to 4.1745 m during pumping and recovery. K sat 

values in cmhr-1 were varied for each base case model to attempt to fit the 
measured transient response. 
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Figure 32: Comparison of BGPR-measured and base case model-predicted total 
water stored from 1.675m to 4.1745 m during pumping and recovery. Van 
Genuchten n values were varied for each base case model to attempt to fit 
the measured transient response. 
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Figure 33: Comparison of BGPR-measured and base case model-predicted total 
water stored from 1.675m to 4.1745 m during pumping and recovery. Van 
Genuchten a values were varied for each base case model to attempt to fit 

the measured transient response. 

In addition to these single-parameter sensitivity analyses, two of the three parameters 

(Ksat, a, and n) were varied simultaneously. Increasing Ksat and a an order of 

magnitude gave the best fit (Figure 34 ). When manipulating only a and n, a good fit was 

obtained by quadrupling each value (Figure 35). For both of these simulations, a good fit 

with drainage over time came at the cost of a poor fit of the initial length of water stored. 



0.85 

0.8 
g 
.! 0.75 
nl 

! 0.7 
0 

.s:::. 
c, 0.65 ---<---
c: 
C1) 
_J 

··-5(== CF=15(Ksat15,a0.2) 

o.55 --i- - ------------''---==-_..•--------1~ CF=15(Ksat150,a0.2) 
-+-- CF=15(Ksat500,a0.3) 

0.5 --i-------------------......i --J··"= CF=65(Ksat150,a0.2) 

0 2 3 4 5 6 
time (days) 

87 

Figure 34: Comparison of BGPR-measured and base case model-predicted total water 
stored from 1.675m to 4.1745 m during pumping and recovery. Saturated hydraulic 
conductivity Ksat and van Genuchten a values were varied for each base case 
model to attempt to fit the measured transient response. 
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Figure 35: Comparison of BGPR-measured and base case model-predicted total water 
stored from 1.675m to 4.1745 m during pumping and recovery. Van Genuchten a 
and n values were varied for each base case model to attempt to fit the measured 
transient response. 
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Finally, all three parameters (Ksat, a, and n) were varied simultaneously for both base 

case models to find the best fit to the measured data. There is an improvement in the 

goodness of fit over optimizing only one or two parameters (Figure 36). However, no 

single model reproduces the initial water storage and the change in water storage with 

time. Models that best matched the final drainage failed to give a good match with the 

initial water content. In addition, no model of simulated recovery compared well with the 

BGPR measurements. Evidently the K sat, a, and n values implemented for drainage did 

not work well for recovery. 
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Figure 36: Comparison of BGPR-measured and base case model-predicted total water 
stored from 1.675m to 4.1745 m during pumping and recovery. Saturated hydraulic 
conductivity Ksat (cmh{1)and van Genuchten a and n values were all varied for each base 
case model to attempt to fit the measured transient response. 
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Field conditions other than pumping may have had an influence on the BGPR readings. 

Evapotranspiration may have accelerated unsaturated drainage because of drawdown. 

BGPR measured length of water at 3 days would be enhanced by evapotranspiration. 

Other model assumptions may not have been correct. Drainage may have occurred at 

depths shallower than 1.68m, the shallowest depth measured and modeled. Inclusion of 

measurements from these depths may have lessened the slope of the drainage curve 

resulting in a greater length of water at the end of pumping, giving a better modeled fit. 

The soil column may not be homogeneous. There may have been a quickly draining 

upper layer, which did not affect the piezometric surface that was passing through a more 

slowly draining fine grained soil. This may explain why the measured initial length of 

water could not be matched while also matching the drained length of water by any 

simulated model. The poor fit of the modeled results with the recovery curve compared to 

the drainage curve suggests that hysteresis influenced the measured BGPR results. In 

hysteresis conditions, the imbibation curve requires higher pressure than the draining 

curve to obtain the same range of water contents. This would explain the increased water 

contents of the modeled recovery compared with the measured recovery curve. To 

improve the fit, the recovery curve would have different van Genuchten parameters ( a 

and n) than the drainage curve. 

Sensitivity analysis results are shown in Table 6 with the fit of modeled to observed 

results of the total stored water for each of the models in Figures 30 through 36. The fit is 

the root mean square sum difference between observed and modeled results. 'Good' 

results are those less than 1.0. 'Poor' model results have fits higher than 1.0. 



