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PÙ�¥�Ù�Äã®�½ ¥½Êó in the vadose zone is nonuniform 

fl ow that can cause water and solute movement to bypass 

much of the soil matrix, often resulting in greater water fl uxes 

and shorter solute transit times than expected (Flury et al., 

1994). Understanding preferential fl ow is crucial for quantify-

ing aquifer susceptibility, defi ned as the inherent hydrogeologic 

properties that control the occurrence of nonpoint-source con-

tamination of groundwater without specifi cally addressing the 

chemical properties of that contaminant. Numerous mechanisms 

that cause preferential-fl ow patterns (macropore, unstable, and 

focused-fl ow patterns; Hendrickx and Flury, 2001) have been 

investigated, including fl ow along cracks or fi ssures, biological 

eff ects (earthworm or root channels), water repellency, variations 

in soil hydraulic properties, air entrapment, and collection of 

surface water in topographic depressions (such as recharge playas 

[Wood et al., 1997]) (Faybishenko, 2000). We investigated a pre-

viously unexplored mechanism of depression-focused preferential 

fl ow and enhanced chemical migration—focused fl ow beneath 

seasonally ponded conditions that are common in topographic 

depressions adjacent to leaky irrigation wells in agricultural land 

use settings (Fig. 1). Leaky irrigation wells refers to all unwanted 

or accidental discharge of groundwater at the land surface from 

irrigation pipes and well-head plumbing during the growing 

season when irrigation wells are used. Previous investigations of 

fi eld-scale depression-focused recharge have shown rapid mobi-

lization of chemicals to the water table and little or no chemical 

degradation (Derby and Knighton, 2001).

Th is study was motivated by a discrepancy between observed 

groundwater chemistry and estimated water and chemical fl uxes 

in the vadose zone above the High Plains aquifer (McMahon et 

al., 2006). Elevated concentrations of agrichemicals (NO3 and 

pesticides) have been measured in recently recharged groundwater 

(<50 yr in age based on 3H) of the High Plains aquifer (Bruce et 

al., 2003; Gurdak and Qi, 2006; Stanton and Fahlquist, 2006; 

Gurdak et al., 2007b). Calculated advective chemical transit 

times of 49 to 10,500 yr from measured 3H and Cl− profi les 

in the relatively thick (15–60-m) vadose zones beneath some 

natural rangeland and irrigated agriculture settings, however, are 

not consistent with measured concentrations of agrichemicals in 

groundwater (McMahon et al., 2006; Gurdak et al., 2007a). Th e 

calculated advective chemical transit times generally far exceed 

the time since the beginning of widespread irrigated agricultural 

on the High Plains approximately 50 to 60 yr ago.

For this study, we hypothesized that focused fl ow beneath 

seasonal ponds adjacent to leaky irrigation wells and in agricul-

tural fi elds (Fig. 1) enables vertical preferential pathways through 
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Aquifer suscepƟ bility to contaminaƟ on is controlled in part by the inherent hydrogeologic properƟ es of the vadose 
zone, which includes preferenƟ al-fl ow pathways. The purpose of this study was to invesƟ gate the importance of 
seasonal ponding near leaky irrigaƟ on wells as a mechanism for depression-focused preferenƟ al fl ow and enhanced 
chemical migraƟ on through the vadose zone of the High Plains aquifer. Such a mechanism may help explain the wide-
spread presence of agrichemicals in recently recharged groundwater despite esƟ mates of advecƟ ve chemical transit 
Ɵ mes through the vadose zone from diff use recharge that exceed the historical period of agriculture. Using a combina-
Ɵ on of fi eld observaƟ ons, vadose zone fl ow and transport simulaƟ ons, and probabilisƟ c neural network modeling, we 
demonstrated that vadose zone transit Ɵ mes near irrigaƟ on wells range from 7 to 50 yr, which are one to two orders 
of magnitude faster than previous esƟ mates based on diff use recharge. These fi ndings support the concept of fast and 
slow transport zones and help to explain the previous discordant fi ndings of long vadose zone transit Ɵ mes and the 
presence of agrichemicals at the water table. Using predicƟ ons of aquifer suscepƟ bility from probabilisƟ c neural net-
work models, we delineated approximately 20% of the areal extent of the aquifer to have condiƟ ons that may promote 
advecƟ ve chemical transit Ɵ mes to the water table of <50 yr if seasonal ponding and depression-focused fl ow exist. 
This aquifer-suscepƟ bility map may help managers prioriƟ ze areas for groundwater monitoring or implementaƟ on of 
best management pracƟ ces.
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the vadose zone and promotes enhanced water fl ux and chemical 

migration from the land surface to the water table. Th e pres-

ence of elevated agrichemical concentrations in this seasonally 

ponded water increases the risk of enhanced chemical transport 

associated with this potential preferential-fl ow pathway. Th e 

sources of elevated agrichemical concentrations may include 

direct agricultural application or water that leaks 

from chemigation systems. Chemigation is the 

practice of applying agrichemicals to the soil or 

plant surface by mixing the chemicals directly into 

the irrigation water.

Th e objectives of this study were twofold. First, 

we evaluated a conceptual model of depression-

focused fl ow and enhanced chemical transport in 

response to seasonal ponding adjacent to irrigation 

wells. Th e second objective was to predict areas of 

the aquifer that are susceptible to depression-focused 

fl ow and chemical transport. We present the results 

of modeling simulations, fi eld validation, and a sus-

ceptibility map of the High Plains aquifer designed 

to quantify the potential for depression-focused fl ow 

beneath seasonal ponding conditions. Th e purpose 

of the susceptibility map is to identify areas of the 

aquifer that are susceptible to advective chemical 

transport to the water table in <50 yr if depression-

focused fl ow features exist. It was beyond the scope 

of this study to delineate all the topographic depres-

sion features across the High Plains region that may 

cause depression-focused fl ow and chemical trans-

port to the water table.

