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Between 2006 and 2010, heat dissipation probes monitored real-time matric 

potential at various depths in the vadose zone beneath two semiarid natural 

grassland sites within the High Plains aquifer. Monitoring results indicate 1) a 

downward potential for water movement, 2) at least 4 wetting fronts that rapidly 

propagated to previously unobserved depths (7.3 to 23.0 m below land surface), 

and 3) rapid water fluxes (0.9 to 6.8 mm/day) that likely resulted in recharge 

events during the period of observation. Measured water fluxes are orders of 

magnitude greater than previous estimates using convention tracer-based 

techniques that provide average water fluxes over decadal to millennial 

timescales. The rapid water fluxes are likely controlled by pore-scale dual­

domain flow. Using observations from this study, I propose a new conceptual 

model of water flux in the vadose zone beneath natural grasslands in semiarid 

climates. The model conceptualizes monotonically decreasing total potential, and 

deep and rapid water movement that can result in episodic recharge events. The 

movement of water on daily to monthly timescales has important implications for 

the enhanced mobilization of some fraction of surface-derived contaminants in 

the vadose zone to groundwater. Most notably, interpretations of the 

observations and reported water fluxes from this study may account for the 

inconsistencies between observed groundwater chemistry and previously 

estimated chemical fluxes in the vadose zone of the High Plains aquifer.
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1.0 Introduction

1.1 Overview

Chapter 1 will introduce the thesis and the mechanisms of water 

movement through the vadose zone in arid and semiarid climates. Included in 

Chapter 1 is the motivation for the study, which leads to the mechanisms of water 

movement through the vadose zone. Chapter 2 contains the site description and 

previous studies. Included in the previous studies are the techniques and 

conceptual models used estimating water fluxes through the vadose zone. 

Chapter 3 will outline the research methods including HDP installation, methods 

to estimate PET, and methods to estimate change in storage. Chapter 4 is the 

results and each subsequent chapter is discussion. Section 4.1 describes the 

total potential time series and associated water fluxes with each wetting front with 

an in situ estimate of water content. Section 4.2 and 4.3 describes the results of 

the wetting front propagation and associated water fluxes with a change in water 

contents. Section 4.4 describes the results of the change in storage calculation 

with associated wetting fronts. Chapter 5 outlines evidence that the observed 

spatiotemporal fluctuations in total potential indicate high water fluxes associated 

with the wetting front propagation down the native sediments and not due to 

borehole leakage. Chapter 6 outlines the conclusions of this thesis.
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1.2 Motivation

To maintain the sustainability of groundwater resources in semiarid 

regions, it is essential to understand the interrelations among vadose zone 

(unsaturated zone) processes, the effects of climate on semiarid groundwater 

systems, and an increasing demand on groundwater resources. Alley et al. 

[1999] defines groundwater sustainability as development and use of 

groundwater that can be maintained for an indefinite time without causing 

unacceptable environmental, economic, or social consequences.

An estimated 18% of the world’s population (1.1 billion of 6 billion people) 

did not have access to clean drinking water in 2003 [World Health Organization- 

WHO, 2003]. The United Nations [2004] estimated that world population could 

increase by approximately 47% by year 2050. Increasing water demand from a 

growing global population and changes to global air temperatures and 

precipitation patterns from climate change could have substantial effects on 

groundwater resources especially in semiarid regions. According to the 

International Atomic Energy Agency [IAEA, 2001], most groundwater in semiarid 

regions is fossil water, and use of fossil groundwater is generally unsustainable. 

Fossil water is groundwater that has been stored for a long period of time (103-  

106 years) [Gleick et al., 2009] and once fossil groundwater is depleted the 

resource will not return to previous storage in a meaningful time scale for the 

population using the groundwater. Therefore, accurate estimates of recharge are
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imperative for sustainable management of groundwater resources in semiarid 

climate that are used for human consumption, irrigation, industry, and support 

ecosystems.

Recharge is defined as the quantity of water that crosses the boundary 

between the vadose zone and the saturated zone. Infiltrating water from the land 

surface moves downward through the underlying soil and sediments and is 

considered recharge when it intercepts the water table. Once the water reaches 

the water table it replenishes the aquifer. Therefore, it is important to quantify 

recharge, which is generally measured in dimensions of length per time (mm/yr). 

Another source of recharge is upward discharge from underlying units [Nativ, 

1992; McMahon et al., 2007] but is not relevant within the scope of this study.

Quantifying recharge is difficult and choosing an appropriate technique is 

important. Two factors to consider when choosing appropriate techniques include 

climate and the timescale of interest. First, techniques to estimate flux in arid- 

semiarid climates include; lysimeters, the zero-flux plane method, Darcy’s law, 

numerical modeling, tracers (historical (36CI and 3H) and environmental (Cl")) 

[Scanlon et al., 2002], flexible time-domain reflectometry [Rimon et al., 2007], 

hydrologic time-series approach [Gurdak et al., 2007] and total potential time 

series. Second, temporal variability in recharge require a variety of techniques to 

quantify recharge depending on the timescale of interest. As outlined by Scanlon 

et al. [2002], lysimeters and zero-flux plane method are appropriate for daily to
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yearly timescales. Darcy’s law is appropriate for daily to century timescales. 

Historical tracers (36CI and 3H) are appropriate for yearly to decadal timescales. 

Environmental chloride is appropriate for decadal to millennial timescales. The 

flexible time-domain reflectometry approach [Rimon et al., 2007] and the total 

potential time-series approach are appropriate for daily/monthly to yearly 

timescales. The hydrologic time-series approach is appropriate for yearly to 

decadal timescales [Gurdak et al., 2007], However, climate and soil properties 

control the mechanisms of water movement through the vadose zone that 

ultimately controls the temporal variability of recharge.

1.3 Mechanisms of Water Movement through the Vadose Zone

To accurately estimate recharge rates, processes affecting infiltration and 

percolation through the vadose zone must be understood. The vadose zone, also 

called the unsaturated zone, is located between land surface and the water table 

and is the zone of infiltration, percolation, and recharge within an aquifer. Pore 

spaces in the vadose zone are unsaturated or temporarily saturated, and filled 

with a mixture of air, water under pressure that is less than atmospheric, and 

water held by capillarity [Tindall and Kunkel, 1999]. Pore spaces in sediments 

below the water table in the saturated zone are saturated with water under 

pressure that is greater than atmospheric [Tindall and Kunkel, 1999]. The
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movement of water through the vadose zone to the water table is primarily 

controlled by pressure or potential gradients.

The zero-flux plane (ZFP) is a hypothetical horizontal plane in the vadose 

zone that has a total water potential (or hydraulic head) gradient equal to zero 

[Scanlon et al., 2002], which means that fluid does not travel up or down at the 

ZFP. The concept of the ZFP is illustrated in figure 1 where the total water 

potential (hydraulic head ijj (x-axis)) is the sum of matric potential head and 

gravitational potential head. Matric potential results from the adsorptive and 

capillary forces of soil matrix properties [Tindall and Kunkel, 1999]. Gravitational 

potential is the potential due to the position or arbitrary reference point of soil 

moisture to the soil-water elevation (water table) [Tindall and Kunkel, 1999] 

Above the ZFP, matric potential dominates and evapotranspiration occurs 

(Figure 1). Below the ZFP gravity potential dominates fluid flow and percolation 

can occur and recharge of the aquifer is possible (Figure 1).

The ZFP is generally located between 1 and 6 m below land surface 

depending on climate, soil characteristics [Wellings and Bell, 1982], and depth of 

root zone. However, in arid climates the location of the ZFP could be as deep as 

20-40 m below land surface [Scanlon et al., 1997] or not exist at all and create 

upward potential for water movement from the water table to the root zone 

[Scanlon and Goldsmith, 1997; McMahon et al; 2006]. In semiarid climates, 

downward potential for water movement exists below the ZFP and may be
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considered deep percolation [Seyfried et al., 2005] and eventual recharge of the 

aquifer. In arid-semiarid climates the vadose zone is commonly mant tens of 

meters thick [Scanlon et al., 1997] and it may take decades to centuries [Phillips, 

1994] for water to reach the saturated zone after it flows below the ZFP. It is 

important to note that some pore water in thick vadose zones may never reach 

the saturated zone under current climate conditions, and it has been suggested 

that recharge in some aquifers in arid-semiarid climates occurred during earlier 

periods of wetter and cooler climates [Smith et al., 1992; Creswell et al., 1999].

The rate of water movement through the vadose zone depends on 

uniform- and preferential-flow mechanisms. Uniform flow (also known as piston 

or matrix flow) in the vadose zone refers to stable, downward wetting fronts that 

are parallel to the land surface and often occur across the areal extent of the 

precipitation event [Hendrickx and Flury, 2001], In contrast, preferential flow 

refers to unstable, downward wetting fronts through preferred pathways of least 

resistance. In general, wetting fronts travel much slower beneath uniform flow 

than preferential flow [Hendrickx and Flury, 2001].

1.3.1 Uniform Flow

There are many factors that affect uniform flow in vadose zones of 

semiarid climates including; soil texture, hydraulic conductivity, and vegetation. 

In general, wetting fronts propagate more deeply in coarse material. When the
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soil has high levels of water content, the hydraulic conductivity is greater in 

coarse materials than in fine material. The larger pores in the coarse material 

are favorable for conducting water. However, as the material dries and the large 

pores empty, the hydraulic conductivity of the coarse material decreases and 

eventually becomes less than the fine material.

Vegetation and land use are also thought to be a major control on the 

location, timing, and water flux of uniform flow [Allison et al., 1990; Phillips, 

1994], For example, previous studies of irrigated agricultural and rangeland 

settings within the northern High Plains (i.e., Nebraska) indicate the potential for 

downward water movement within the vadose zone, with minor seasonal 

variation that is consistent with quasisteady flow below the root zone [McMahon 

et al., 2006]. Alternatively, total potential profiles beneath warmer and dryer 

rangeland settings of the southern High Plains (i.e., Texas) increase considerably 

with depth [Scanlon et al., 2003; McMahon et al., 2006], indicating the potential 

for water movement from the water table to the root zone. Scanlon and 

Goldsmith [1997] report similar potential profiles within interplaya settings of the 

southern High Plains. In general, irrigated agricultural vadose zones had larger 

fluxes (17-111 mm/yr) than rangeland vadose zones (0.2-70 mm/yr) [McMahon 

e ta i, 2006],

Even though some previous studies have reported downward water flux 

and recharge beneath natural grassland settings in some semiarid regions



[McMahon et al., 2006; Scanlon et al., 2006; Gurdak et al., 2007], the majority of 

studies estimate that water flux and chemical movement are greater beneath 

agricultural lands than beneath natural rangeland [McMahon et al., 2006; 

Scanlon et al., 2006]. However, it is important to note that many aquifers in 

semiarid climates have more natural rangeland than agricultural land cover. For 

example, across the High Plains aquifer, 56% of land is classified as rangeland, 

38% as agricultural (includes irrigated and dryland), and six percent as urban and 

other [McMahon et al., 2007], Therefore, the overall volume of recharge may be 

greater under rangeland than beneath agricultural land even though average 

recharge rates are greater beneath irrigated land.

There are also studies that indicate that uniform flow does not contribute 

to recharge in arid-semiarid location around the world [Phillips, 1994; Scanlon et 

al., 1999], and the transition in vegetative species at the end of the Pleistocene 

(~12 kyr) was a major contributor to the no-diffuse flow and recharge regimes 

observed at many locations [Phillips, 1994; Walvoord et al., 2002], Furthermore, 

variations in climate could have a direct effect on uniform flow. Uniform flow 

resulting in diffuse recharge have been observed at locations where there is 

ample winter precipitation and minimal evapotranspiration due to vegetation 

dormancy and cold temperatures, evidenced by soil water potential 

measurements [Gee et al., 1994; Andraski, 1997]. Furthermore, Small [2005] 

indicates that diffuse recharge can occur at locations where precipitation is less
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than potential evapotranspiration (PET) if the soil texture and climate are 

favorable.

1.3.2 Preferential Flow

Preferential flow is non-uniform flow that results in unstable and/or 

irregular wetting fronts [Hendrickx and Flury, 2001]. The preferential flow path 

may have a lower bulk density than the surrounding soil matrix resulting in a path 

of least resistance in which water preferentially flows [Tindall and Kunkel, 1999]. 

Thus, water movement is rapid and bypasses the bulk of the soil matrix. 

Understanding preferential flow mechanisms is important to accurately estimate 

water and solute flux through the vadose zone, recharge rates, and the quantity 

and quality of groundwater resources. Preferential water flow may mobilize large 

subsurface reservoirs of evapoconcentrated salts such as pore-water Cl" and 

NO3' [Hartsough et al., 2001; Walvoord et al., 2003; McMahon et al., 2006], 

and/or rapidly transport land-surface derived contaminants to the water table.

Preferential flow occurs at different spatial scales (from pore to Darcian 

scales) (Figure 2) and is caused by different processes. Preferential flow 

pathways through the vadose zone include but are not limited to fractures, 

macropores (e.g. worm channels and root holes) [Bouma and Dekker, 1978; 

Beven and Germann, 1982] and finger flow [Hillel, 1987], Furthermore, focused 

preferential flow occurs beneath areas where surface water collects in
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topographic depressions such as ephemeral streams [Izbicki et al., 2000], playas 

[Scanlon and Goldsmith, 1997], and depressions adjacent to leaky irrigation wells 

in agricultural land-use settings [Gurdak et al., 2008], The following sections 

describe some of the more recent and commonly reported types of preferential 

flow mechanisms.

1.3.2.1 Unstable Finger Flow

Previous studies suggest that the formation of fingers is due to the 

unstable interface between air and water that is gravity driven and is more 

prominent as the characteristic pore size increases [Hill and Parlange, 1972], 

The fingers are considered saturated columns or “pipes” [Hill and Parlange, 

1972] and the higher the flow, the wider the finger and the higher the velocity of 

the finger tip [Glass etal., 1989a, 1989b].