CF height alpha n Ksat(cmk) Result 

Ad ' K .]USt sat 

65 base 0.309 0.059 0.07 2.13 15 poor 1.344 

65 0.309 0.059 0.07 2.13 150 poor 1.333 

65 0.309 0.059 0.07 2.13 500 poor 1.334 

15 base 0.309 0.059 0.013 3.5 15 poor 1.358 

15 0.309 0.059 0.013 3.5 150 poor 1.359 

Adjust alpha (a) 
65 base 0.309 0.059 0.07 2.13 15 poor 1.344 

65 0.309 0.059 0.2 2.13 15 poor 1.231 

65 0.309 0.059 0.5 2.13 15 poor 1.191 

15 base 0.309 0.059 0.013 3.5 15 poor 1.358 

15 0.309 0.059 0.2 3.5 15 good 0.631 

Ad ' LJUSt n 
65 base 0.309 0.059 O.oI7 2.13 15 poor 1.343 

65 0.309 0.059 0.017 3.5 15 poor 1.258 

65 0.309 0.059 0.017 4 15 poor 1.243 

65 0.309 0.059 0.017 5 15 poor 1.230 

15 base 0.309 0.059 0.013 3.5 15 poor 1.358 

15 0.309 0.059 0.013 4.5 15 poor 1.351 

Ad. K al h ( ) d lJUSt sat, 1p a a an n 
65 0.309 0.059 0.2 5 150 poor 1.146 

65 0.309 0.059 0.3 6 150 poor 1.115 

65 0.309 0.059 0.4 4 300 poor 1.12 

15 0.309 0.059 0.3 6 150 good 0.777 

15 0.309 0.059 0.2 5 300 good 0.767 

15 0.309 0.059 0.2 4 150 good 0 .749 

Table 6: Parameter values associated with sensitivity analysis models shown on Figures 
28 through 35. Goodness of fit shown in last two columns, first qualitatively, then 
quantitatively by sum of difference of least squares . 
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Chapter V - CONCLUSION 

Utility of BGPR for Rapid Water Content Profiling 

The overall objectives of this thesis were: 1) to examine the ability of borehole ground 

penetrating radar to make high spatial- and temporal-resolution measurements of changes 

in water storage in the vadose zone during a pumping test; and 2) to use BGPR 

measurements to examine the process of delayed drainage. 

Demonstrating the repeatability of profiles collected through time with a single antennae 

frequency in a single borehole pair has shown the utility of BGPR data. The high 

repeatability justifies the use of BGPR to measure small water content changes over time 

at discreetly defined depth intervals. However, the determination of absolute water 

contents is difficult given the poor comparison of water content profiles measured at the 

same time using different access tube pairs. The choice of antennae frequency is a trade

off between minimizing signal loss while increasing depth discrimination. 
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Field data collected in this study demonstrated that critical refraction of waves at the 

ground surface affected the ability of BGPR to monitor the shallow water content profile. 

However, critical refraction at or above the capillary fringe did not have a deleterious 

effect on the water content profiling ability of BGPR. 

BGPR was able to identify the maximum depth of drainage with an accuracy that is less 

than the antennae length. However, there was an apparent offset in the depth of 

maximum drainage. The profile of maximum depth of drainage was consistently offset 

below the water table profile. The cause of this offset is not known. 

Instantaneous Specific Yield 

Instantaneous specific yield varied during pumping and recovery. Initially, drawdown 

fell faster than drainage of unsaturated water content consistent with the concept of 

delayed drainage. The variation of instantaneous specific yield points to the difference 

between static and dynamic conditions. During pumping the instantaneous specific yield 

approached a constant static value. This was much higher than the specific yield from 

laboratory-measured properties on cores. During recovery instantaneous specific yield 

rose from zero to a value lower than reached during pumping. The cause of this is 

uncertain. 
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Soil Hydraulic Properties 

Finding the best fit of van Genuchten parameters between simulated and observed 

BGPR results of drainage and recovery gave mixed results. The initial parameters were 

estimated by optimization of the van Genuchten equation with pressure head and water 

content derived from hanging water column measurements of a soil sample. Use of these 

van Genuchten parameters in a numerical flow model did a very poor job of predicting 

the changes in water storage measured in the field during pumping and recovery. Then, 

the van Genuchten parameters were fitted to the field-measured hydrostatic water content 

profile. These values also did a poor job of predicting the aquifer response, suggesting 

that the static and dynamic hydraulic properties may be different. In particular, there 

appeared to be a lengthening of the capillary fringe during pumping. The values of the 

saturated hydraulic conductivity (Ksat), and the van Genuchten a and n were altered 

systematically to attempt to improve the fit. The single parameter that changed the 

modeled results most was a. However, no combination of parameters could match the 

length of water stored before pumping and the dynamic response during pumping. This 

again supports the idea that static and dynamic hydraulic properties differ. Despite these 

inconsistencies the fit of modeled drainage was better than the fit of modeled recovery. 

The difference between drainage and imbibation is evident in the observed results , 

requiring different modeled van Genuchten parameters for recovery. 
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Further Research 

Using BGPR to monitor the transient conditions of pumping and recovery has been 

shown to give good results. Measurements gathered provide information that may help 

resolve the contribution unsaturated drainage makes to discharge during a pumping test. 

The understanding of how dynamic conditions during pumping vary from static 

conditions may be clarified if pressure head is also monitored. Undertaking pumping tests 

with attendant BGPR monitoring at even smaller time intervals are certainly possible, 

while smaller depth intervals are not recommended. Obviously the depth reference of 

BGPR measurements needs to be clarified, while critical refraction of first arriving waves 

must be more easily identified. 
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