Site Descrip  on
Th e High Plains aquifer underlies a region of 

about 450,700 km2 in parts of eight states of the 

central United States and can be subdivided into 

the Northern High Plains, Central High Plains, and 

Southern High Plains aquifers (Fig. 2). Th e topog-

raphy is fl at to gentle, and soil texture is suffi  ciently 

coarse to allow moderate to high infi ltration rates, 

which are ideal for agriculture. Th e predominant 

land uses consist of rangeland (56%), rainfed or 

unirrigated agriculture (31%), and irrigated agri-

culture (12%) (Qi et al., 2002). Groundwater is 

the primary source of irrigation water in the High 

Plains. Th e High Plains aquifer supplies approximately 30% of 

the groundwater used for irrigation in the United States (Maupin 

and Barber, 2005). A survey of High Plains states’ records iden-

tifi ed 128,720 registered irrigation wells presently (2007) in 

operation within the High Plains (Fig. 2). It should be noted 

that the number of registered irrigation wells is probably less 

F®¦. 1. Examples of seasonal ponding adjacent to irrigaƟ on wells and in irrigated agricultural fi elds of the (a) Northern High Plains, (b) Central 
High Plains, and (c) Southern High Plains. Photographs by Jason Gurdak, U.S. Geological Survey.

F®¦. 2. Map showing the locaƟ on and extent of the High Plains aquifer, registered 
irrigaƟ on wells, and vadose zone core locaƟ ons. (Note: the spaƟ al density of irriga-
Ɵ on wells is exaggerated due to the size of the map symbol [black dot]).



www.vadosezonejournal.org · Vol. 7, No. 4, November 2008 1220

than the actual number of irrigation wells presently 

in operation because of underreporting of well instal-

lation to state engineers’ offi  ces.

Conceptual Model
We propose a conceptual model to investigate 

the importance of depression-focused fl ow near irri-

gation wells across the High Plains aquifer (Fig. 3) 

and to guide the development of the numerical fl ow 

and transport models. Because the numerical models 

are based on our conceptual model, we were able to 

run simulations to test Hypothesis 1 that seasonal 

ponding conditions near irrigation wells facilitate 

enhanced water and chemical fl uxes down the annuli 

of irrigations wells. Alternatively, Hypothesis 2 states 

that the seasonal ponding conditions near irrigation 

wells facilitate enhanced water and chemical fl uxes 

through focused vertical zones in the native material 

adjacent to the well annuli. Although most irrigation 

wells have cement surface seals (Fig. 3), water and 

solutes from the seasonal ponds may infi ltrate into 

the native sediments and fl ow below the surface seal. 

Under Hypothesis 1, the water and solutes overcome 

the capillary barrier from the native vadose zone sedi-

ments to the annular gravel pack and subsequently 

fl ow down the annuli of the well. Under the alternative 

Hypothesis 2, the water and solutes may not necessar-

ily overcome the capillary barrier between the native 

vadose zone sediments and annular gravel pack, but 

rather fl ow downward through the native sediments 

in focused vertical zones adjacent to the well annuli. 

Both mechanisms could enable surface-derived water 

and agrichemicals to rapidly bypass much of the native vadose 

zone sediments during transport to the water table and would 

probably limit natural attenuation of the agrichemicals (Derby 

and Knighton, 2001).

Th e conceptual model includes the physical setting of the 

High Plains aquifer, which is characterized by a relatively thick 

vadose zone (3–90 m) (Gurdak et al., 2007b) that has an aver-

age thickness of approximately 50 m under irrigated agricultural 

fi elds (Fig. 3) (McMahon et al., 2006). Th e sediments of the 

vadose zone include unconsolidated clay, silt, sand, and gravel. 

Cement surface seals (?5–10 m thick) have been constructed 

for most recently installed irrigation wells. Th e remaining annular 

space of many irrigation wells is backfi lled with coarse sand and 

gravels that are assumed to have much greater saturated hydraulic 

conductivities than the native vadose zone sediments. Th e factors 

previously attributed to controlling the direction and rate of water 

movement in the vadose zone include land use (Scanlon et al., 

2005), spatial and temporal climate patterns (McMahon et al., 

2006; Gurdak et al., 2007a), geomorphology (Wood and Sanford, 

1995; Scanlon and Goldsmith, 1997; Fryar et al., 2001), vegeta-

tion (Walvoord et al., 2003), and soils (Keese et al., 2005).

Th e conceptual model also includes the probable controls 

on subsurface water movement, recharge, and chemical transport 

that have been previously estimated in the High Plains. Rates of 

subsurface water movement can be relatively higher (focused) 

where surface water is concentrated in topographic depressions 

at the land surface. Such locations within the High Plains include 

ephemeral streambeds, irrigation or roadside ditches, shallow 

depressions in the land surface (McMahon et al., 2006), playa 

basins in the Southern High Plains (Wood and Sanford, 1995; 

Scanlon and Goldsmith, 1997), and cropland (Scanlon et al., 

2005; McMahon et al., 2006). A number of prior investigations 

of focused subsurface water movement and recharge to the High 

Plains aquifer have focused on conditions beneath the playas of 

the Southern High Plains (Wood and Osterkamp, 1987; Nativ, 

1992; Rainwater and Th ompson, 1997; Zartman et al., 1994; 

Gustavson et al., 1995; Wood and Sanford, 1995; Mullican et al., 

1997; Scanlon and Goldsmith, 1997; Wood et al., 1997). Playas 

are closed geomorphic basins generally <1 km in diameter that, 

although typically having clay-lined fl oors, collect surface water 

during precipitation events and have been observed to promote 

higher subsurface water fl uxes than surrounding interplaya set-

tings. Similarly, our conceptual model specifi es that during the 

growing season, surface water collects or ponds near irrigation 

wells that are immediately adjacent to or within irrigated agri-

cultural fi elds (Fig. 1a and 1b) and in tailwater areas of irrigated 

agricultural fi elds (Fig. 1c). Th ese seasonally ponded conditions 

form when water-arrival rates at the land surface from leaking 

irrigation pipes, overhead irrigation, and precipitation minus 

evapotranspiration and runoff  exceed the saturated hydraulic 

conductivity of the near-surface soils. Seasonal ponds ranging 

in diameter from 1 to 10 m and located near irrigation wells 

have been observed during much of the growing season, allowing 

surface soils to remain at or near saturated conditions (matric 

F®¦. 3. SchemaƟ c depicƟ on of conceptual model used as a basis for simulaƟ ng 
depression-focused fl ow and conservaƟ ve-tracer migraƟ on near irrigaƟ on wells 
of the High Plains. The size and orientaƟ on of the black arrows are intended to 
show the relaƟ ve magnitude and direcƟ on of water and chemical fl uxes and are 
approximaƟ ons. Approximate locaƟ ons of core sampling are shown.
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potential [Ψm] = −0.05 to −1.0 m) for approximately 25% 

of the year.