Glass et al. [1989c] defined and outlined three stages in the evolution of 

the unstable flow field. The initial stage is dominated by rapid downward 

movement of fingers that develop finger “cores”. If supplied by a constant flow 

rate, the completely formed fingers preserve a constant finger tip velocity and 

broaden rapidly to a constant width as the finger tips propagate. Glass et al 

[1989c] suggests that hysteresis permits the infiltrating finger to propagate with 

minimal lateral dispersion. The second stage is defined by the persistence of 

finger core regions that maintain a confluence of flow and by the onset of slow
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lateral dispersion of wetting fronts which create a less saturated “fringe” region 

between the more saturated finger core regions. For the finger to persist it must 

be supplied by lateral flow of water from the fringe region in concert with the 

region above [Jury et al., 2003]. The initial stage of downward finger formation 

may take minutes to develop whereas the second stage of fringe formation may 

take days to develop. The third and final stage is a steady-state flow regime 

where the core and fringe regions persist for extended periods of infiltration.

It has been documented that fingers from one infiltration occurrence 

remains and develops in the same location during subsequent infiltration cycle 

[Glass and Steenhuis, 1984; Glass et al., 1987] with the core and fringe regions 

being preserved. The bulk of the infiltration convergence remains in the “core” 

region and the “fringe” region becomes more of a contributor than in the previous 

cycle [Glass et al., 1989c].

1.3.2.2 Preferential Flow in Water Repellent Soils

In water repellent soils (Figure 3), preferential flow paths are expected to 

develop with the first large precipitation events after a prolonged dry period 

[Dekker and Jungerius, 1990], Results of model simulations [Ritsema et al., 

1998] indicate that finger formation results from hysteresis in the water retention 

function and that the fingers recur along the same pathways during wetting and 

drying cycles. The wetting of the preferential pathway leaches hydrophobic
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substances (humic and fulvic acid) and changes the water retention function 

resulting in a pathway that is more wettable than the surrounding porous media 

[Ritsema et al., 1998],

For preferential fingers to persist after percolation subsides, the preferential 

pathway and the surrounding matrix dry with the end result of two zones with 

separate water contents and hydraulic conductivities (K(0)) [Glass et al., 1989c]. 

The preferential pathway has a higher water content and therefore a greater K(0) 

which allows a subsequent precipitation event to flow preferentially via the old 

pathway (“core”) and the flux is equal to K(0) in the “core” area [Glass et al., 

1989c],

1.3.2.3 Free-Surface Film Flow

Previous studies suggest that preferential flow through the vadose zone 

may not allow the transporting water sufficient time to equilibrate with the 

interstitial pore-water [Skopp, 1981; Jarvis, 1998], Nimmo [2010] developed a 

one-dimensional source-responsive flux model based on the concept of free- 

surface thin film flow that is considered laminar flow that bypasses interstitial 

pore-water. Nimmo [2010] assumes that the media has little effect on film flow 

as long as it supports unsaturated flow, traditional state variables of unsaturated 

flow are negligible, and the flow system relies heavily on intermittent behavior of 

water input. Also, the concept of thin-film flow is generally referring to free-
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surface films along the walls of macropores within the upper 1-3 m of a profile 

[Nimmo, 2010],

1.3.2.4 Pore-Scale Dual-Domain Flow

Pore-scale dual-domain flow occurs when a wetting front propagates 

preferentially through a thin film or “flow net” of interconnected pore spaces 

within the soil matrix (Figure 4) [Rimon et al., 2011], This type of flow can be 

observed and measured using water-content sensors (e.g., time-domain 

reflectometry probes (TDR) [Robinson et al., 2003]) and matric-potential sensors 

(e.g., heat-dissipation probes (HDPs) [Gurdak et al., 2007]). Using direct 

observations, Rimon et al. [2011] developed a conceptual model for pore-scale 

dual-domain flow. The conceptual model includes the following assumptions 1) 

the vadose zone never reaches complete saturation; 2) water flows primarily 

through a net of hydraulically interconnected pores, and these nets could persist 

as subsequent percolation events occur much like finger flow recurrence [Glass 

and Steenhuis, 1984; Glass et al., 1987; Wang et al., 2003]; 3) the flow nets 

within the pores rely on hydraulic conditions that leave portions of the pores 

detached from the flow net; 4) and the active flow net expands and contracts 

during percolation and drainage is flushed while the detached pores remain 

unwashed that results in the long-term accumulation of solutes. Therefore, the 

flow net and the soil matrix may never reach equilibrium.
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1.4 Purpose and Scope

The overarching purpose of this study is to identify hydrogeologic 

processes and mechanisms of water movement through the vadose zone 

beneath two semiarid natural grassland locations— Imperial, NE (IMP) and 

Cimarron National Grassland, KS (CNG)— of the High Plains aquifer. I will 

evaluate total potential time series beneath IMP and CNG to characterize the 

propagation of wetting fronts and the associated response to seasonal and 

episodic precipitation events.

2.0 Site Description

The High Plains aquifer is located in the Great Plains physiographic 

province of the United States (Figure 5). Locally known as the Ogallala aquifer, 

this regionally important aquifer underlies approximately 450,000 km2 in parts of 

eight states, including Colorado, Kansas, Nebraska, New Mexico, Oklahoma, 

South Dakota, Texas, and Wyoming. Gutentag et al. [1984] described the High 

Plains as an arid-semiarid region with plenty of sunshine, common windy 

conditions, moderate precipitation, low humidity, and a high rate of evaporation. 

Due to the large amount of area covered by the High Plains, there is a relatively 

steep gradient between cooler temperatures in the north and warmer 

temperatures in the south. Daily air temperature ranges from 15°C to 30°C and 

there is a relatively large (~70°C) seasonal difference between winter lows and



15

summer highs [Gutentag et al., 1984], The mean annual precipitation increases 

from west to east by roughly 2.5 cm every 40 km [Gutentag et al., 1984] (Figure 

6).

The High Plains aquifer comprises six hydraulically connected 

hydrogeologic units that mostly consist of sedimentary deposits (Figure 7) 

[Gutentag et al., 1984]. The Ogallala Formation makes up the majority (75%) of 

the total area of the aquifer and consists primarily of unconsolidated clay, silt, 

sand, and gravel with scattered cemented zones consisting of calcium carbonate 

[Gutentag et al., 1984],

The aquifer is a source of irrigation water for one of the most productive 

agricultural regions in the United States. In 2000, roughly 30% of the 

groundwater used for irrigation in the U.S. was pumped from the High Plains 

aquifer [Maupin and Barber, 2005],

I studied two natural grassland sites (IMP and CNG sites) within the High 

Plains (Figure 7). Previous studies in the High Plains indicate that recharge rates 

are greater beneath irrigated agricultural land than natural grassland sites 

[McMahon et al., 2006; Scanlon et al., 2005]. However, natural grassland is the 

dominant land use, accounting for approximately 56% of the land overlying the 

High Plains aquifer (National Land Cover Database, 2001). Of the 38% that is 

agricultural land, about 30% is beneath irrigated agricultural land and 8% is 

beneath non-irrigated (dryland) agriculture as of 1992 [Qi et al., 2002], Thus, it is
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important to evaluate and understand hydrogeologic processes that occur 

beneath natural grasslands because they potentially account for the largest 

contributing area for groundwater recharge to the High Plains aquifer. Estimating 

water flux and recharge rates beneath natural grasslands and irrigated cropland 

is useful to evaluate the natural and human impact on water quality and 

sustainability of this important freshwater resource.

The study area for the High Plains aquifer is divided into three geographic 

subregions; northern High Plains (NHP), central High Plains (CHP), and southern 

High Plains (SHP) [McMahon et al., 2007] (Figure 8). The subregions were 

chosen based on the regional temperature gradient. The IMP site is located in 

the northern High Plains, approximately 13.3 km (8.26 mi) northeast of Imperial, 

Nebraska (Figure 8). The CNG site is located in the Cimarron National 

Grasslands, within the central High Plains approximately 16.3 km (10.13 mi) 

northeast of Elkhart Kansas (Figure 8). The vadose zones of the two sites have 

very similar sandy loam soils, including sand, clay, silt, and gravel with scattered 

cemented zones containing calcium carbonate. The slopes of the land are flat to 

gently rolling and the sediments are adequately coarse for modest to high rates 

of infiltration. In 2000, at the time of installation at CNG the depth to water (dtw) 

below land surface was -50 m [McMahon et al., 2003]. In 2002, at the time of 

installation at IMP the dtw below land surface was ~25-28 m [McMahon et al.,

2006],
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2.1 Previous Studies

The Regional Aquifer-System Analysis (RASA) program of the United 

States Geological Survey (USGS) began in 1978 [Gutentag et al., 1984], 

Gutentag et al. [1984] conducted a study on the High Plains aquifer to provide 

groundwater-resource managers with (1 ) hydrologic information needed to 

evaluate the effects of continued groundwater development and (2) computer 

models to predict aquifer response to changes in ground-water development.

More recently, the High Plains aquifer has been part of an ongoing study 

by the USGS on the quality of the nation’s water resources. In 1991, the USGS 

implemented the National Water Quality Assessment (NAWQA) Program, which 

was designed to inform water-quality managers and policy makers about the 

state of the nation’s water on national, regional, and local levels [McMahon et al.,

2007],

As part of the USGS NAWQA study of the High Plains aquifer, McMahon 

et al. [2003] compared infiltration and recharge of a natural rangeland site (CNG) 

to two irrigated sites within the central High Plains (CHP) aquifer study area to 

better understand the effects of land use on hydrogeologic processes. Methods 

used by McMahon et al. [2003] include tritium profiles, chloride profiles, total 

water potential, nitrate, and pesticide profiles to determine water flux rates 

through the vadose zone. Using the chloride mass balance (CMB) approach, 

McMahon et al. [2003] estimated the flux at CNG to be 5.1 mm/yr. In
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comparison, water flux estimates at the irrigated cropland sites in the central 

High Plains region were 53 mm/yr and 54 mm/yr using downward displacement 

of chloride and tritium data, respectively. These findings by McMahon et al. 

[2003] indicate that water fluxes are substantially (1-order of magnitude) greater 

beneath irrigated cropland than beneath natural rangeland of the CHP.

Also part of the High Plains NAWQA program, McMahon et al. [2006] 

conducted studies on recharge rates, chemical transport and storage in the 

vadose zone of the High Plains aquifer. The estimated water flux using tritium 

data at IMP was 70 mm/yr [McMahon et al., 2006]. In contrast, the estimated flux 

at an irrigated cropland site near Grant, NE (GNT) in the northern High Plains 

(NHP) was 102 mm/yr. Although not as great a difference as in the CNG, water 

flux estimates are less beneath rangeland sites as compared to beneath irrigated 

agricultural sites in the NHP. McMahon et al. [2006] suggests that hydrologic, 

chemical, and isotopic data provides evidence that preferential flow or “fast 

pathways” as well as “slow paths” for water movement takes place through the 

vadose zone of the High Plains aquifer and advective chemical transit times are 

between 49 and 10,500 years.

Using heat-dissipation probe (HDP) data Gurdak et al. [2007] reported 

relatively sharp- and uniform- wetting fronts in the NHP that reached depths of

6.4 to 23.0 m at an estimated water flux (from hydrologic time-series approach) 

ranging from 455 to 476 mm/yr. Gurdak et al. [2007] suggested the propagation
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of the wetting fronts indicate predominantly pistonlike or matrix flow and the 

depths of the wetting front were greater under irrigated agricultural sites than the 

corresponding rangeland sites. These findings support previous findings by 

Scanlon et al. [2005] that land use is a major control on water movement in the 

vadose zone of the High Plains aquifer.

2.2 Techniques and Methods Used in Previous Studies

The methods used by McMahon et al. [2003, 2006] are tracer-based 

techniques for estimating water flux and recharge rates. The chloride mass 

balance (CMB) approach is best used in regions where there are relatively small 

water fluxes [Scanlon et al., 2002], The water fluxes reported using the CMB 

approach are estimates over decadal to millennial timescales. The tritium 

approach estimates water fluxes for yearly to decadal timescales [Scanlon et al.,

2002],

2.2.1 Chloride Method

At semiarid locations, the CMB approach can be used to determine the 

past water flux over millennial timescales [Scanlon et al., 1997], including up to 

-10-15 thousand years in some cases [Phillips et al., 2004], The major 

assumption of the CMB approach is that the transport process is downward



piston flow and chloride transport through the vadose zone is shown in the 

following equation [Scanlon et al., 1997]

(Id  = <hc ci ~  D h 0 )

where qi is the volumetric liquid water flux below the root zone (L T'1), qci is the 

chloride deposition flux at the surface (M L'2 T'1), cci is the pore water chloride 

concentration (M L'3), and Dh is the hydrodynamic dispersion coefficient (L2 T'1), 

which is a function of 9 (volumetric water content (L3 L'3)) and v (average pore 

water velocity (L T'1)). The hydrodynamic dispersion coefficient Dh is a 

composition of the mechanical dispersion coefficient Dm and the effective 

molecular diffusion coefficient De. However, due to small water flux in arid- 

semiarid climates, the mechanical dispersion likely has a negligible effect on the 

hydrodynamic dispersion coefficient [Allison and Hughes, 1978], Therefore, 

equation (1 ) can be rearranged to

20

Chloride deposition from precipitation, dry fallout, or irrigation will increase 

from the land surface down and may concentrate at the root zone due to 

evapotranspiration [Gardner, 1967] (Figure 9). The CMB age of the chloride 

spike in the profile can be determined using a combination of chloride 

concentrations in the shallow vadose zone with a constant atmospheric chloride 

input [Walvoord and Scanlon, 2004], However, there is uncertainty in estimated
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water fluxes using the CMB approach [Scanlon, 2000]. These uncertainties 

include Cl' input into the system, in transport processes, and in Cl" output or Cl" 

concentrations measured in the pore water.

2.2.2 Tritium Method

testing in the 1950’s and 1960’s produced elevated levels of tritium in 

precipitation (>8 TU in the High Plains region) [Thatcher, 1962], which is evident 

in pore water of thick vadose zones with relatively slow recharge rates [Scanlon 

et al., 1997], Due to the short half-life of 12.43 years, the amount of tritium in the 

soil will decrease because of radioactive decay. However, the low water fluxes in 

the vadose zones of arid and semiarid regions often result in a bulge, spike, or 

elevated concentrations of tritium in pore water in the upper profile near the ZFP. 

The elevated tritium concentrations often reflect peak atmospheric thermonuclear 

testing from 1963 [McMahon et al., 2003],

Two methods can be used to determine water flux from tritium. When a 

distinct interface between postbomb and prebomb tritium is present or when a 

1963 bulge is present in the profile, the water flux can be calculated with

where 0 is water content (L3 L 3) , z is the depth of the interface or postbomb 

peak below land surface (L), and t is the elapsed time since 1953 or 1963 (T).