Diff use recharge may occur in areas where seasonal ponding 

is not prevalent in the irrigated agricultural fi elds distant from 

the irrigation wells and where water arrival rates minus evapo-

transpiration and runoff  are less than the saturated hydraulic 

conductivity of the near-surface soils. Based on measurements 

of vadose zone fl uxes beneath irrigated agricultural fi elds distant 

from irrigation wells in the High Plains (McMahon et al., 2006), 

conservative estimates of net water fl ux and NO3
−–N concentra-

tion below the soil zone are 10 mm yr−1 and 10 g m−3, respectively. 

In rangeland settings of the High Plains, net water fl uxes in the 

deep vadose zone are much smaller than in agricultural settings 

and may be either upward or downward depending on regional 

climatic and vegetation factors that aff ect the total potential gra-

dients (McMahon et al., 2006). Generally, observations of vadose 

zone water movement in rangeland settings of the Northern High 

Plains indicate the potential for downward water movement in 

the vadose zone, with little seasonal change, that is consistent with 

gravity-driven quasi-steady fl ow below the root zone (McMahon 

et al., 2006). In contrast, rangeland of the Central and Southern 

High Plains has total potentials that increase substantially with 

depth, indicating the potential for upward water movement from 

the water table to the root zone, which is consistent with average 

annual evapotranspiration that greatly exceeds the average annual 

precipitation in these regions (Gurdak et al., 2007a; McMahon 

et al., 2006; Scanlon and Goldsmith, 1997). Diff use recharge is 

not expected in areas where total potential gradients in the vadose 

zone are predominantly upward.

Materials and Methods
Field

Fifteen cores were collected from the soil and deeper vadose 

zone and analyzed for gravimetric water content (θg), matric poten-

tial (Ψm), and water-extractable concentrations of NO3
−–N to 

test assumptions and to constrain boundary conditions used in 

the vadose zone fl ow and transport simulations. Th e cores were 

collected using a hand auger and a Geoprobe direct push machine 

(Model 6610DT, Geoprobe Systems, Salina, KS) beneath impor-

tant surface features of the conceptual model (Fig. 3). Th e location 

of these features spanned the Northern, Central, and Southern 

High Plains (Fig. 2) and included topographic depressions near 

irrigation wells having obvious signs of current or recent pond-

ing and relatively fl at topographic zones without obvious signs 

of seasonal ponding. Th e unponded zones represent proximal 

unirrigated and irrigated agricultural fi elds (?5 and 20 m from 

irrigation wells, respectively; Fig. 3) and distal rangeland settings 

(?1000 m from irrigation wells; Fig. 3). In Fig. 3, the unponded 

zone in an unirrigated agricultural fi eld is depicted closer to the 

irrigation well than the unponded zone in an irrigated agricultural 

fi eld because irrigation wells across the High Plains are often 

located immediately outside or adjacent to the irrigated fi eld. A 

zone of unirrigated agricultural land often exists in between the 

irrigation well and the irrigated agricultural fi eld (Fig. 1b).

To estimate the in situ Ψm at the core locations, the fi lter-

paper method described by Deka et al. (1995) was used. Upon 

retrieving the cores at the land surface, triplicate Whatman no. 

42 fi lter papers were placed adjacent to native material inside the 

core liner. Th e cores were then immediately capped, sealed in 

individual insulation packets, and stored in insulated boxes in a 

shaded area to reduce temperature fl uctuations, which aff ect Ψm 

estimates (Deka et al., 1995). Th e sealed cores were allowed to 

reach equilibrium for 8 to 10 d, at which time the fi lter papers 

were removed and the cores were weighed to an accuracy of ±0.2 

mg to determine the θg of the core. Th e following equations 

(Deka et al., 1995) were used to determine −Ψm:

( )
( )

10 m g

m

log 5.144 6.699 ,

51.6 kPa 5.16 m

−Ψ = − θ

Ψ <− −
 [1]

( )
( )

−Ψ = − θ

Ψ >− −
10 m g

m

log 2.383 1.309 ,

51.6 kPa 5.16 m
 [2]

Concentrations of deionized-water-extractable NO3
− –N were 

quantifi ed by ion chromatography (reporting limit of 0.2 mg N 

kg−1) using the method described by Lindau and Spalding (1984), 

Herbel and Spalding (1993), and McMahon et al. (2003). No 

other properties are measured from these cores.

Modeling

Numerical simulations were used to evaluate the transient 

responses to seasonal ponding conditions near a generic irrigation 

well of the High Plains aquifer and test the hypotheses outlined 

above. Th e VS2DT 3.2 computer code (Healy, 1990) was used 

to simulate variably saturated, two-dimensional fl ow and trans-

port in the vadose zone. Th e VS2DT code is a two-dimensional, 

fi nite-diff erence model that solves Richards’ equation (Richards, 

1931) for fl uid fl ow and the advection–dispersion equation for 

solute transport.

Th e general modeling approach used a 100-yr steady-state 

simulation as an initial condition for two diff erent sets of 50-yr 

transient simulations. Th e fi rst set of transient simulations was 

designed to determine the sensitivity of controlling factors on 

conditions necessary for a conservative solute tracer to fl ow 

into the annulus of the irrigation well and reach the water table. 

Th e second set of transient simulations was designed to evalu-

ate the potential for the conditions identifi ed in the fi rst set of 

simulations to exist in the High Plains aquifer. Water fl ow and 

chemical transport were modeled simultaneously during both 

sets of simulations.

Th e VS2DT models for both sets of simulations were con-

structed based on the conceptual model described above (Fig. 

3). Th e two-dimensional radial model domain, extending 60 m 

in the horizontal direction outward from the center of a generic 

irrigation well, was bounded at the top by the base of the soil 

zone (assumed 1 m below the land surface) and at the bottom by 

the water table. Th e base of the soil zone was used as a transient 

upper boundary to avoid short-term temporal variations in water 

fl uxes near the land surface that were outside the scope of this 

investigation. A variable horizontal node spacing of 0.1 to 2.5 m 

and vertical node spacing of 0.1 to 1.0 m provided a grid resolu-

tion that was fi ner near the upper and irrigation well boundaries. 

Th e initial time step was set at 0.1 d.

Soil textures for both sets of simulations were determined 

from High Plains STATSGO data (USDA, 1991). Of the 12 dif-

ferent USDA soil textural classes, sandy clay loam, sandy clay, silt, 

silty clay, and clay were not considered because these fi ve types 

represent <1% of the total area of the High Plains. Th e remaining 
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textural classes were considered in the 

model simulations using average values 

of hydraulic properties computed from 

the Rosetta database (Schaap et al., 

2001) (Table 1). Table 1 also provides 

the hydraulic properties specifi ed for the 

gravel pack in the 0.3-m-thick irriga-

tion-well annulus. Sediment hydraulic 

properties and characteristic functions 

were specified using van Genuchten 

parameters α and n (van Genuchten, 

1980) (Table 1). Homogeneity and 

isotropy were assumed for the native 

material in individual model runs. 

Although the vadose zone of the High 

Plains aquifer is known to have heterogeneous sediment, the 

assumption of uniform vadose zone texture equivalent to the soil 

texture enabled a simplifi ed evaluation of the controlling variables. 

Th e longitudinal and transverse dispersivities and molecular dif-

fusion coeffi  cient were uniformly specifi ed to the model domain 

as 1 m and 3.2 m2 yr−1, respectively, and were assigned based 

on generic soil texture classifi cations described by Lappala et al. 

(1987).

Th e initial conditions for both sets of simulations were estab-

lished by running the model at steady state for 100 yr to represent 

preirrigation conditions. A net downward water fl ux having a 

conservative solute tracer concentration of 0.1 g m−3 that repre-

sents a preirrigation NO3
− fl ux was assigned to the infl ow from 

the base of the soil zone and was based on results presented by 

McMahon et al. (2006). Th e solute tracer was assumed to rep-

resent NO3
− because it is the most common contaminant in 

High Plains groundwater (Litke, 2001). Nitrate generally behaves 

conservatively below the soil zone of the High Plains aquifer 

because of oxic conditions and small concentrations of organic 

C in the vadose zone (McMahon et al., 2003, 2006). Irrigation 

and chemical loading during the past 50 yr was simulated by 

specifying an increased net downward fl ux and an infl ow tracer 

concentration of 10 g m−3 from the upper boundary beyond a 

1-m specifi ed radius from the irrigation well. As stated above, the 

infl ow tracer concentration of 10 g m−3 represents a conservative 

estimate of NO3
−–N fl ux below the soil zone that was estimated 

by McMahon et al. (2006). Seasonal ponding conditions at the 

surface were represented by applying a fi xed matric potential (Ψm) 

that was more positive (wetter) than the ambient vadose zone but 

less than the Ψm at saturation during the 3-mo growing season 

at the upper boundary within the specifi ed 1-m radius from the 

irrigation well (Table 2). Th e fi xed Ψm values were based on the 

results of core analyses from ponded sites. Simulations having 

these boundary conditions were run for 50 yr to represent irri-

gated agricultural settings in the High Plains.

Th e fi rst set of transient simulations represents irrigated agri-

cultural settings and was designed to test Hypothesis 1 in the 

conceptual model and to determine the conditions necessary for 

a solute tracer to overcome the capillary barrier and fl ow into the 

gravel pack of the irrigation-well annulus during seasonal pond-

ing adjacent to the well pad during the past 50 yr. In addition, 

these model simulations helped to estimate the times required for 

the tracer to reach the water table and were used to evaluate the 

sensitivity of the specifi ed conditions and variables in the model. 

Th e sensitivity analysis was conducted using a base case model 

that incorporated typical values for the High Plains (McMahon 

T��½� 2. Range of model condiƟ ons and parameters tested during fl ow and transport simulaƟ ons.

CondiƟ on or parameter
Values used in fi rst set of VS2DT 
simulaƟ ons to assess sensiƟ vity

Values used in second set of VS2DT 
simulaƟ ons for all combinaƟ ons

Geometric parameters
  Water-table depth, m 10, 20, 30, 40†, 50, 60 10, 20, 30, 40, 50, 60
  Radial thickness of gravel pack, m 0.1, 0.3†, 0.5, 0.7, 1.0 0.3
  Well annulus cemented seal depth, m 0.5, 1, 2, 4, 6†, 8, 10 5
  Depth of soil zone, m 1† 1
Soil texture
  van Genuchten parameters given in Table 1 sandy loam†, silty loam, clay loam sand, loamy sand, sandy loam, silt loam, 

loam, silty clay loam, clay loam
IniƟ al condiƟ ons
  Steady-state net downward water fl ux, mm yr−1 0.5, 1, 2†, 10, 20, 50, 70 2
  IniƟ al solute tracer concentraƟ on, g m−3 0.0, 0.1†, 1.0 0.1
Boundary condiƟ ons
  Top boundary net downward water fl ux, mm yr−1 10† 10
  Solute tracer concentraƟ on of infl ow from the top, g m−3 10† 10
  Radial extent of ponding (and corresponding fi xed matric potenƟ al 

condiƟ on below) from irrigaƟ on well at top boundary, m
1†, 2, 4, 6, 8, 10 1

  Fixed matric potenƟ al near irrigaƟ on well at top boundary, m −1.0, −0.5, −0.3, −0.1†,−0.05, −0.001 −1.0, −0.8, −0.6, −0.4, −0.3, −0.2, −0.1, −0.05  FracƟ on of the year with ponding condiƟ ons near the irrigaƟ on well 0.1, 0.25†, 0.3, 0.4, 0.5, 0.75, 1.0 0.25

† Values used as the base case model.

T��½� 1. Soil textural classes and hydraulic properƟ es used during fl ow and transport simula-
Ɵ ons. Data source: Schaap et al. (2001).