Tritium (3H) is a radioactive isotope of hydrogen. Atmospheric nuclear

(3)
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Equation 3 assumes that flow is one-dimensional and vertically downward, that 

volumetric water content is at steady state, and that vapor transport of tritium is 

insignificant.

2.3 Conceptual Model (Arid Southwest Vadose Zone)

The conventional hydrostatic equilibrium model and the unit gradient 

model (Figure 10) are two conceptual models that are frequently used to explain 

vadose zone total potential profiles in the arid southwestern U.S. [Walvoord, et 

al., 2002], The hydrostatic equilibrium model indicates no-flow conditions result 

when matric potential equals gravimetric potential. If this model is sufficient then 

matric potential profiles would plot along the hydrostatic equilibrium line due to 

small water flux in arid regions [Walvoord et al., 2002],

The proposed unit gradient model indicates that matric potential below the 

root zone adds little to the total hydraulic gradient. Once past the root zone the 

water flux equals the unsaturated hydraulic conductivity [Gardner, 1967; Nimmo 

et al., 1994], The unit gradient model estimates that in a homogeneous soil 

profile, the recharge rate is equal to the downward water flux below the root zone 

[Stephens, 1996],

Scanlon et al. [1997] and Walvoord et al. [2002] report observed profiles in 

arid southwestern U.S. vadose zones that diverge from the linear and uniform 

profiles of the hydrostatic equilibrium and unit-gradient conceptual models. The
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observed matric potential profiles in desert regions have very negative potentials 

near the surface and increase exponentially with depth. At shallow depths the 

potential for water to move is up, where as the lower part the potential is 

vertically down. The plane of divergent flux can be anywhere from 10-30 m 

under desert floor environments in the arid southwest [Walvoord et al., 2002], 

Likewise, matric potential measurements reported by Scanlon et al. [1997] 

indicate upward water movement in the upper -20-40 m of thick vadose zones of 

the southwestern U.S.

3.0 Research Methods

In 2000 and 2002, as part of the USGS High Plains aquifer NAWQA study, 

HDPs (Model 229 Water Matric Potential Sensor, Cambell Scientific, Logan, UT) 

were installed at two natural grassland locations (CNG and IMP) to indirectly 

measure matric potential of soil water at various depths within the vadose zone 

of the High Plains aquifer. In 2006, additional boreholes were drilled at IMP and 

CNG to install HDPs at shallower depths to increase the measurement points of 

the total profile from land surface to the water table.

The IMP and CNG sites were drilled using the casing-advance or ODEX 

air-hammer drilling method [McMahon et al., 2003; 2006], This drilling process 

involves a percussion hammer that drills with a pilot bit in conjunction with an 

eccentric reamer at the bottom of a steel casing. The diameter of the hole is
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slightly larger than the casing. The casing is simultaneously hammered upon 

with the pilot bit, which advances the casing down the hole to prevent the 

borehole from caving in on itself. A Ya” PVC pipe with attached heat dissipation 

probes (HDPs) is lowered down the open borehole. Before installation, the HDPs 

are saturated with deionized water, implanted in silica flour and wrapped in 

cheese cloth (Figure 11) to ensure hydraulic contact between the probe and the 

surrounding sediments. After installing the HDPs and removing the steel casing, 

the borehole is backfilled using a very fine silica flour to ensure good hydraulic 

connection to the native sediments. Dry bentonite crumble is installed between 

the silica flour layers to seal the annular space and prevent surface or subsurface 

derived borehole leakage (Figure 12). Additionally, each aluminum housing unit 

sits atop an approximate 1 m2 x 0.2 m cement pad that is designed to hold the 

well casing and minimize surface-derived borehole leakage (Figure 13).

The heat dissipation sensor consists of a heater and a temperature gauge 

within a porous ceramic matrix that equilibrates to the native sediments. The 

sensors are capable of measuring matric potential in the range of approximately - 

0.01 to -100 MPa, with a sensitivity that is proportional to the matric potential 

[Flint et al., 2002], The sensor is heated and the rate of heat dissipation is 

controlled by the water content of the porous matrix. The measured thermal 

conductivity of the reference matrix is a function of its water content. Heat 

dissipation of a porous matrix in equilibrium with the soil is measured and
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correlated to matric potential of the matrix using previously determined calibration 

equation [Flint et al., 2002],

The sensors response is susceptible to temperature, pressure, and water 

content [Flint et al., 2002], Each HDP for this study was calibrated following 

methods described by Flint et al. [2002] at the USGS Hydrologic Research 

Laboratory in Sacramento, California [McMahon et al., 2006] or by D.B Stephens 

& Associations Laboratory in Albuquerque, New Mexico. The precision of the 

sensors are approximately ±1.0 m.

Matric potential is measured every 15 minutes and has been collected 

continuously since installation. Matric potential values are converted to total 

potential by adding the gravitational potential at each HDP depth to the 

measured matric potential values. The change in total potential over time is used 

to determine the change in water content of the sediments.

Soil moisture retention curves were developed and used to estimate water 

content. At IMP, the sediments collected at time of installation were analyzed for 

volumetric water content and matric potential to develop retention curves for 

HDPs at depths of 6.4-23.0 m (Figure 14, Appendix A.1). The volumetric water 

content was measured using standard methods described by Dane and Topp 

[2002] [McMahon et al., 2006] and the matric potential was measured with 

tensiometers or by the filter paper method [Deka et al., 1995]. The program 

RETC [van Genuchten et al., 1991] was used to develop moisture retention
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curves for the soil at depths similar to the HDPs depths of 0.5, 1.5, 2.5, and 5.0 

m (Figure 15, Appendix A.2). The RETC program was also used to develop 

moisture retention curves for all sediment at the depths of the HDPs (0.5 m to 9.7 

m) at the CNG site (Appendix A.3). The recorded percent sand, silt, and clay 

from McMahon etal. [2006] were used for CNG and IMP (Figure 16).

3 .11n Situ Water Content Flux Equation

I modified equation (3) to estimate the water fluxes of the wetting front 

propagation beneath IMP and CNG

q = e -t (4)

where q is the flux (mm/d), G is the volumetric water content (cm3 cm'3) at the 

arrival of the wetting front, z is the distance between HDPs, and t is the traveltime 

from f, to tf(tj is time initial, tf is time final). The initial time (ti) corresponds with the 

first observed increase in total potential at 0.5 m depth. The final time (tf) 

corresponds with the earliest observed increase in total potential at the final HDP 

in the profile to record an increase in total potential.
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3.2 Changes in Water Content Flux Equation

The previous method described in section 3.1 uses in situ water content, 

which could overestimate water flux. Therefore I used an additional method to 

estimate the water flux through the vadose zone that uses the change in water 

content as the wetting front propagates down the profile [Rimon et al., 2007], 

Therefore, equation (4) can be rewritten as

4 = (5)

where q is the flux, AB is the change in water content, which is the greatest 

increase in water content at each HDP as the wetting front propagates down 

through the vadose zone, z is the depth between HDPs, and t is time elapsed 

between initial arrival of the wetting front at each HDP.

3.3 Changes in Storage

I measured the change in volumetric water content to calculate the change 

in water storage in the soil column, which is the measured area under the curve 

between measurement points at two different times. To calculate the change in 

storage I used the following equation [Rick Healy, USGS, personal 

communication]:

AS = £  A V  {e, (I, M« (/, MM- eM ( t2)} (6)
Vh  ~ h )  /=o
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where AS is change in storage, 9 is volumetric water content (cm3 cm'3), t is time, 

and Az is change in depth between measurement points, L is the number of 

measurement points, which are numbered from land surface (i=0) downward. 

The results of the change in storage estimates are used as a comparison with 

the amount of precipitation minus potential evapotranspiration (PET) to 

determine if there is enough available precipitation to account for the changes in 

storage. Precipitation (1931-2010) for IMP and CNG was collected from the 

National Climate Data Centers (NCDC) database (NOAA, 2010). Meteorological 

station site ID 254110 was used for IMP hydrologic time series (Appendix B.1) 

and meteorological station site ID 142432 was used for CNG hydrologic time 

series and (Appendix B.2).

3.4 PET Methods

In this study, multiple methods are used to constrain PET values that are 

reported in the literature for the NHP (IMP site) and CHP (CNG site) regions. 

First, PET values were estimated using the Hargreaves (HARG) equation 

[Hargreaves and Samani, 1982]:

E T « -f, 0M “ R° (Tx - T , f \ T m +b) (7)

where ETh is the computed reference evapotranspiration (ET0 using HARG 

equation) estimate (mm/day); Allen et al., [1998] describes f  c as the original
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calibration factor (0.0023) of the Hargreaves equation and Ra as the 

extraterrestrial radiation (W m'2); Tx, Tn and Tm, are daily maximum, minimum, 

and mean air temperature (°C), respectively; Tm was computed as the average of 

Tx and Tn(Tx and Tn values are from NCDC); 0.0864/A was used to transform W m' 

2 to mm/day. The solar radiation data was obtained from automated weather 

stations that are operated by Nebraska (station ID, a251599), and Kansas 

(station ID, a058799) (HPRCC, 2010). I used parameter values ( / c =0.0023 and 

b=17.8) from Martinez-Cob and Tejero-Juste [2004], who calibrated the 

Hargreaves parameters for semiarid windy locations where monthly averages of 

wind speed are above 2 m s'2.

From year 2002-2010 for IMP and CNG, annual estimates of PET using 

the HARG equation range from 550-635 mm/yr and 483-650 mm/yr, 

respectively. However, the HARG equation tends to underestimate PET in dry 

regions [Jenson et al., 1990; Amatya et al., 1995; Droogers and Allen, 2002], 

Thus, I compare PET estimates for IMP and CNG to Dugan and Zelt [2000] and 

PET estimates for IMP with Szilagyi et al., [2003].

Dugan and Zelt [2000] used a modified Jenson-Haise energy balance 

method of computing PET [Jenson et al., 1970; Cady and Peckenpaugh, 1985] 

with the soil water simulation program (SWASP). Dugan and Zelt [2000] 

reported annual PET estimates to increase from the northeast to the southwest. 

They estimated mean annual PET for southwest Nebraska, where IMP is
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located, to be approximately 1,300 mm/yr (51 in/yr) (Figure 17) from 1951-1980. 

For CNG, they estimated mean annual PET to be 1,575 mm/yr (62 in/yr) (Figure 

17).

In contrast, use of the WREVAP model by Szilagyi et al., [2003] indicates 

an increasing PET gradient in Nebraska from northwest to southeast and 

estimates the long-term mean annual PET to be approximately 480 mm/yr (18.8 

in/yr) in the southwest region where IMP is located (Figure 18).

The PET values estimated using the HARG equation overestimate PET 

compared to Szilagyi et al, [2003] and underestimate PET compared to Dugan 

and Zelt [2000], Therefore, a third comparison and calculation was made for 

mean monthly PET estimates for IMP and CNG. Szilagyi and Josza [2009] used 

a wet-surface (WSE) derived monthly ET estimate using 8-day composite 

Moderate Resolution Imaging Spectroradiometer (MODIS) daytime land surface 

temperature data averaged over a month. The study area in which Szilagyi and 

Josza [2009] estimated ET is in the northeast region of Nebraska (Figure 19). In 

northeast Nebraska, Dugan and Zelt [2000] estimated PET to be approximately

1,000 mm/yr (Figure 17) (approximately 20% less than the IMP region and 33% 

less than the CNG region.) Thus, to interpolate monthly mean estimates of ET to 

IMP and CNG, monthly means from Szilagyi and Josza [2009] were increased by 

20% for IMP and 33% for CNG to estimate PET. Also, Szilagyi and Josza [2009] 

used a value of zero for the months of December through February due to
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negligible ET rates during the cold winter months when plants are in a dormant 

state. From this point forward the method of Szilagyi and Josza [2009] in 

combination with Dugan and Zelt [2000] is referred to as the “COMBO” method. 

It is important to note that the HARG and COMBO methods to estimate PET are 

used to estimate available water that might account for the changes in water 

storage and not as a comparison of methods.

The arrival of wetting fronts at subsequently deeper HDPs beneath IMP 

and CNG are identified by a sharp increase and/or a gradual increase in total 

potential. The time step (in days) between the arrival of the wetting front at each 

HDP are determined due to the greatest increase in total potential at each 

subsequent HDP in the profile. The greatest increase in total potential 

corresponds to the greatest spatiotemporal increase in water content (i.e. 

increase in water storage). For each time step the change in storage is 

compared to available precipitation alone, HARG estimates, and COMBO 

estimates.

4.0 Results and Discussion

4.1 Deep and Rapid Wetting Fronts with In Situ Water Content

Between 2006 and 2010, total potential time series indicate at least 4 

major wetting fronts occurred at IMP, reaching depths of 23 m (Figure 20), and 

five major wetting fronts occurred between at CNG reaching depths of 7.3 m
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(Figure 21). In 2003, there was an additional wetting front beneath IMP that 

reached 6.4 m (Figure 20). The details of the 2003 wetting front were reported 

by Gurdak et al., [2007], At IMP and CNG, the initiation of the observed wetting 

fronts began in the year 2007 during or shortly after December 2006, which was 

the wettest December on record for the previous 80 years (Figure 22).

At IMP and CNG, total potential values below the root zone (-1.5 m) 

decrease monotonically with depth and indicate a downward potential for water 

movement (Figure 20, 21). An increase in total potential indicates the arrival of 

the propagating wetting front that is lagged in time between each HDP (Figure 

20, 21). The sharp increase in total potential at subsequent depths indicates 

relatively uniform, matrix flow during wetting front propagation. However, the 

apparent, rapid water flux during propagation could be indicative of non­

equilibrium preferential flow (i.e., thin-film flow [Nimmo, 2010]). The character of 

these wetting fronts is similar to those reported by Gurdak et al. [2007] in the 

High Plains and Rimon et al, [2007] in the central Coastal Plain of Israel. 