Soil texture
Saturated 
hydraulic 

conducƟ vity

Residual 
moisture 
content

Saturated 
moisture 
content 

van Genuchten 
α

van Genuchten 
n

m yr−1 ———— m3 m−3 ———— m−1

Sand 89.4 0.053 0.375 3.52 3.18
Loamy sand 384.0 0.049 0.390 3.48 1.75
Sandy loam† 139.7 0.039 0.387 2.67 1.45
Silt loam 66.6 0.065 0.439 0.51 1.66
Loam 44.0 0.061 0.399 1.11 1.47
Silty clay loam 40.6 0.090 0.482 0.84 1.52
Clay loam 29.9 0.079 0.442 1.58 1.42
Gravel pack in well annulus 3 × 104 0.002 0.400 493 1.19

† Used as naƟ ve soil texture for base case model in sensiƟ vity analysis of fi rst set of VS2DT simulaƟ ons.
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et al., 2007) and served as a basis for varying parameter values 

and boundary conditions individually within representative 

value ranges reported for the High Plains (Table 2). Th e range of 

conditions and parameters tested during the sensitivity analysis 

(Table 2) was constrained by fi eld observations where available. 

Th e sensitivity analysis was used to assess the importance of (i) 

water-table depth, (ii) radial thickness of the gravel pack, (iii) well 

annulus cemented seal depth, (iv) soil properties of the native 

vadose zone sediments; (v) antecedent moisture conditions in the 

native sediment expressed by the steady-state net downward water 

fl ux, (vi) antecedent solute concentrations in the native sediment 

expressed by the initial solute tracer concentration, (vii) the radial 

extent of ponding from the irrigation well, (viii) enhanced mois-

ture conditions, represented by a fi xed Ψm condition near the 

well during the irrigation period, and (ix) the fraction of the year 

having irrigation-enhanced moisture. Th e base case model and 

an additional 39 simulations represent the sensitivity analysis of 

the fi rst set of simulations, during which one value for each of the 

nine factors (Table 2) was varied per simulation. Th e sensitivity 

of each of the nine factors was quantifi ed by computing the dif-

ference in vadose zone transit times (time for solute introduced 

at the surface to cross the water table) between the extreme ends 

of the value range for the targeted variable. Factors that generated 

a <10% diff erence between computed vadose zone transit times 

were determined to be relatively insensitive, whereas factors that 

generated a >10% diff erence were determined to be sensitive.

The second set of transient simulations (n = 336) was 

designed to evaluate the possible combination of values from the 

three factors determined to have the most infl uence on the sen-

sitivity of vadose zone transit times. Th e range of conditions and 

parameters tested during the second set of transient simulations 

(Table 2) was constrained by fi eld observations where available. 

Th e results of these simulations were used to identify areas of the 

High Plains aquifer that are most susceptible to enhanced advec-

tive chemical transit times to the water table of <50 yr if seasonal 

ponding and depression-focused fl ow exist. Th e controlling fac-

tors used in the second set of model runs were the input data used 

during the subsequent extrapolation.

ExtrapolaƟ on

Th e results of the second set of VS2DT simulations were 

extrapolated across the entire High Plains aquifer using an arti-

fi cial neural network (ANN) model coupled with a geographic 

information system (GIS). Th e ANN developed for this study 

was trained (calibrated) on the complex functions between the 

controlling factors and vadose zone transit times inherent to the 

second set of VS2DT simulations. Using these training data, the 

objective of using the ANN for extrapolation of the second set 

of VS2DT simulations was to predict the susceptibility of the 

aquifer to advective chemical transit times of <50 yr through the 

vadose zone if seasonal ponding occurred in existing depression-

focused fl ow features.

An ANN is a massive parallel distributed processor having 

a natural propensity for storing experimental knowledge and 

making it available for use (Haykins, 1994; Coulibaly et al., 

2000). Th e underlying mathematics behind most ANNs includes 

various types of nonlinear-regression and discriminate-analysis 

models (Sarle, 1994). In recent years, the use of ANNs has gained 

popularity among the hydrologic and environmental science 

communities (Govindaraju and Rao, 2000; Maier and Dandy, 

2000). Artifi cial neural networks are capable of processing large 

volumes of data at high speeds and learning complex functions 

using only empirical observations, without the need for explicit 

physical or mathematical functional forms of the system of inter-

est (Govindaraju and Rao, 2000). Artifi cial neural networks have 

been used to model highly complex and nonlinear hydrologic 

systems and to predict dependent variables with more accuracy 

and substantial savings in time required for model development 

compared with some process-based numerical models (Conrads 

et al., 2002; Risley et al., 2002; Han et al., 2007).

Th e specifi c type of ANN model developed for this study 

is a probabilistic neural network (PNN) model (Specht, 1990). 

Probabilistic neural networks use a nonparametric statistical 

method called kernel regression and Bayesian decision theory 

to form an estimate of the probability distribution function of 

categories in a classifi cation problem (Specht, 1990; Rutkowski, 

2004). Th e advantages of PNNs over other types of ANNs, such 

as multilayer feed-forward networks, include a faster convergence 

on training (calibration) data, no topology specifi cations required 

for hidden layers and nodes in the ANN, predictions of categorical 

classifi cation for unknown cases, and estimates of the probabil-

ity that the unknown case falls within the predicted dependent 

category (Specht, 1990; Rutkowski, 2004). Th e NeuralTools 1.0 

(Palisade Corporation, 2005) software was used for PNN train-

ing, testing, and prediction and applied the conjugate gradient 

descent optimization method for minimizing error on the train-

ing data (Palisade Corporation, 2005). During PNN training, a 

variable-impact sensitivity analysis (Palisade Corporation, 2005) 

was conducted to measure the sensitivity of the PNN predictions 

to relative changes in the independent variables. For each of the 

independent variables in the PNN, the sensitivity analysis used a 

series of simulations to measure the change to the predicted value 

across the range of training values for that particular variable. As 

a result of this sensitivity analysis, each variable in a particular 

PNN model was assigned a relative variable impact value that was 

expressed in percentage units and summed to 100% (Palisade 

Corporation, 2005). Th erefore, the lower the percentage value 

for a given variable, the less that variable aff ected the predictions 

relative to the other variables in that particular PNN model.