Furthermore, Gurdak et al. [2007] and Rimon et al, [2007] both reported relatively 

rapid fluxes (476 mm/yr and 3,650 mm/yr, respectively) associated with the 

observed wetting fronts. The error range of the water fluxes was calculated 

using a ±20% difference in water content in equation (6) because water content 

is estimated and likely varies in space and time during the wetting front and 

redistribution of water in the vadose zone.
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The timeline and estimated water flux using the in situ water content for 

the four deep wetting fronts at IMP (Table 1, Figure 23a):

• Front #1 at IMP was initially observed at 0.5 m depth on approximately

2/22/07 and the wetting front reached 23.0 m on approximately 3/16/09

(387 day traveltime). The estimated water flux was 13.6±2.7 mm/d 

(5,000±1,000 mm/yr).

• Front #2 at IMP was initially observed at 0.5 m depth on approximately

4/12/08 and the wetting front reached 9.5 m on approximately 9/3/08 (144

day traveltime). The estimated water flux was 15.8±3.2 mm/d 

(6,000±1,000 mm/yr).

• Front #3 at IMP was initially observed at 0.5 m depth on approximately 

10/21/08 and the wetting front reached 9.5 m depth on approximately 

9/20/09 (333 day traveltime). The estimated water flux was 6.8±1.4 mm/d 

(2,000±500 mm/yr)

• Front #4 at IMP was initially observed at 0.5 m depth on approximately 

10/4/09 and the wetting front reached 17.0 m depth on approximately 

9/13/10 (344 day traveltime). The estimated water flux was 12.6±2.5 

mm/d (5,000±1,000 mm/yr).

The estimated water fluxes for the four deep wetting fronts (2006-2010) at 

IMP range from 6.8±1.4 to 15.8±3.2 mm/d (2,000±500 to 6,000±1,000 mm/yr) 

(Table 1) and are orders of magnitude greater than previous estimates (70
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mm/yr) using tritium data [McMahon et al., 2006] and the hydrologic time series 

approach (476 mm/yr) [Gurdak et al., 2007], The total depth (m), the days of 

traveltime, and the flux calculations are in Table 1 for IMP.

The timeline and estimated water content using the in situ water content 

for the five deep wetting fronts at CNG (Table 2, Figure 23b):

• Front #1 at CNG was initially observed at 0.5 m depth on approximately 

12/20/06 and wetting front reached 5.0 m on approximately 3/6/07 (76 day 

traveltime). The estimated flux was 18.6±3.7 mm/d (7,000±1,000 mm/yr).

• Front #2 at CNG was initially observed at 0.5 m on approximately 7/18/08 

and the wetting front reached 1.5 m on approximately 8/23/08 (36 day 

traveltime). The estimated flux was 5.1 ±1.7 mm/d (2,000±400 mm/yr).

• Front #3 at CNG was initially observed at 0.5 m on approximately 

10/15/2008 and the wetting front reached 3.5 m on approximately 1/15/09 

(91 day traveltime). The estimated flux was 7.9±2.6 mm/d (3,000±1,000 

mm/yr).

• Front #4 at CNG was initially observed at 0.5 m depth on approximately

4/7/09 and the wetting front reached 7.3 m on approximately 2/13/10 (213 

day traveltime). The estimated flux was 9.2±1.8 mm/d (3,000±700 mm/yr).

• Front #5 at CNG was initially observed at 0.5 m depth on approximately

10/27/09 and the wetting front reached 2.5 m on approximately 4/25/10



35

(180 day traveltime). The estimated flux was 4.0±0.8 mm/d (1,000±300 

mm/yr).

At CNG, the estimated water fluxes for the five deep wetting fronts range 

from 4.0±0.8 to 12.6±3.7 mm/d (1,000±400 to 5,000±1,000 mm/yr) (Table 2) and 

are orders of magnitude greater than previous estimates that used the chloride 

mass balance approach (5.1 mm/yr) [McMahon et al., 2003], The total depth 

(m), the days of traveltime, and the flux calculations are in Table 2 for CNG.

4.2 IMP Wetting Front Propagation with Change in Water Content

Results of IMP wetting front propagation and water fluxes calculated using 

the change in water content (equation 5) are shown in Figures 24-31. In this 

section I provide water flux estimates in mm/d and also, compare my estimates 

with previous studies in mm/yr. At IMP, wetting front #1 propagated to a depth of 

23.0 m (Figure 24) with an average water flux of 0.9 mm/d (300 mm/yr) (Figure 

25). At 7.9 m and 9.5 m there is an estimated rapid flux of 1.8 mm/d and 2.7 

mm/d, respectively (Figure 25). At a depth of approximately 8.0 m there is an 

increase in sand and silt (Figure 16) which lies beneath a layer of high gravel 

content. The clay and silt retain greater amounts of water than sand and gravel 

which increases the hydraulic conductivity of the sediments allowing for 

increased fluxes of the propagating wetting front at these depths (Figure 25).
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The flux of the propagating wetting front at 23.0 m decreased to 0.2 mm/d 

(70 mm/yr) (Figure 25). At the time the HDPs were installed at IMP, the depth to 

water below land surface was approximately 25-28 m [McMahon et al., 2006], 

Therefore, the final estimated flux of 70 mm/yr at a depth of 23.0 m is most 

representative of a recharge rate for IMP, and is consistent with 70 mm/yr water 

flux reported by McMahon et al. [2006] using the tritium method.

Wetting front #2 at IMP propagated to a depth of 9.5 m (Figure 26) and 

had an average flux of 0.3 mm/d (100 mm/yr) (Figure 27). The most rapid water 

fluxes of 0.4 mm/d and 0.8 mm/d (100 mm/yr and 300 mm/yr) were recorded at 

depths of 7.9 m and 9.5 m, respectively (Figure 27) where there is an increase in 

silt (Figure 16) relative to the surrounding sediments. The results indicate that 

the greatest flux is associated with an increase in volumetric water content of the 

fine sediments. The relatively rapid fluxes (100 mm/yr and 300 mm/yr) at depths 

of 7.9-9.5 m are consistent with estimates of recharge under playas of the dryer 

and warmer southern High Plains aquifer region [Gurdak and Roe, 2010], Fluxes 

under playas range from 200-600 mm/yr [Scanlon and Goldsmith, 1997], 145- 

257 mm/yr [Wood et al., 1997] However, these rates are an order-of-magnitude 

greater than reported by McMahon et al. [2006] (70 mm/yr) and consistent with 

fluxes reported by Gurdak et al. [2007] (476 mm/yr) for this location.

Wetting front #3 at IMP propagated to a depth of 9.5 m (Figure 28) and 

had an average flux of 0.1 mm/d (50 mm/yr) (Figure 29). Unlike the previous two
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fronts, the most rapid flux of front #3 was at a depth of 1.5 m (Figure 29). At 

depths of 7.9 m and 9.5 m the estimated flux was 0.2 mm/d and 0.1 mm/d (80 

mm/yr and 30 mm/yr), respectively (Figure 29). These flux rates are consistent 

with recharge estimates for this location from McMahon et al. [2006],

Wetting front #4 at IMP propagated to a depth of 17.0 m (Figure 30) and 

had an average flux of 0.4 mm/d (100 mm/yr) (Figure 31). Similar to wetting 

fronts #1 and #2, the greatest fluxes were at depths of 7.9 m and 9.5 m (Figure 

31) where the lithology becomes more silt and less sand. At 9.5 m the flux was 

roughly 500 mm/yr which is consistent with estimates from Gurdak et al. [2007] 

(476 mm/yr) At 17.0 m the estimated flux was 100 mm/yr, which is relatively 

consistent with previous recharge rates estimated by McMahon et al. [2006] for 

study site IMP.

At IMP between years 2006 and 2010, four significant wetting fronts 

propagated to depths between 9.5 m and 23.0 m on timescales of days to 

months. All four wetting fronts had fluxes at depth within the profile that are 

consistent with previous estimates of recharge for the NHP. Three of the four 

fronts increased in flux at 7.9-9.5 m where there is an increase in silt and clay 

directly below a lens of high gravel content. The relatively higher water content 

of the finer grained silt and clay layer may have resulted in a higher K(0) that 

enabled higher water fluxes. Two of the four wetting fronts at IMP had water flux
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estimates range from 100-500 mm/yr at depths consistent with regional water 

levels.

4.3 CNG Wetting Front Propagation with Change in Water Content

Results of CNG wetting front propagation and water fluxes calculated 

using the change in water content (equation 5) are shown in Figures 32-40. At 

CNG, wetting front #1 propagated to a depth of 5.0 m (Figure 32) with an 

average flux of 6.3 mm/d (2,000 mm/yr). The velocity of the front was very rapid 

(5.0 m in 78 days). At 5.0 m depth the flux was 2.6 mm/d (1,000 mm/yr) (Figure

33), which is orders of magnitude greater than fluxes estimated using the CMB 

approach (5.1 mm/yr) [McMahon et al., 2003].

Wetting front #2 propagated to a depth of 1.5 m (Figure 34) in 

approximately 36 days and the increase in water content almost tripled (Figure 

35. The estimated flux was 6.8 mm/d (2 ,000mm/yr). Shortly following front #2 , 

front #3 propagated to a depth of 3.5 m (Figure 34). Front #3 had an average 

flux of 1.0 mm/d (400 mm/yr) (Figure 36). These two fronts came after large 

precipitation events (Figure 21). The propagation of front #3 was a result of front 

#2 large increase in water content. Therefore, the slight increase in water 

content of front #3 was sufficient to propagate the wetting front to 3.5 m (Figure

34). Estimated flux rates of front’s #1-3 are orders of magnitude greater than 

previously estimated (5.1 mm/yr) using the CMB approach [McMahon et al.,
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2003] and are equivalent to estimates previously reported in this study using in 

situ water content.

Wetting front #4 propagated to a depth of 7.3 m (Figure 37) and had an 

average flux of 0.2 mm/d (80 mm/yr) (Figure 38). At 7.3 m depth the water flux 

was ~130 mm/yr, which could be considered the rate of recharge for regional 

locations where the water table is at that level.

Wetting front #5 propagated to a depth of 2.5 m (Figure 39) and had an 

average flux of 0.7 mm/d (300 mm/yr) (Figure 40). The flux increased with depth 

and was associated with a high level of in situ water content (Figure 40)

4.4 Changes in Water Storage Associated with Wetting Fronts

I use change in storage calculations to determine if there was sufficient 

available precipitation to account for the change in soil water storage following 

wetting front propagation. The method to estimate the change in storage likely 

results in an overestimate due to the interpolation between measurement points. 

Nevertheless, the results indicate that available precipitation is generally 

sufficient to account for the change in water storage.

Possible sources of error that must be taken into consideration in 

determining whether sufficient precipitation was available to account for the 

estimated change in storage include
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• Error in estimates of water content values due to interpretation of the soil 

water retention curves

• The retention curves were developed from different sources; 1) Soil 

properties were analyzed in the field and the lab to create retention curves 

for IMP HDPs 6.4-23.0 m, 2) The curves at IMP (HDPs 0.5-5.0 m) and 

CNG (HDPs 0.5-9.7 m) were created empirically through the program 

RETC based on distribution and type of sediments

• Error in the interpolation between measurement points, which likely 

overestimates the change in storage calculations

• Error in the precipitation values obtained from NCDC

• Error in estimating precipitation events with corresponding deep 

percolation events

• Error in HDP measurement

• Error in ET estimates

As a result of multiple sources of error, I will consider any estimate of 

precipitation or precipitation minus ET (both methods) that is within 10% of the 

estimated change in storage as sufficient available precipitation to account for 

the estimated change in water storage.

For front #1 at IMP and CNG, I provide a detailed summary of the change 

in storage at each time step in comparison with available precipitation. For 

front’s #2-4 at IMP and #2-5 at CNG, I provide a condensed summary of each
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time step in comparison with available precipitation. Change in storage 

calculations for front #1 at IMP and CNG are in Appendix C, and calculations for 

front’s #2-4 for IMP and CNG are in Appendix D.

4.4.1 IMP Front #1

Results of IMP Front #1 are shown in Figures 41-47. At IMP, the initial 

wetting front of 2007 (Front #1, Table 1) had a total increase in water storage of 

0.1703 m to a depth of 23.0 m over a period of 570 days (Figure 24, Table 3). 

The initial onset of the deep percolation was recorded on approximately 2/22/07 

at a depth of 0.5 m (Figure 24). The total potential at 0.5 m peaked in 

approximately 15 days (Figure 24). The estimated change in water storage in 

the column reached 2.5 m and increased 0.0039 m (Figure 41). From 12/06- 

2/07 the available precipitation of 0.0612 m and the estimates from the HARG 

(-0.0361 m) and COMBO (-0.0612 m) methods were all sufficient to account for 

the calculated change in storage (Table 4).

At time step 80 days (5/13/07) the estimated increase in water storage 

was 0.0186 m from 0.5 m through 6.4 m depth (Figure 42). The available 

precipitation alone (-0.1659 m), HARG (-0.0677 m), and COMBO (-0.0744 m) 

methods are all sufficient to account for the change in storage (Table 4). At time 

step 114 days (6/16/07) the estimated increase in water storage was 0.0267 m 

from 0.5 m through 6.4 m depth (Figure 43). The estimates of available
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precipitation (~0.1659 m), HARG (-0.0677 m), and COMBO (-0.0744 m) 

methods are all sufficient to account for the change in storage (Table 4).

At time step 131 days (7/3/07) there is a decrease in storage from the 

surface to 0.5 m depth (Figure 44). Thus, there is no longer added precipitation 

from the surface indicating that any change in storage below 0.5 m is due to 

drainage. The estimated increase in storage below 0.5 m through 9.5 m was 

0.0326 m (Figure 44). Estimates of available precipitation (-0.4279 m), HARG 

(-0.1840 m), and COMBO (-0.0896 m) method are all sufficient to account for 

the change in storage (Table 4).

A ZFP developed at 1.5 m on approximately 8/1/07 (Figure 24) and 

indicates an upward water potential gradient at depths less than 1.5 m. At time 

step 170 days (8/11/07) the estimated increase in water storage below the ZFP 

to 17.0 m was 0.1806 m (Figure 45). The available precipitation from 12/06-6/07 

(-0.4270 m) and the HARG method (-0.1840 m) are sufficient to account for the 

estimated change in storage. At time step 170 days, estimated available 

precipitation from the COMBO method (-0.0896 m) is insufficient to account for 

the change in water storage (Table 4).

At time step 186 days (8/27/07) the estimated change in water storage 

between 1.5 m and 23.0 m was 0.1977 m (Figure 46). Available precipitation 

alone (-0.4270 m) and from the HARG method (-0.1840 m) are sufficient to 

account for the change in storage. Available precipitation from the COMBO
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method (-0.0896 m) is insufficient to account for the increase in storage (Table 

4).