Because the ultimate goal of using the PNN is the categorical 

prediction of aquifer susceptibility to advective chemical trans-

port to the water table in <50 yr if depression-focused fl ow occurs 

because of seasonal ponding in topographic depressions, the train-

ing consisted of providing input–output results from the second 

set of VS2DT simulations while minimizing an error function 

with respect to the network weights, as described by Coulibaly 

et al. (2000). Th erefore, the PNN predicted the probability (%) 

of an unknown case of depression-focused fl ow because of sea-

sonal ponding, X, belonging to a given classifi cation category A, 

P[A|X]. Using the Bayes theorem (Specht, 1990), we have
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where A is the classifi cation category of advective chemical trans-

port reaching the water table in <50 yr if seasonal ponding occurs, 

B is the classifi cation category of advective chemical transport not 

reaching the water table in <50 yr if seasonal ponding occurs, hA 

is the a priori probability of a sample belonging to classifi cation 
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category A, hB is the a priori probability of a sample belonging to 

classifi cation category B, fA(X) is the probability density function 

of the random vector X estimated from a set of samples taken 

from category A, and fB(X) is the probability density function of 

the random vector X estimated from a set of samples taken from 

category B. Equation [3] assumes that the classifi cation categories 

A and B are mutually exclusive and hA + hB = 1.

Results and Discussion
Field Data

Th e Ψm values measured in cores collected at the land surface 

(upper 1 m) ranged from −1100 to −0.1 m and became systemati-

cally less negative (wetter) from unirrigated and rangeland sites 

to irrigated sites, and from irrigated sites to locations within or 

adjacent to seasonal ponds near irrigation wells (Fig. 4a). Th is 

spatial trend indicates that surface conditions within and imme-

diately adjacent to seasonal ponds are substantially wetter, and as 

model simulations indicate, are more conducive to vertical solute 

transport through the vadose zone. Matric potentials were similar 

between the rangeland settings and areas near irrigation wells not 

receiving direct applications of water, and were similar between 

seasonal ponding conditions and some areas within irrigated agri-

cultural fi elds (Fig. 4a). Although seasonal ponding can occur 

in rangeland settings or unirrigated lands in response to heavy 

precipitation events, these land use settings generally receive 

less water than irrigated settings and are subjected to ponding 

less frequently.

The water-extractable concentrations of NO3
− in cores 

ranged from 0.1 to 100 mg NO3
−–N kg−1 (Fig. 4b). Th e largest 

NO3
− concentrations were found in cores near the base of the 

root zone (?2–4 m below the land surface) in the rangeland 

settings (Fig. 4b). Th is result was expected based on the concep-

tual model for a conservative solute and consistent with prior 

studies (Walvoord et al., 2003; Scanlon et al., 2005; McMahon 

et al., 2006; Gurdak et al., 2007a). Relatively large pore-water 

NO3
− concentrations (0.25–11 mg NO3

−–N kg−1) were found 

in cores beneath irrigated agricultural fi elds across a range of Ψm 

(Fig. 4b). Additionally, considerable overlap was found in the 

range of pore-water NO3
− concentrations in cores beneath the 

irrigated agricultural fi elds and beneath the seasonal ponds. Th e 

concentrations in cores beneath the irrigated agricultural fi elds 

may represent an upper range of NO3
− concentration input to 

nearby seasonal ponds.

Model SimulaƟ ons

Th e results of the fi rst set of transient VS2DT simulations 

indicated a preference for enhanced water and chemical fl ux 

beneath seasonal ponds to move vertically through the native 

vadose zone sediments rather than down the well annulus. To 

illustrate the simulated preference of water and chemical fl ux 

down the native material rather than down the well annulus, a 

time series of outputs (10, 20, and 30 yr) from one representa-

tive scenario of the fi rst set of simulations is shown in Fig. 5a to 

5c. Th e processes underlying these results are apparently similar 

to infi ltration in layered soils and refl ect the concept that water 

cannot enter and percolate through a soil (i.e., the gravel pack) 

at a faster rate than it is transmitted to that soil, as fi rst noted 

by Miller and Gardner (1962). Infi ltration rates into a layered soil, 

regardless of the direction of fl ow, generally decrease when a bound-

ary between layers is encountered (Tindall and Kunkel, 1999).

As demonstrated in Fig. 5a, the increased tracer concentra-

tions inside the well annulus indicate that simulated water and 

solute were able to overcome the apparent capillary barrier from 

the native sediment to the gravel pack of the annulus beneath the 

surface seal of the irrigation well; however, the total fl ux (g m−2 yr−1) 

of the tracer immediately below the surface seal of the irrigation 

well (depth = 5.75 m below the land surface) was approximately 

four orders of magnitude smaller down the gravel pack of the well 

annulus than vertically through the adjacent native sediments 

(Fig. 5a). Although the simulated gravel pack had a much larger 

saturated hydraulic conductivity than the soil textures used to 

represent the native vadose zone sediments (Table 2), the appar-

ent diff erences in tracer fl uxes is explained because the pore sizes 

in the gravel pack that are capable of holding water at the matric 

potentials existing in the smaller pored native material were prob-

ably few in number and eff ectively retarded water and solute fl ux 

down the gravel pack (Tindall and Kunkel, 1999). After entering 

the gravel pack, the tracer continued vertically down the well 

annulus and the fl uxes were larger at depths immediately below 

the surface seal of the irrigation well (depth = 5.75 m below the 

land surface) and above the water table (depth = 9.75 m below 

the land surface) (Fig. 5b) than at the previous time of 10 yr. Th e 

increased tracer concentrations and fl uxes inside the well annu-

lus at 20 yr were probably the result of continued percolation 

of water and solutes to the gravel pack at various depths below 

the surface seal as the tracer plume moved vertically toward the 

F®¦. 4. Measured (a) matric potenƟ als and (b) NO3 concentraƟ ons 
from vadose zone sediment cores collected at locaƟ ons immedi-
ately adjacent to seasonal ponding (and in recently dried surface 
depressions) near irrigaƟ on wells, approximately 5 m from irriga-
Ɵ on wells under unirrigated land use, approximately 20 m from 
irrigaƟ on wells within irrigated agricultural fi elds, and from range-
land seƫ  ngs. (Note: x axis is logarithmic).
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water table (Fig. 5b). Th e tracer plume fi rst reached the water 

table (time = 30 yr) through the native sediments within a 3-m 

radius of the well annulus (Fig. 5c) and had a range of fl uxes 

(0.1–0.6 g m−2 yr−1) that were approximately three orders of 

magnitude greater than the fl uxes through the gravel pack of the 

well annulus or through the native sediments at radial distances 

that were >5 m from the well. Although the fl uxes in the well 

annulus at time = 30 yr were substantially less than in the imme-

diately adjacent native sediments, the well annulus fl uxes were 

approximately equivalent to those through the native sediments 

at radial distances >5 m from the well.