Each subsequent time steps of 373 days, 423 days, and 570 days have a 

change in storage from 1.5-23.0 m depth (Table 3). Although there is an 

increase in relative water storage over time (373-570 days), the wetting front 

propagates (or drains) down the profile resulting in a decrease in water content 

with depth due to processes of hysteresis (Appendix C7-C9). The available 

precipitation alone and from the HARG method is sufficient to account for the 

estimated change in storage. The COMBO method of estimating available 

precipitation fails to account for the change in storage (Table 4 and 5).

For IMP front #1, the change in water storage at 10 of 10 time steps 

(100%) can be accounted for by precipitation alone and available water 

estimates using the HARG method (Figure 47). The COMBO method began to 

fail at the 5th time step at 170 days (Figure 47). Furthermore, there is an 

increase in total water storage at each subsequent time step due to continuing 

infiltration from the land surface and/or the mobilization of in situ water from the 

propagating wetting front.

4.4.2 CNG Front #1

Results of CNG Front #1 are shown in Figures 48-53. At CNG, the initial 

wetting front of 2006-2007 (Front #1, Table 2) had a total increase in water
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storage of 0.1592 m to a depth of 9.7 m over 233 day traveltime (Figure 48, 

Table 6). However, the observed increase in total potential for front #1 indicates 

the wetting front only reached a depth of 5.0 m (Figure 32). Therefore, the 

increase in storage beyond that depth could be associated with the error in the 

interpolation between measurement points (Figure 48).

At time step 12 days (1/1/07) there was an increase in water storage of 

0.0506 m to a depth of 2.5 m (Figure 49). After 12 day traveltime, the estimated 

amount of precipitation available for infiltration was 0.1737 m (Table 7). 

Accounting for ET using HARG (~0.1284 m) and COMBO (~0.1298 m) 

estimates, there was sufficient precipitation available to account for the change in 

storage through 2.5 m (Table 7).

At time step 24 days (1/13/07) an increase of water storage is estimated to 

be 0.2401 m to a depth of 2.5 m (Figure 50). After 24 day traveltime the increase 

in water storage of 0.2401 m is greater than the estimated available precipitation 

(~0.1737 m), HARG equation (~0.1284 m), and COMBO method (~0.1298 m) 

(Table 7).

At time step 61 days (2/19/07) the change in storage is approximately 

double the available precipitation (Appendix C12). After 61 day traveltime the 

greatest increase in total potential is at 2.5 m and the relatively large discrepancy 

between storage and available precipitation could be due to the mobilization of in
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situ water and/or an overestimate of the change in storage due to the 

interpolation error between measurement points.

The top of the profile begins to dry out and a ZFP developed at 1.5 m 

depth on approximately 5/31/07 (Figure 32), and the potential for water 

movement is now up for the upper portion of the profile. Thus, only precipitation 

from 10/06-5/07 is available to account for the change in storage at depths 

below 1.5 m.

At time step 182 days (6/20/07) the estimated change in storage below 1.5 

m through 7.3 m is 0.2951 (Figure 51). The available precipitation from 10/06 

through 5/07 is 0.3147 m, which is sufficient to account for the change in storage. 

However, the HARG (~0.1519 m) and COMBO (-0.1590 m) ET estimates 

indicates that there is not sufficient available precipitation to account for the 

change in storage (Table 7).

At time step 233 days (8/20/07), the estimated change in storage below

2.5 m through 9.7 m is 0.1613 m (Figure 52). The estimated available 

precipitation alone is -0.3147 m, which is sufficient to account for the change in 

storage. In addition, available precipitation from the HARG method (-0.1519 m) 

and the COMBO (-0.1590 m) method are within the estimated 10% error range 

(Table 7) to account for the change in storage.

For the initial wetting front of 2006-2007 at CNG, precipitation alone can 

account for the change in storage three out of the five time steps (60%) (Figure
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52). When ET estimates were included, the HARG and COMBO method could 

account for the estimated increase in water storage two out of the five time steps 

(40%) (Figure 53). For CNG front #1 the change in storage increases with time 

even after a ZFP develops roughly on 5/31/07. At time step 182 days— after the 

ZFP develops— the change in storage continues to increase. Therefore, since no 

new precipitation is infiltrating beyond 1.5 m, it seems logical that in situ water 

that is being mobilized by the propagation of the wetting front adding to the 

increasing storage at depth.

4.4.3 IMP Fronts #2-4

Results from IMP Fronts #2-4 are shown in Figures 54-56. IMP front #2 

had an increase in total potential observed to reach a depth of 9.5 m over a 234 

day period (4/11/08-12/21/08) (Figure 26). Due to the development of the ZFP 

at approximately 143 days, the final time step (234 days) had an estimated 

increase in storage of 0.0143 m between 2.5 m and 9.5 m depth (Table 8). For 

front #2 there were change in storage calculations for five time steps (75, 92, 

143, 212, and 234 days). Estimated available precipitation (1/08-8/08) is 

sufficient to account for the estimated change in storage at each time step 

(Figure 54) (Table 9). The HARG and COMBO methods for estimating available 

precipitation were sufficient to account for the increase in storage for the final 

three time steps (143, 212, 234 days) (Figure 54) (Table 8).
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IMP front #3 had an increase in observed total potential to a depth of 9.5 

m over a 451 day period (10/21/08-1/16/10) (Figure 28). There were three time 

steps recorded for front #3 (130, 405, and 451 days). The change in storage 

began to decrease at 7.9 m resulting in an increase in storage to a depth of 

approximately 6.4 m (Table 10). When the initial time step (130 days) was 

recorded the water content at 7.9-9.5 m depth was relatively high. Between time 

steps 130 and 451 days water had drained at depth and rewetted when the 

wetting front propagated to 7.9-9.5 m resulting in an increase in water content 

but not an increase in storage. Therefore, an overall decrease in storage was 

calculated at 7.9-9.5 m depth (Figure 28). A ZFP developed on approximately 

9/1/09 (Figure 28) which means available precipitation for each time step is from 

8/08-8/09 (Table 11). Available precipitation alone is sufficient to account for 

the increase in storage at each time step for front #3 (Table 11). However, 

neither the HARG method nor the COMBO method has sufficient available 

precipitation to account for the estimated increase in storage for front #3 (Figure 

55) (Table 11).

IMP front #4 had an increase in total potential observed to a depth of 17.0 

m over a period of 396 days (10/4/09-11/5/10) (Figure 30) and an increase in 

total storage of 0.1559 m to a depth of 23.0 m (Table 12). There were a total of 

seven time steps (156, 169, 236, 268, 308, 370, and 396 days) calculated for 

estimated increase in storage. The estimated available precipitation from



48

precipitation was sufficient to account for the estimated increase in storage at 

each time step for front #4 (Figure 56) (Table 13). The available precipitation 

from the HARG method was sufficient for five of the seven time steps. The 

negative value for time step 236 (5.0 m) (Figure 56) was within the 10% 

estimated error range (Table 12). The available precipitation from the Combo 

method was sufficient for three of the seven time steps (Figure 56). Time steps 

308 days (7.9 m) and 396 days (17.0 m) the COMBO estimate is within the 10% 

error range (Table 14).

In total, estimated change in storage was calculated for 26 time steps over 

the four separate wetting fronts at IMP. Available precipitation alone was 

sufficient to account for 26 out of the 26 time steps (100%). Available 

precipitation from the HARG method was sufficient to account for 17 of the 26 

time steps (65%). Available precipitation from the COMBO method was sufficient 

to account for 11 of the 26 time steps (42%). (All change in storage calculations 

for IMP Front’s #2-4 are in Appendix D)

4.4.4 CNG Fronts #2-4

Results from CNG Fronts #2-4 are shown in Figures 57-59. CNG front 

#2 had the greatest increases in observed total potential to a depth of 1.5 m over 

a period of 51 days (7/18/08-9/7/08) (Figure 34) (Table 15). Front #3 

propagated shortly after front #2 (Figure 34) over a 166 day period and the
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change in water storage was very slight in comparison to front #2 (Table 16). 

The wetting front propagated to a depth of 3.5 m and the change in storage was 

observed to a depth of 7.3 m. The change in storage to a depth of 7.3 m was

0.1544 m. Estimates of available precipitation alone and from the HARG method 

were sufficient to account for the change in storage (Figure 57, Table 17).

CNG front #4 had observed increase in total potential at 7.3 m depth over 

a 393 day period (4/7/09-5/4/10) (Figure 37) resulting in an increase in storage 

beyond 7.3 m (Table 18). However, measurements at 0.5-2.5 m indicate that 

the upper section of the profile begins to dry out on approximately 5/24/09 and it 

is assumed that no more precipitation entered the system at depth. Therefore, 

available precipitation is estimated to be from 2/09 to 5/09 (Table 19).

Changes in water storage were calculated for six time steps (20, 26, 47, 

140, 362, and 393 days). Results from the storage calculations indicate that 

precipitation alone is sufficient to account for the change in storage at each time 

step (Figure 58). Estimates of available precipitation from the COMBO method 

were sufficient for three of the six time steps (Figure 58) (Table 19). However, 

estimates of available precipitation from the HARG method were insufficient for 

all six time steps (Figure 58) (Table 19).

At CNG front #5 had observed total potential increase to a depth of 2.5 m 

over a period of 212 days (10/27/09-5/27/10) (Figure 39) resulting in an increase 

in storage beyond 2.5 m (Table 20). Change in water storage was calculated for
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three time steps (158, 194, and 212 days). For the initial time step (158 days) all 

three methods to estimate available precipitation resulted in sufficient amounts of 

precipitation (Table 21) to account for the estimated increase in water storage 

(Figure 58). For time steps 194 and 212 days precipitation alone was sufficient 

to account for the estimated increase in storage (Figure 59).

At CNG, in total there were five wetting fronts that propagated to depths of 

2.5 m or greater. The results from the water storage calculations reveal that 

available precipitation alone is sufficient to account for the change in storage at 

depth. Overall, water storage was calculated for 19 time step were. Fifteen of 

the 19 time steps (79%) had sufficient available precipitation to account for the 

estimated change in storage. When accounting for ET from the two methods 

(HARG and COMBO), the percentage of time steps that have sufficient 

precipitation decreases. Using the HARG method 6 of 19 time steps (32%) had 

available precipitation sufficient to account for the increase in storage. The 

COMBO method had sufficient available precipitation to account for the increase 

in storage for 6 of 19 time steps (33%). All change in storage calculations for 

CNG Fronts #2-4 are in Appendix D.
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5.0 Supporting Evidence

Due to the fact that estimated water fluxes at IMP and CNG (Tables 1 and 

2) are orders of magnitude greater than previously reported water fluxes at these 

two locations [McMahon et al., 2003; 2006; Gurdak et al., 2007] or elsewhere in 

the High Plains aquifer [Gurdak and Roe, 2010], additional evidence is needed to 

support the primary hypothesis that temporal changes in matric potential reflect 

actual water fluxes in the native sediments. The alternative hypothesis is that 

changes in matric potential reflect water fluxes due to borehole leakage. 

Although direct evidence in support of either hypothesis is impractical without 

destructive methods at the IMP and CNG sites, the following indirect evidence is 

offered in support of the primary hypothesis and simultaneous rejection of the 

alternative hypothesis.

Precipitation amounts were well above average during the months 

immediately preceding the rapid, deep wetting fronts that began in 2006 and 

2007. For example, December 2006 was the wettest December on record for the 

previous 80 years (Figure 22a and 22b). It appears that it would not take record 

precipitation to cause failure of multiple boreholes at several locations at the 

same time and failure would have occurred sometime prior to December 2006.

At IMP, two separate boreholes drilled in 2002 and 2006 with installed 

HDPs are roughly 2 m apart from one another (Figure 60). The distance 

between the two boreholes is sufficient to ensure similar soil hydraulic properties
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but an adequate amount of distance apart to ensure the installation process of 

the second borehole did not disturb the original borehole. Thus, the observed 

wetting fronts at IMP are being measured simultaneously from two boreholes 

roughly 2 m apart from one another.

To further explore the possibility of near simultaneous failed boreholes at 

IMP and CNG, I analyzed two additional sites within the vadose zone monitoring 

network [McMahon et al., 2006] Grant, NE (GNT) and Yuma, CO (UMA)) for 

wetting front propagation that coincides with December 2006 record precipitation. 

The results indicate at GNT, which is located approximately 37 km (23 mi) north 

of IMP, a sharp increase in total potential occurred at depth after December 2006 

(Figure 61). The total potential increase is lagged in time at subsequent depths 

as shown by the increase at 3.4 m, 7.6 m, 16.8 m, 22.9 m, and 29 m (Figure 61). 

At UMA, which is approximately 102 km (63 mi) southwest of IMP, the data 

indicates there is an increase in total potential at 3.4 m and 9.5 m after 

December 2006 (Figure 62).

Furthermore, at IMP the infiltration would've had to breach 15 layers of 

bentonite crumble in the original borehole that was drilled in 2002 (Figure 12) and 

at least 6 layers of bentonite crumble in the new borehole, which was drilled in 

2006. At CNG, which is approximately 382 km (237 mi) south of IMP, at least 5 - 

7 layers of bentonite crumble would need to fail for borehole preferential flow 

pathways to open. The site installations at GNT and UMA are similar to IMP and
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CNG in that the HDPs are separated by multiple layers of bentonite crumble. 

Thus, the alternative hypothesis seems highly unlikely because borehole leakage 

would have had to occur through multiple layers of bentonite crumble at multiple 

sites separated by hundreds of kilometers, at near simultaneous times after 

December 2006.

Additionally, a review of the literature reveals that non-equilibrium 

preferential flow mechanisms and predictions of maximum transport rates could 

account for the observed water fluxes that are orders of magnitude greater than 

those estimated using tritium and CMB methods. The term preferential flow 

refers to unstable, non-uniform flow resulting in irregular wetting. As previously 

discussed, there are multiple types of preferential flow at different spatial scales 

(Pore, and Darcian scales) and each are caused by different processes that 

result in a variety of patterns.

Due to the depth of percolation recorded in this study (beyond worm 

channels and root holes) and the location of the study area on the stable craton 

of North America (lack of deep fractures), mechanisms of macropore flow is 

assumed to not be a major contributor at depth in locations immediately near the 

study sites. However, macropore flow through root holes and worm channels 

may be a mechanism to initiate preferential flow and may act simultaneously with 

other types of preferential flow leading to the observed deep and rapid 

percolation at CNG and IMP.