Consequently, Hypothesis 1 in the conceptual model that 

describes the annuli of irrigation wells acting as important pref-

erential pathways for agrichemicals under seasonally ponded 

conditions was found to be less important than the pathway 

through the native vadose zone material, as stated in Hypothesis 

2. Th ese fi ndings have important implications regarding the 

susceptibility of this aquifer. As demonstrated in Fig. 5a to 5c, 

enhanced water and chemical fl uxes beneath seasonally ponding 

or near-saturated conditions may reach the water table without 

the aid of a preferential pathway in the vadose zone, such as 

annuli of irrigation wells. Th e seasonal ponding creates enhanced 

water and solute fl uxes through the native sediments that are 

orders of magnitude greater than beneath unponded areas in 

diff use recharge settings. Th us, if seasonal ponding conditions 

exist beyond irrigated agricultural settings, which are probable in 

ephemeral streambeds, irrigation or roadside ditches, and other 

natural topographic depressions of the High Plains, depression-

focused fl ow may exist and result in enhanced water and solute 

fl uxes that are substantially greater than under diff use recharge 

settings. Th e conditions that promote depression-focused fl ow 

are described below.

Th e results of the sensitivity analyses from the fi rst set of 

simulations indicate that fi xed Ψm at the base of the soil zone 

during the period of seasonal ponding, the soil texture of the 

native vadose zone material, and the depth to the water table 

have sensitivity factors with >10% diff erence between computed 

vadose zone transit times and, thus, exert the primary infl uence 

on fl ow and transport through the vadose zone beneath season-

ally ponded conditions near irrigation wells. Although similar 

controls have been identifi ed previously across the High Plains 

aquifer (Walvoord et al., 2003; Gurdak and Qi, 2006; McMahon 

et al., 2006; Gurdak et al., 2007a,b), such studies were conducted 

in diff use recharge settings. As stated in the conceptual model, 

prior investigations of preferential fl ow mechanisms in the High 

Plains aquifer have largely focused on conditions beneath the 

playas of the Southern High Plains. Th e results of the sensitivity anal-

yses indicate that conditions other than those found in playa basins 

are suffi  cient to promote depression-focused preferential fl ow and 

transport to the water table of the High Plains aquifer in <50 yr.

Th e results from the second set of simulations represent 

336 possible combinations of the three fundamental controlling 

F®¦. 5. Simulated tracer concentraƟ on and fl ux at Ɵ mes of (a) 10 yr, (b) 20 yr, and (c) 30 yr from a scenario tested during the fi rst set of model 
simulaƟ ons that illustrates the preference of enhanced water and chemical fl ux through the naƟ ve vadose zone sediments rather than down 
the well annulus. The tracer fl ux profi les were selected at depths of 5.75 and 9.75 m to illustrate the diff erences in fl uxes inside the well 
annulus and naƟ ve vadose zone sediments immediately below the surface seal of the irrigaƟ on well and immediately above the water table. 
The model simulaƟ on represents a fi xed matric potenƟ al near the well = −0.6 m; naƟ ve vadose zone sediments were sandy loam; water-table 
depth = 10 m; fracƟ on of the year having irrigaƟ on-enhanced moisture = 0.25; antecedent-moisture condiƟ ons in the naƟ ve sediment estab-
lished from iniƟ al condiƟ ons of steady-state net downward water fl ux = 2 mm yr−1; radius of enhanced moisture from the irrigaƟ on wells = 1 
m; radial thickness of the irrigaƟ on-well annulus = 0.3 m; and depth of the well surface seal = 5 m.
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factors (Ψm beneath the 1-m-radius seasonal pond, soil texture, 

and depth to water) and indicate conditions that are conducive 

for conservative chemical migration to the water table in <50 yr 

(Fig. 6). Th e total number of simulations (n = 336) was deter-

mined from the possible combination of values for Ψm beneath 

the 1-m-radius seasonal pond, soil texture, and depth to water 

(Table 2). Conditions that support migration of conservative 

chemicals generally diminished as Ψm decreased, depth to water 

increased, and clay content of the vadose zone increased (Fig. 

6). Conservative chemicals were simulated as reaching the water 

table at depths >50 m in <50 yr beneath a majority of the soil 

texture classifi cations (Fig. 6). Th ese fi ndings, combined with 

the median vadose zone thickness of 50 m and areal distribution 

of soil texture classes, indicate that nearly one half of the High 

Plains aquifer may be susceptible to depression-focused prefer-

ential fl ow and transport. Th e spatial prevalence of the necessary 

combination of the three factors to promote depression-focused 

chemical transport in the High Plains is evaluated below using 

the ANN model.

Th e simulated vertical-transport enhancement of the 336 

possible combinations further indicates the importance of 

depression-focused chemical transport. Th e vertical-transport 

enhancement (unitless) from the second set of simulations is 

defi ned as the ratio of chemical transport rates beneath seasonally 

ponded conditions from this study relative to chemical transport 

rates beneath irrigated agricultural fi elds distant from irrigation 

wells that were estimated by McMahon et al. (2006). Th e ver-

tical-transport enhancement ranged from 1 to nearly 25 times 

greater than transport beneath diff use recharge settings (Fig. 7). 

As expected, vertical-transport enhancement was largest for sand, 

loamy sand, and sandy loam textures; however, vertical-transport 

enhancement was nearly 10 times greater beneath clay loam soil 

texture and selected Ψm values (Fig. 7).