54

Unstable flow is frequently observed in coarse-textured media, layered 

media, and induced by water repellent soil and sediment [Hendricks and Flury, 

2001]. Due to the nature of sediments at IMP and CNG, it is logical that 

unstable, non-equilibrium preferential flow is a possible mechanism to account 

for the reoccurring rapid and deep percolation observed between 2006 and 2010. 

It has been well documented that unstable preferential flow fingers develop and 

propagate in initially dry and water repellent sandy soils [Ritsema et al., 1993; 

Hendricks et al., 1993; Flury et al., 1994; Ritsema and Dekker 1994; Rezanezhad 

et al., 2006] similar to the lithology at IMP and CNG (Figure 3). The increase in 

water content increases the unsaturated hydraulic conductivity resulting in fairly 

rapid fluxes through the finger. Previous studies report a flux rate of 

approximately 1,472 mm/yr in the initial ~1 m of fine sand in the Netherlands 

[Ritsema et al., 1993], which is relatively consistent with water flux estimates 

from IMP and CNG.

Previous studies suggest that rapid water fluxes through the vadose zone 

do not allow the transporting water sufficient time to equilibrate with the water in 

the adjacent matrix material [Skopp, 1981; Jarvis, 1998]. This is consistent with 

the rapid fluxes recorded in this study (1,000±400 mm/yr to 6,000±1,000 mm/yr) 

which is not recorded using tracer-based techniques (5-70 mm/yr) [McMahon et 

al., 2003, 2006], The non-equilibrium preferential flow could bypass the pore- 

water containing the tritium or chloride leaving the solute behind which would
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account for the slower rates reported using the CMB and tritium approach for 

estimating flux and adding to the uncertainty of estimating water fluxes using 

environmental tracers [Scanlon, 2000]. Furthermore, as suggested by Wood 

[1999], reported fluxes from Scanlon and Goldsmith [1997] using the CMB 

approach are matrix flux estimates (60-100 mm/yr). Within 10 km of Scanlon 

and Goldsmith [1997] study sites, Wood [1997] used physical, chemical, and 

isotopic methods to estimate fluxes that range from 750-2,720 mm/yr. Wood 

[1997] concluded that if the flux and recharge beneath playa floors are estimated 

from only the CMB approach or the tritium method, the results are significantly 

underestimated due to the occurrence of macropore flow. Thus, it is also 

important to note that tracer-based techniques record water fluxes over decadal 

to millennial timescales, which represents periods of rapid water flux as well 

periods with little to no water flux.

In addition to providing supporting evidence that the rapid fluxes aren’t a 

product of borehole leakage, I estimated and predicted the maximum velocity of 

water for each observed wetting front at IMP and CNG using an equation from 

Nimmo [2007], The equation is tailored toward systems where water input is 

intermittent. Assumptions are made that input occurs in hypothetical pulses 

during which the tracer’s speed is constant and between which it is negligible. 

Therefore, the empirically estimated universal constant of 18 was used for the 

ratio V o/io  in equation [Nimmo, 2007]
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V  = V t-̂ ~ (7)
m ax-pred O V /

where /avg is the actual average input rate, ltotai/tf. Itotai is the amount of water 

input during the transport process from time 0 to time final (tf).

Results indicate 9 of 9 measured velocities from IMP and CNG are within 

one order-of-magnitude of the predicted velocities using equation (7) (Figure 63). 

Furthermore, the predicted and measured velocities from IMP and CNG are 

comparable to data from Jury et al. [1982] from Etiwanda, CA, which has similar 

lithology and climate to IMP and CNG. Jury et al. [1982] reported an estimated 

maximum velocity of 0.05 m/d with 210 m of rain and 0.04 m/d with 150 mm of 

rain. The minimum measured velocity from IMP and CNG was 0.01 m/d with 

approximately 170 mm of precipitation and the maximum measured velocity from 

IMP and CNG was 0.06 m/d with approximately 90 mm of precipitation (Figure 

63). Nimmo [2010] suggested that source-responsive thin-film flow could 

account for these rapid velocities.

The concept of thin-film water movement through moderately wet porous 

media at depth seems realistic when the smaller pores are completely filled with 

water and a thin film flows over the surface of the larger pores [Lebeau and 

Konrad, 2010]. Furthermore, in moderately dry to dry media, thin-film flow may 

continue along dry particles by adsorptive forces that are greater than capillary 

forces during the nonwetting phase [Lebeau and Konrad, 2010].
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The results of this study are consistent with the proposal that thin-film flow 

rapidly bypasses or incompletely flushes the soil matrix leaving behind most of 

the solutes that have accumulated in the pore water. Some dissolved ions such 

as chloride and nitrate in pore-water chemistry may equilibrate with the thin-film 

flow and be mobilized downward, causing a vertical spreading of the pore-water 

chemistry profiles in the vadose zone that is consistent with hydrodynamic 

dispersion. In general, pore-water chloride and tritium profiles have elevated 

concentration near the ZFP and a gradual decline in solute concentration below 

the peak concentration (Figure 9). The chloride concentrations in the profile 

beneath the peak concentration are likely the result of bypassing thin-film flow 

that mobilizes a small fraction of the solute further down the profile. However, 

the majority of the dissolved ions in the pore water does not reach equilibrium 

with the rapidly flowing thin-film flow and remains immobile within pore-water that 

is tightly held in the smallest pores of the vadose zone sediments. Thus, 

techniques that use environmental tracers (such as chloride or tritium) to 

estimate flux rates through the vadose zone may not necessarily account for thin- 

film flow that bypasses or incompletely flushes the interstitial pore water and may 

result in an underestimation of water flux [Wood, 1999].

Moreover, the previous interpretation of vadose zone processes has been 

validated by the pore-scale dual-domain flow conceptual model developed by 

Rimon et al. [2011], In Israel, at a semiarid location with similar lithology as the
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High Plains aquifer, Rimon et al. [2007] observed very similar propagation of 

wetting fronts to approximately 21 m (Figure 64) with a water flux estimate of 

10.2 mm/d (3,723 mm/yr).

The development of Rimon et al. [2007] vadose zone monitoring system 

included vadose-zone sampling ports (VSPs) [Rimon et al., 2011] that allowed 

sampling of vadose-zone pore water on a regular basis [Dahan et al., 2009]. The 

sampling of the pore water allowed Rimon et al. [2011] to characterize the 

chemical composition of the percolating water through the vadose zone. The 

results indicate a large discrepancy between chloride concentrations of the 

sediment samples collected during borehole drilling and the pore water sampled 

from the VSPs. Throughout the entire 21 m profile the chloride concentration 

was greater from the sediment samples than from the pore water sampled from 

the VSPs. Furthermore, chloride concentrations in the groundwater were also 

less than the chloride concentrations in the sediment samples (Figure 65). 

Those results are consistent with reports from the USGS vadose zone network. 

[McMahon et al. 2007], McMahon et al., [2006 reported a discrepancy between 

high concentration of agrichemical in young groundwater (<50 yrs) and estimated 

advective chemical transport (49-10,500 yrs) through the vadose zone of the 

High Plains aquifer [McMahon et al., 2006].

In this study I interpreted the processes responsible for rapid water flux 

and apparent discrepancies between observed groundwater chemistry and
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chemical fluxes through the vadose zone of the High Plains aquifer as thin-film 

flow [Lebeau and Konrad, 2010; Nimmo, 2010] at the pore scale. I suggest that 

the thin-film flow bypassed the pore-water containing concentrations of chloride 

and tritium that are measured to estimate water flux from conventional tracer- 

based techniques. Rimon et al. [2011] described the same type of process as 

pore-scale dual-domain flow and developed a conceptual model with certain 

assumptions, which were described in section 1.3.2.4 in this paper. All of which 

are included in my new semiarid conceptual model for water movement through 

the vadose zone.

5.1 Semiarid Conceptual Model

In general, previous studies conducted in semiarid regions generally follow 

the conceptual model of arid regions, such as the southwestern U.S. However, 

McMahon et al. [2006] proposed a conceptual model that defines slow and fast 

“pathways” of downward water movement through the vadose zone of the High 

Plains aquifer. The fast pathways were believed to be primarily beneath irrigated 

cropland (timescales of possibly months to decades) and focused flow beneath 

depressions, ephemeral streams, and playas (timescales of years to centuries).

To my knowledge, no prior studies have directly proposed or defined a 

conceptual model of semiarid regions that suggest rapid wetting front 

propagation can occur in the soil matrix without defined “pathways” through the
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vadose zone. However, Rimon et al. [2011] proposed a conceptual flow and 

transport model based on observed wetting front propagation that was controlled 

by matrix flow as well as chemical characteristics that indicate preferential flow. 

Rimon et al. [2011] identified this process as “pore-scale dual domain flow” 

through the vadose zone. Similarly, I observed relatively sharp increases in total 

potential that indicate the propagation of the multiple uniform wetting fronts and 

matrix type flow. However, the rapid water flux estimates indicate that preferential 

flow was the mechanism of water movement.

Furthermore, the results of the total potential times series from this study 

indicate that the potential for water movement is down beneath two semiarid 

climate locations above the High Plains aquifer. The downward potential and the 

observed multiple deep wetting fronts do not support the use of the arid 

southwestern conceptual model. Thus, I propose to define a new conceptual 

model for water movement through the vadose zone of the semiarid region of the 

High Plains aquifer.

The primary focus of the new semiarid conceptual model explores the 

occurrence and mechanisms of rapid and deep wetting fronts within the vadose 

zone of the High Plains aquifer. The new semiarid conceptual model for water 

movement is based on decreasing total potential with depth. The decrease in 

total potential indicates the potential for water movement is down and that 

recharge is possible under current climate conditions. Also, the mechanisms of
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water movement could be threefold 1) uniform, matrix type flow 2) preferential 

flow and 3) pore-scale dual-domain flow. These three types of flow are likely to 

be working in sync with one another throughout the vadose zone from land 

surface to the water table. However, the results from this study indicate that 

pore-scale dual-domain flow is likely the main contributor to deep and rapid 

wetting front propagation and follow the assumptions made by Rimon et al. 

[2011] (Figure 66).

6.0 Conclusions

The overarching goal of this study was to characterize the hydrogeologic 

processes and mechanisms of water movement through the vadose zone of the 

High Plains aquifer. The total potential time series indicated the recurrence of 

previously unobserved deep percolation events which warranted a collection of 

evidence to support the hypothesis that water movement was through the native 

sediments and not due to borehole leakage. Also, the evaluation of mechanisms 

of water movement have helped explain the hydrogeologic processes 

responsible for the previously unobserved deep and rapid wetting fronts at study 

sites IMP and CNG of the High Plains aquifer. As a result, the objective of the 

study was to develop and validate a new semiarid conceptual model for water 

movement through the vadose zone of semiarid regions.
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The use of HDPs to measure matric potential (converted to total potential) 

of the vadose zone at two natural rangeland sites within the regionally important 

High Plains aquifer have been important to identify the recurrence of previously 

unobserved rapid and deep percolation and propagation of wetting fronts. The 

results indicate that water movement is orders of magnitude greater than 

previously estimated using tracer-based techniques to estimate water flux. The 

initial onset of these reoccurring wetting fronts came during or directly after 

December 2006, which was the wettest on record for the previous 80 years.

Initially, the water flux was estimated using the in situ volumetric water 

content of when the wetting front arrived at each HDP. By using the in situ water 

content at the time of arrival grossly overestimated the water fluxes by a 

predicted order-of-magnitude. Therefore, an alternative technique was used to 

determine the water flux at each HDP in the profile. An alternative value of water 

content was determined by the maximum change in water content as the wetting 

front propagated down the profile. This new value of water content is a more 

realistic representation of the volume of water contained in the propagating 

wetting front.

At IMP the increase in water content was not as great as what was 

recorded from site location CNG. The fluxes at IMP were at times consistent with 

previous estimates using the tritium approach [McMahon et al., 2006] and 

hydrologic time series approach [Gurdak et al., 2007] but also were orders of
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magnitude greater (~1,000 mm/yr). However, the consistency between these 

results (450 mm/yr) and Gurdak et al. [2007] (476 mm/yr) further demonstrate 

some limitations of tracer-based techniques for estimating water flux through the 

vadose zone of the High Plains aquifer on daily to annual timescales. 

Furthermore, the results at IMP are consistent with thin-film flow that bypasses 

the soil matrix and is a viable mechanism responsible for the observed recurring 

deep percolation and rapid wetting fronts that are undetected by conventional 

tracer-based techniques for estimating water flux.

At times beneath CNG, water content increased three-fold and resulted in 

water fluxes that are orders of magnitude greater than previously reported. CNG 

was initially relatively dry and the significant increase in water content resulted in 

rapid water flux estimates. Again, these recurring deep and rapid fluxes support 

the proposal that thin-film flow is rapidly bypassing the soil matrix leaving behind 

solutes that are measured when using tracer-based techniques for estimating 

water fluxes through the vadose zone.

By and large, the results of this study provide sufficient evidence that 

support a new conceptual model of water movement through the vadose zone of 

semiarid regions. Most notably, there is a strong and consistent potential for 

downward movement of water to the water table. A significant precipitation event 

is capable of increasing the water content and therefore unsaturated hydraulic 

conductivity of the sediments to levels that support the reoccurrence of rapid and
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deep percolation. Lastly, the propagation of the wetting fronts could be moving 

along thin films at the pore scale— also known as pore-scale dual-domain flow—  

that rapidly bypass the interstitial pore water leaving behind solutes.

The movement of water on daily to annual timescales has implications for 

the enhanced mobilization of some fraction of contaminants in the vadose zone 

to groundwater resources, and should be considered by water managers and 

policy makers. Most notably, interpretations of the observations and reported 

water fluxes from this study may account for the marked inconsistency between 

observed groundwater chemistry and previously estimated chemical fluxes in the 

vadose zone of the High Plains aquifer [Gurdak et al., 2008], Elevated 

concentrations of nitrate and pesticides have been measured in recently 

recharged groundwater (<50 yr in age based on tritium) of the High Plains aquifer 

[McMahon et al., 2007], Measured concentrations of these agrichemicals in 

groundwater are not consistent with the previous estimates of advective chemical 

transit times ranging from 49 to 10,500 yr [McMahon et al., 2006; Gurdak et al., 

2007]. The advective chemical transit times were estimated from measured 

tritium and chloride profiles in the relatively thick (15-60 m) vadose zones 

beneath a number of natural rangeland and irrigated agriculture settings 

[McMahon et al., 2006; Gurdak et al., 2007], The calculated advective chemical 

transit times are commonly greater than the time since the onset of extensive 

irrigated agriculture on the High Plains approximately 50 to 60 yr ago. However,
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estimated water fluxes from this study indicate much more rapid transit times that 

could account for the presence of the measured concentrations of agrichemical 

in groundwater of the High Plains aquifer.

Extended continuous monitoring of total potential is needed to evaluate 

the temporal variability of the observed deep and rapid wetting front propagation. 

Furthermore, comparing the results of the total potential time series with chloride 

and tritium at IMP and CNG could provide further valuable information on all 

possible mechanisms controlling the movement of water. It would be interesting 

to observe whether the reoccurring deep wetting is flushing the pore-water or 

simply bypassing the soil matrix as predicted in this study. Extending this type of 

study to other semiarid regions may be useful in evaluating water movement 

through the vadose zone, recharge beneath natural environments, and ultimately 

estimate a portion of the global groundwater budget.
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Table 1) IMP fronts #1-4 with arrival date of wetting front at each HDP and estimated water fluxes between 
0.5 m and the final depth of propagation.

Front 1 2 3 4
Depth (m) 2007 2008 Late 2008 2009/10

0.5 2/22/2007 4/12/2008 10/21/2008 10/4/2009
1.5 3/10/2007 5/5/2008 11/1/2008 11/9/2009
2.5 3/25/2007 5/15/2008 3/17/2009 11/29/2009
5.0 5/19/2007 6/16/2008 5/29/2009 4/27/2010
6.4 6/19/2007 7/25/2008 7/18/2009 5/16/2010
7.9 7/15/2007 8/11/2008 8/15/2009 6/12/2010
9.5 7/31/2007 9/3/2008 9/20/2009 6/26/2010
17.0 10/12/2007 9/13/2010
20.0 12/8/2007
23.0 3/16/2008

Days 387 144 333 344
Total Potential 0.83 15.52 15.49 15.66

0 0.2343 0.2532 0.2526 0.2555
q (mm/d) = 13.62 15.83 6.83 12.63
q (mm/yr)= 4972.06 5776.13 2491.86 4608.66
velocity m/d 0.0581 0.0625 0.0270 0.0262
error +/- 0 0.0469 0.0506 0.0505 0.0511

q +/- = 994.41 1155.23 498.37 921.73



Table 2) CNG fronts #1-5 with wetting front arrival date at each HDP and estimated water fluxes for 
traveltime between 0.5 m and the final depth of propagation. ________________________ _____________

Front # 1 2 3 4 5
Depth (m) 2006-07 2008 2008-09 2009 2009-10

0.5 12/20/2006 7/18/2008 10/15/2008 4/7/2009 10/27/2009
1.5 1/2/2007 8/23/2008 10/21/2008 5/5/2009 4/4/2010
2.5 1/28/2007 11/27/2008 5/26/2009 4/25/2010
3.5 2/25/2007 1/15/2009 6/29/2009
5.0 3/6/2007 12/25/2009
7.3 2/13/2010

Days 67 36 91 213 180
Total Potential 44.31 43.18 41.16 40.49 46.19

0 0.2828 0.1827 0.1594 0.2880 0.3613
q (mm/d)= 12.66 5.08 7.88 9.19 4.01
q (mm/yr)= 4621.88 1852.38 2877.08 3355.94 1465.27
velocity m/d 0.0448 0.0278 0.0440 0.0319 0.0111

20% error on Theta 0.0566 0.0365 0.0319 0.0576 0.0723
q+/- = 924.38 370.48 959.03 671.19 293.05



Table 3) IMP Front #1- Final time step (570 days) indicating the change in storage below the ZFP reached a 
depth of 23.0 m (time steps 373 and 423 days have the same range of storage increase). ___________

2/22/2007 9/14/2008
Depth of 

Increase (m)
Depth, m 0 0

23.0
Day 1 Day 570

s1 s2
AS-below

ZFP
AS-above

ZFP
0.5 0.3776 0.1722 0.1888 0.0861 -0.1027
1.5 0.3694 0.3713 0.3735 0.2718 -0.1018
2.4 0.3587 0.3597 0.3276 0.3290 0.0013
2.5 0.3784 0.3808 0.0369 0.0370 0.0002
5.0 0.3737 0.3775 0.9401 0.9479 0.0078
6.4 0.0133 0.0171 0.2709 0.2762 0.0053
7.9 0.2498 0.2689 0.1973 0.2145 0.0172
9.5 0.2444 0.2540 0.3954 0.4183 0.0230
17.0 0.2617 0.2732 1.8979 1.9770 0.0791
20.0 0.2591 0.2624 0.7812 0.8034 0.0222
23.0 0.2332 0.2394 0.7385 0.7527 0.0143

Storage
Increase

(m)
PREC

(m)
HARG

(m)
COMBO

(m)
0.1703 0.4270 0.1840 0.0890

Percent
Difference 47.73

(Precipitation-
ET)-AS 0.2567 0.0137 -0.0813



Table 4) IMP front #1-Calculations of precipitation, precipitation-ET using the HARG equation, and The 
COMBO method Bold numbers are estimate of available precipitation.__________________________

HARG (Hargreaves and Samani, 1982)

DATE prec (mm) sum (mm) sum (m)
ET

(mm/mo)
Prec-ET

(mm) sum (mm) sum (m)
200612 39.6240 10.0862 29.5378
200701 4.3180 7.1310 -2.8130
200702 17.2720 61.2140 0.0612 10.6649 6.6071 36.1449 0.0361
200703 31.7500 36.0767 -4.3267
200704 72.8980 165.8620 0.1659 41.3265 31.5715 67.7164 0.0677
200705 99.8220 67.5341 32.2879
200706 161.2900 426.9740 0.4270 77.3327 83.9573 183.9615 0.1840

COMBO (Szilagyi and Jozsa (2009) plus Dugan and Zelt (2000))

DATE ET (mm)
Prec-ET

(mm)
sum
(mm) sum (m)

200612 0.0000 39.6240
200701 0.0000 4.3180
200702 0.0000 17.2720 61.2140 0.0612
200703 18.6000 13.1500
200704 76.4800 -3.5820 74.3640 0.0744
200705 104.2400 -4.4180
200706 142.4400 18.8500 89.6320 0.0896

DATE ET (mm)
prec-ET

(mm)
sum
(mm) sum (m)



Table 5) IMP Front #1- The final three time steps have sufficient available precipitation from the HARG 
method and precipitation alone.

373 days Storage Increase (m) PREC (m) HARG(m) COMBO (m)
0.1906 0.4270 0.1840 0.0896

Percent Difference 3.44 52.98

(Precipitation-ET)-AS 0.2364 -0.0066 -0.1010

423 days Storage Increase (m) PREC (m) HARG(m) COMBO (m)

0.1889 0.4270 0.1840 0.0896

Percent Difference 52.58

(Precipitation-ET)-AS 0.2381 -0.0049 -0.0993

570 days Storage Increase (m) PREC (m) HARG(m) COMBO (m)

0.1703 0.4270 0.1840 0.0890

Percent Difference 47.73

(Precipitation-ET)-AS 0.2567 0.0137 -0.0813



Table 6) CNG Front #1- Final time step indicates there is enough available precipitation to account for the
---------____ . .... V

12/20/2006 8/10/2007
Depth of 

increase (m)
Depth, m 0 0

5.0
Day 1 Day 233

s1 s2
AS-below

ZFP
AS-above

ZFP
0.5 0.3472 0.2410 0.1736 0.1205 -0.0531
1.5 0.1789 0.1632 0.2631 0.2021 -0.0610
2.5 0.3150 0.3610 0.2470 0.2621 0.0152
3.5 0.2600 0.3425 0.2875 0.3518 0.0643
5.0 0.1429 0.1585 0.3022 0.3758 0.0736
7.3 0.2830 0.2860 0.4898 0.5112 0.0214
9.7 0.2950 0.2937 0.6936 0.6956 0.0020

Storage
Increase

(m) PREC (m)
HARG

(m)
COMBO

(m)
0.1592 0.3147 0.1519 0.1590

Percent
Difference

(Precipitation-
ET)-AS 0.1555

4.59

-0.0073

1.35

-0.0002



Table 7) CNG Front #1- Amount of precipitation and ET estimates from October 2006 through May 2007, 
bold numbers indicate the values used for comparison with change in storage calculations.___________

HA RG (Hargreaves and Samani, 1982)

Date
Precipitation

(mm) sum (mm) sum (m) ET (mm)
Prec-ET

(mm) sum (mm) sum (m)
10/06 43.9420 33.7998 10.1422
11/06 0.0000 15.7050 -15.7050
12/06 129.7940 173.7360 0.1737 11.5553 118.2387 128.3809 0.1284
1/07 8.6360 182.3720 9.4316 -0.7956 128.3809 0.1284
2/07 4.0640 186.4360 17.6321 -13.5681 128.3809 0.1284
3/07 37.0840 223.5200 36.4457 0.6383 129.0192 0.1290
4/07 64.2620 287.7820 41.4168 22.8452 151.8644 0.1519
5/07 26.9240 314.7060 0.3147 65.3872 -38.4632

COMBO (Szilagyi and Jozsa (;2009) plus Dugan and Zelt (2000))

Date ET (mm)
Prec-ET

(mm)
sum
(mm) sum (m)

10/06 57.7900 -13.8480
11/06 11.4800 -11.4800
12/06 0.0000 129.7940 129.7940 0.1298
1/07 0.0000 8.6360 138.4300 0.1380
2/07 0.0000 4.0640
3/07 20.5900 16.4940
4/07 84.6300 -20.3680
5/07 115.3400 -88.4160 158.9880 0.1590



Table 8) IMP Front #2 had an estimated increase in storage of ~0.0143 between 2.5 m and 9.5 m. Increase 
in storage above 2.4 m is assumed to be from recent precipitation events not included in the change in

4/11/2008 12/21/2008
Depth of 
Increase

Depth, m 0 0

9.5

Day 1 Day 234

s1 s2

DS-below
ZFP

DS-
above
ZFP

0.5 0.1797 0.3282 0.0899 0.1641 0.0743
1.5 0.3787 0.3779 0.2792 0.3531 0.0739
2.4 0.3581 0.3637 0.3316 0.3337 0.0022
2.5 0.3806 0.3806 0.0369 0.0372 0.0003
5.0 0.3758 0.3774 0.9455 0.9475 0.0020
6.4 0.0148 0.0171 0.2734 0.2762 0.0027
7.9 0.2689 0.2736 0.2128 0.2180 0.0053
9.5 0.2560 0.2564 0.4199 0.4240 0.0041
17.0 0.2765 0.2723 1.9969 1.9826 -0.0143
20.0 0.2630 0.2630 0.8093 0.8030 -0.0063
23.0 0.2353 0.2392 0.7475 0.7533 0.0058

Storage 
Increase (m)

PREC
(m) HARG(m)

COMBO
(m)

0.0143 0.4115 0.0762 0.0139
Percent

Difference 0.0307
(Precipitation- 

ET)- AS 0.3972 0.0619 -0.0004



Table 9) IMP Front #2 available precipitation and ET estima
HARG (Hargreaves and Samani, 1982)

DATE prec (mm)
sum
(mm) sum (m) ET (mm)

Prec-ET
(mm) sum (mm) sum (m)

200801 0.5080 10.4342 -9.9262
200802 3.8100 20.3178 -16.5078
200803 15.2400 34.7509 -19.5109
200804 64.2620 55.8260 8.4360
200805 113.7920 197.6120 63.7492 50.0428 58.4788 0.0585
200806 83.5660 261.6200 .0.2616 87.0229 -3.4569 58.4788 0.0585
200807 59.1820 320.8020 102.0469 -42.8649 58.4788 0.0585
200808 90.6780 411.4800 0.4115 72.9923 17.6857 76.1645 0.0762

COMBO (Szilagyi and Jozsa (2009) plus Dugan and Zelt (2000))

DATE ET (mm)
Prec-ET

(mm)
sum
(mm) sum (m)

200801 0.0000 0.5080
200802 0.0000 3.8100
200803 18.6000 -3.3600
200804 76.4800 -12.2180
200805 104.2400 9.5520 13.8700 0.0139
200806 142.4400 -58.8740

200807 172.4800 113.2980
200808 124.29 -33.612 13.87 0.0139

es.



Table 10) IMP Front #3- had an increase in storage to a depth of 6.4 m. Total potential was observed to 
increase to a depth of 9.5 m.

10/21/2008 1/16/2010
Depth of 

Increase (m)
Depth, m 0 0

9.5

Day 1 Day 451

s1 s2

AS-below
ZFP

AS-
above
ZFP

0.5 0.1790 0.3674 0.0895 0.1837 0.0942
1.5 0.3734 0.3790 0.2762 0.3732 0.0970
2.4 0.3605 0.3645 0.3303 0.3346 0.0043
2.5 0.3807 0.3807 0.0371 0.0373 0.0002
5.0 0.3777 0.3783 0.9480 0.9488 0.0008
6.4 0.0168 0.0169 0.2762 0.2766 0.0005
7.9 0.2707 0.2694 0.2156 0.2147 -0.0009
9.5 0.2551 0.2543 0.4206 0.4190 -0.0017
17.0 0.2727 0.2711 1.9793 1.9703 -0.0090
20.0 0.2624 0.2618 0.8027 0.7994 -0.0033
23.0 0.2396 0.2382 0.7530 0.7500 -0.0030

Storage 
Increase (m) PREC (m)

HARG
(m)

COMBO
(m)

0.1970 0.4229 0.1145 0.1133
Percent

Difference 41.87 42.48
(Precipitation-

ET)-AS 0.2259 -0.0825 -0.0837



Table 11) IMP Front #3 available precipitation and ET estimates.
HARG (Hargreaves and Samani, 1982)

DATE Prec (mm)
sum
(mm) sum (m)

ET
(mm/mo)

Prec-ET
(mm/mo) sum (mm) sum (m)

200808 90.6780 72.9923 17.6857
200809 52.5780 62.6426 -10.0646
200810 66.0400 35.6530 30.3870
200811 22.8600 18.8281 4.0319
200812 5.8420 9.7308 -3.8888
200901 5.8420 15.2674 -9.4254
200902 29.4640 23.7423 5.7217
200903 6.8580 38.2398 -31.3818
200904 0.0000 46.5795 -46.5795
200905 75.1840 355.3460 0.355346 68.8148 6.3692 64.1955 0.0642
200906 0.0000 80.1260 -80.1260
200907 0.0000 89.2732 -89.2732
200908 49.2760 404.6220 0.404622 85.1678 -35.8918 64.1955 0.0642

COMBO (Szilagyi and Jozsa (200Sl) plus Dugan and Zelt (2000))

DATE ET (mm)
Prec-ET

(mm)
sum
(mm) sum (m)

200808 124.2900 -33.6120
200809 84.6400 -32.0620
200810 52.2300 13.8100
200811 10.3700 12.4900
200812 0.0000 5.8420
200901 0.0000 5.8420
200902 0.0000 29.4640
200903 18.6000 -11.7420
200904 76.4800 -76.4800



200905 104.2400 -29.0560 67.4480 0.0674
200906 142.4400 -142.4400

200907 172.4800 -172.4800
200908 124.2900 -75.0140 67.4480 0.0674



Table 12) IMP Front #4- Observed total potential increase reached a depth of 17.0 m. Increase in storage

10/4/2009 11/5/2010
Depth of 

Increase (m)
Depth, m 0 0

17.0

Day 1 Day 396

s1 s2

AS-below
ZFP

AS-
above
ZFP

0.5 0.2868 0.3392 0.1434 0.1696 0.0262
1.5 0.3713 0.3784 0.3291 0.3588 0.0298
2.4 0.3614 0.3629 0.3297 0.3336 0.0039
2.5 0.3807 0.3807 0.0371 0.0372 0.0001
5.0 0.3777 0.3755 0.9480 0.9453 -0.0028
6.4 0.0164 0.0166 0.2759 0.2745 -0.0014
7.9 0.2679 0.2785 0.2132 0.2213 0.0081
9.5 0.2527 0.2644 0.4165 0.4343 0.0178
17.0 0.2713 0.2765 1.9650 2.0284 0.0634
20.0 0.2615 0.2623 0.7992 0.8082 0.0090
23.0 0.2383 0.2387 0.7497 0.7515 0.0018

Storage 
Increase (m)

PREC
(m)

HARG
(m)

COMBO
(m)

0.1559 0.5964 0.2383 0.1492
Percent

Difference 0.0427
(Precipitation-

____ e t )-a s 0.4000 0.0419 -0.0472



Table 13) IMP Front #4 precipitation and ET estimates.

HARG (Hargreaves and Samani, 1982)

DATE Prec (mm)
sum
(mm) sum (m) ET (mm)

Prec-ET
(mm) sum (mm) sum (m)

200908 49.2760 85.1678 -35.8918
200909 57.4040 56.8749 0.5291
200910 87.8840 22.9998 64.8842
200911 6.0960 21.1672 -15.0712
200912 10.1600 7.5851 2.5749
201001 2.2860 11.1055 -8.8195
201002 14.9860 228.0920 0.2281 14.7028 0.2832 68.2714 0.0683
201003 49.7840 277.8760 0.2779 33.3865 16.3975 84.6688 0.0847
201004 76.7080 49.4740 27.2340
201005 44.7040 399.2880 0.3993 66.8016 -22.0976 111.9029 0.1119
201006 197.1040 596.3920 0.5964 91.8002 105.3038 217.2067 0.2172

COMBO (Szilagyi and Jozsa (2009) plus Dugan and Zelt (2000))

DATE ET (mm)
Prec-ET

(mm)
sum
(mm) sum (m)

200908 124.2900 -75.0140
200909 84.6400 -27.2360
200910 52.2300 35.6540
200911 10.3700 -4.2740
200912 0.0000 10.1600



201001 0.0000 2.2860
201002 0.0000 14.9860 63.0860 0.0631
201003 18.6000 31.1840 84.1100 0.0841
201004 76.4800 0.2280
201005 104.2400 -59.5360 94.4980 0.0945
201006 142.4400 54.6640 149.1620 0.1492



Table 14) IMP Front tf4- Estimates of HARG and COMBO are within the estimated 1
Time Step 236 

days
Storage Increase 

(m) PREC (m) HARG (m)
COMBO

(m)
0.1182 0.3993 0.1119 0.0945

Percent Difference 5.30 20.03
(Precipitation-ET)-

AS 0.2811 -0.0063 -0.0237
Time step 308 

days
Storage Increase
____  (m) PREC (m) HARG (m)

COMBO
(m)

0.1612 0.5964 0.2127 0.1492
Percent Difference 7.45
(Precipitation-ET)-

AS 0.4352 0.0515 -0.0120
Time step 396 

days
Storage Increase 

(m) PREC (m) HARG(m)
COMBO

(m)
0.1559 0.5964 0.2383 0.1492

Percent Difference 4.27
(Precipitation-ET)-

AS 0.4000 0.0419 -0.0472

D% error range.



Table 15) CNG Front #2 - All three methods fail to account for the estimated change in storage from depth 
0.5 m to 2.5 m.

7/18/2008 9/7/2008
Depth of increase 

(m)
Depth, m 0 0

0.5-1.5

Day 1 Day 51

s1 s2

AS-
below
ZFP

AS-
above
ZFP

0.5 0.2426 0.3615 0.1213 0.1808 0.0595
1.5 0.1568 0.3739 0.1997 0.3677 0.1680
2.5 0.3127 0.3099 0.2348 0.3419 0.1072
3.5 0.2156 0.2000 0.2642 0.2550 -0.0092
5.0 0.1532 0.1488 0.2766 0.2616 -0.0150
7.3 0.2890 0.2860 0.5085 0.5000 -0.0085
9.7 0.2924 0.2911 0.6977 0.6925 -0.0052

Storage 
Increase (m)

PREC
(m) HARG(m)

COMBO
(m)

0.3346 0.1821 0.0634 0.0000
Percent Difference 0.4558 0.8105 1.0000
(Precipitation-ET)-

AS -0.1263 -0.2590 -0.3224



Table 16) CNG Front #3- Final time step of 166 days. The available 
estimate were sufficient to account for the change in storage. Depth 
increase in total potential.

precipitation alone and from the HARG 
of increase pertains to the observed

10/15/2008 3/31/2009
Depth of 

increase (m)
Depth, m 0 0

3.5
Day 1 Day 166

s1 s2
AS-below

ZFP
AS-above

ZFP
0.5 0.3504 0.3680 0.1752 0.1840 0.0088
1.5 0.3603 0.3720 0.3554 0.3700 0.0147
2.5 0.3113 0.3785 0.3358 0.3753 0.0395
3.5 0.1981 0.2220 0.2547 0.3003 0.0456
5.0 0.1500 0.1595 0.2611 0.2861 0.0251
7.3 0.2840 0.2880 0.4991 0.5146 0.0155
9.7 0.2911 0.2916 0.6901 0.6955 0.0054

Storage
Increase

(m) PREC (m)
HARG

(m)
COMBO

(m)
0.1544 0.3683 0.1660 0.0175

Percent
Difference 0.8866

(Precipitation-
ET)-AS 0.2139 0.0116 -0.1369



Table 17) CNG Front #2 and #3-Precipitation data and ET estimates from HARG method and COMBO 
method, bold values used in comparison with change in storage at the four time steps calculated between 
the two fronts.

HARG (Hargreaves and Samani, 1982)

Date prec
sum
(mm) sum (m) ET Prec-ET sum (mm) sum (m)

200806 15.4940 90.6074 -75.1134
200807 42.4180 82.8719 -40.4539
200808 124.2060 182.1180 0.1821 60.7564 63.4496 63.4496 0.0634
200809 13.9700 196.0880 0.1961 48.1334 -34.1634 63.4496 0.0634
200810 132.0800 29.5594 102.5206
200811 2.0320 18.0482 -16.0162
200812 3.5560 333.7560 0.3338 11.0776 -7.5216 165.9702 0.1660
200901 0.5080 13.9908 -13.4828
200902 10.4140 24.4795 -14.0655
200903 23.6220 368.3000 0.3683 33.4701 -9.8481 165.9702 0.1660

COMBO (Szilagyi and Jozsa (2009) plus Dugan and Zelt (2000))

Date ET (mm)
Prec-ET

(mm)
sum
(mm) sum (m)

200806 157.6100 142.1160

200807 190.8600 148.4420
200808 137.5400 -13.3340
200809 93.6600 -79.6900 0.0000 0.0000
200810 57.7900 74.2900
200811 11.4800 -9.4480
200812 0.0000 3.5560 77.8460 0.0778
200901 0.0000 0.5080



200902 0.0000 10.4140
200903 20.5900 3.0320 17.5100 0.0175



Table 18) CNG Front #4 the depth of total potential increase was 7.3 m (notice increase in water content at 
that depth). ____________________ ____________________________________________________

4/7/2009 5/4/2010
Depth of 

increase (m)
Depth, m 0 0

7.3
Day 1 Day 393

s1 s2
AS-below

ZFP
AS-above

ZFP
0.5 0.3716 0.3708 0.1858 0.1854 -0.0004
1.5 0.3726 0.3734 0.3721 0.3721 0.0000
2.5 0.3781 0.3797 0.3754 0.3766 0.0012
3.5 0.2220 0.2497 0.3001 0.3147 0.0147
5.0 0.1676 0.1611 0.2922 0.3081 0.0159
7.3 0.2880 0.2938 0.5239 0.5231 -0.0008
9.7 0.2907 0.2904 0.6944 0.7010 0.0066

Storage
Increase

(m)
PREC

.... (M
HARG

(m)
COMBO

(m)
0.0363 0.0945 0.0040 0.0134

Percent
Difference 88.99 63.13

(Precipitation-
ET)-AS 0.0582 -0.0323 -0.0229



Table 19) CNG 1Front #4-Precipi1tation and ET estimates used for available storage for comparison.
HA RG (Hargreaves and Samani, 1982)

Date prec (mm)
sum
(mm)

sum
(m) ET (mm)

Prec-ET
(mm) sum (mm) sum (m)

200902 10.4140 24.4795 14.0655
200903 23.6220 33.4701 -9.8481
200904 42.9260 76.9620 0.0770 38.9195 4.0065 4.0065 0.0040

200905 17.5260 94.4880 0.0945 60.7346 43.2086 0.0040
COMBO (Szila.gyi and Jozsa (2009) plus IDugan anc Zelt (2000))

Date ET (mm)
Prec-ET

(mm)
sum
(mm) sum (m)

200902 0.0000 10.4140
200903 20.5900 3.0320
200904 84.6300 -41.7040 13.4460 0.0134
200905 115.3400 -97.8140 0.0134



Table 20) CNG front #5 reached a depth of 2.5 m resulting in an increase in storage beyond 2.5 m.
10/27/2009 5/27/2010

Depth of 
increase (m)

Depth, m 0 0

2.5
Day 1 Day 212

s1 s2
AS-below

ZFP
AS-above

ZFP
0.5 0.2950 0.3697 0.1475 0.1849 0.0374
1.5 0.2649 0.3724 0.2800 0.3711 0.0911
2.5 0.3547 0.3807 0.3098 0.3766 0.0668
3.5 0.2543 0.2426 0.3045 0.3117 0.0071
5.0 0.1531 0.1585 0.3056 0.3008 -0.0047
7.3 0.2801 0.2819 0.4982 0.5065 0.0083

9.7 0.2901 0.2899 0.6842 0.6862 0.0019
previous

event
Storage
Increase

(m) PREC (m)
HARG

(m)
COMBO

(m)
0.2024 0.3119 0.1071 0.1186

Percent
Difference 47.07 41.39

(Precipitation-
ET)-AS 0.1096 -0.0952 -0.0837



Table 21) CNG front #5 availa ble precipitation and ET estimates.
HA RG (Hargreaves and Samani, 1982)

Date prec
sum
(mm) sum (m) ET (mm)

prec-ET
(mm) sum (mm) sum (m)

200908 41.9100 70.6215 28.7115

200909 18.0340 44.4154 26.3814
200910 96.7740 20.3813 76.3927
200911 10.4140 17.7795 -7.3655
200912 2.2860 8.9354 -6.6494
201001 16.7640 10.6941 6.0699
201002 24.3840 11.3264 13.0576
201003 37.0840 247.6500 0.2477 25.5008 11.5832 107.1034 0.1071

201004 22.0980 269.7480 0.2697 45.6600 23.5620

201005 42.1640 311.9120 0.3119 58.1180 15.9540 107.1034 0.1071
COMBO (Szilagyi and Jozsa (2009) plus Dugan and Zelt (2000);

Date ET prec-ET sum mm sum m
200908 93.6600 -51.7500
200909 57.7900 -39.7560
200910 11.4800 85.2940
200911 0.0000 10.4140
200912 0.0000 2.2860
201001 0.0000 16.7640



201002 20.5900 3.7940
201003 84.6300 -47.5460 118.5520 0.1186
201004 115.3400 -93.2420

201005 157.6100 115.4460 118.5520 0.1186
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Figure 1. Simplified diagram of zero-flux plane concept showing fluid movement 
from high hydraulic head to low hydraulic head, (modified from Dreiss and 
Anderson, [1985])



102

macroscopically heterogeneous soil
— — — ............... / V m. ............................

macroscopically homogeneous soil
- -   ^ ...............

entrapment 

water wettable
repellency soils

fingering and unstable How

funnel flow

flow along 
living roots

flow along 
earthworm burrows

flow along flow along
decayed roots fissures and cracks

macropore flow funnel flow

flow due to 
spatial variability 

of hydraulic properties

flow due to 
local surface
depressions «ow due to local 

depressions in 
soil layers

unstable flow

Pore Scale Darcian Scale

Figure 2. Mechanisms of preferential flow at different spatial scales (modified 
from Hendrickx and Flury [2001])
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Figure 3. Water-repellent sandy soil of the High Plains aquifer 
(Photo by Jason Gurdak)
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igure 4. Conceptual model of pore-scale dual-domain flow 
(modified from Rimon et al., [2011])
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Figure 5. Great Plains physiographic province with an outline of 
the High Plains aquifer (modified from ne.water.usgs.gov, 2011)