Th e simulated vertical-transport enhancement corresponds to 

advective chemical transit times through the vadose zone that are 

orders of magnitude faster than beneath diff use recharge settings 

having similar depths to water (Fig. 8). Th e simulated advective 

chemical transit times ranged from 7 to 50 yr and had a median 

of 38.5 yr. Th ese transit times would enable agrichemicals that 

were applied at the land surface since the beginning of widespread 

agriculture to reach the water table during the last 50 yr. Th e 

implications of these fi ndings are substantial because they support 

the conceptual model of fast and slow fl ow and transport zones 

through the vadose zone proposed by McMahon et al. (2006) 

and partially explain the previous discordant fi ndings of long 

advective chemical transit times under irrigated cropland and 

the presence of agrichemicals at the water table. Th e fast paths 

beneath seasonally ponded or near-ponded conditions represent 

inherent zones of the aquifer susceptible to contamination from 

agrichemicals or natural chemical input. Similarly, the transit 

times beneath some diff use settings range from 60 to 100 yr 

and may pose a near-future threat to groundwater quality. As 

reported by McMahon et al. (2006), the sites in diff use recharge 

settings that have transit times from 60 to 100 yr represent irri-

gated agricultural areas and have substantially larger subsurface 

NO3
− reservoirs than corresponding reservoirs beneath natural 

rangeland settings. If accurately delineated, the susceptible zones 

beneath fast paths and large subsurface NO3
− reservoirs could be 

better managed to reduce future nonpoint-source contamination 

across the aquifer.

F®¦. 6. Summary of results from the second set of transient simula-
Ɵ ons that represent the domain supporƟ ng chemical migraƟ on to 
the water table in <50 yr (shown in black for each soil texture).

F®¦. 7. VerƟ cal-transport enhancement (defi ned as the raƟ o of 
chemical-transport rates beneath seasonally ponded condiƟ ons to 
chemical-transport rates beneath unponded condiƟ ons in irrigated 
agricultural fi elds) is shown from the results of the second set of 
transient simulaƟ ons.

F®¦. 8. AdvecƟ ve chemi-
cal transit Ɵ mes to the 
water table from (a) 
transport simulaƟ ons 
beneath seasonally pon-
ded condiƟ ons, and from 
(b) Cl−– and 3H-based 
esƟ mates by McMahon 
et al. (2006) from dif-
fuse recharge seƫ  ngs. 
The depth to water table 
ranges are shown in 
parentheses.
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ArƟ fi cial Neural Network Development, 
Performance, and ExtrapolaƟ on

Th e PNN developed for this study was trained (cali-

brated) on the complex functions between the controlling 

factors (depth to water table, soil textural classifi cation, and 

Ψm) and vadose zone transit times of chemical migration to 

the water table in <50 yr that is inherent to the second set 

of VS2DT simulation results. Of the 336 model scenario 

combinations from the second set of VS2DT simulations, 

225 cases were randomly selected as training (calibration) 

data for the PNN development, while the remaining 111 

cases were used solely for PNN testing (validation). A sen-

sitivity analysis of the net predictions from the trained PNN 

to changes in the independent controlling factors indicated 

that depth to water had the greatest relative impact (42%) on 

chemical migration, while soil texture and Ψm had 30 and 

28%, respectively, of the relative variable impact on chemical 

migration. Th e testing of the PNN resulted in a 91% correct 

prediction of the validation data set and indicates a strong 

predictive ability in this model. Of the 10 cases that were 

incorrectly predicted during testing, four were incorrectly 

classifi ed as not having chemicals reach the water table and 

six cases were incorrectly classifi ed as chemicals reaching 

the water table. Th ese results indicate little systematic bias 

in the PNN as a surrogate toward regionalizing the VS2DT 

simulations of advective chemical transit times.

Once trained and tested, the PNN model was used 

to predict whether or not advective chemical migration 

might reach the water table of the High Plains in <50 yr 

given actual depths to water and soil textures expressed as 

GIS-based data and a range of probable Ψm values. Th e 

PNN predictions were extrapolated across the entire High 

Plains aquifer using input of depth to water and soil texture 

extracted from a GIS and by performing PNN predictions 

at each 500-m GIS grid cell. Th e GIS-based data for depth 

to water table was obtained from Virginia McGuire (USGS, 

personal communication, 2001) and refl ects an interpolated 

surface of the water levels using data collected from the 

USGS High Plains water-level monitoring network in the 

year 2000 (McGuire et al., 2003). Th e soil-texture data were 

obtained using sand and clay percentages in the vadose zone 

(Gurdak et al., 2007b) as input for the online soil textural 

classifi cation program of Gerakis and Baer (1999), which uses the 

USDA soil texture classifi cation scheme. Because the GIS data 

sets of sand and clay percentages in the vadose zone were created 

by interpolating 56,000 lithologic logs (Gurdak and Qi, 2006), 

each soil texture classifi cation represents an integrated profi le of 

the entire vadose zone thickness. Matric potential values of −1.0, 

−0.5, −0.1, and −0.05 m were selected for PNN predictions to 

represent the same range of moisture conditions used in vadose 

zone fl ow and transport simulations. Although four susceptibil-

ity maps were created (one for each Ψm value), only the map for 

−0.05 m is presented here and represents a “worst-case” scenario 

of aquifer susceptibility (Fig. 9). All geoprocessing steps used 

500-m-resolution geospatial data.

Aquifer SuscepƟ bility

Th e susceptibility of the High Plains aquifer to advective 

chemical migration to the water table in <50 yr under depression-

focused fl ow and transport is shown in Fig. 9. Th is map does not 

explicitly incorporate knowledge of irrigation well location or the 

spatial distribution of topographic depressions but rather depicts 

the inherent risk of enhanced chemical migration if depression-

focused fl ow features are present and seasonal ponding occurs 

in those features. Approximately 89,918 km2, or 19.9%, of the 

aquifer is predicted to be susceptible to this transport mechanism 

since the onset of irrigated agriculture approximately 50 yr ago. 

Th e susceptible areas are predominantly located in the Northern 

High Plains, the eastern arm of the Central High Plains, and the 

perimeter of the Southern High Plains where depths to water 

are relatively shallow. Although not presented here, susceptibil-

ity maps were produced using Ψm values of −1.0, −0.5, and −0.1 

m and delineated aquifer susceptibility in similar areas as Fig. 9 

but extending across a smaller area (10–19%) of the aquifer. Th e 

predicted probabilities of aquifer susceptibility classifi cation (Fig. 

9) range from 50 to 99% and indicate relatively strong confi -

dence in the PNN predictions. Th e largest prediction uncertainty 

F®¦. 9. Aquifer suscepƟ bility to chemical migraƟ on reaching the water table 
in <50 yr under depression-focused preferenƟ al fl ow and corresponding 
probabiliƟ es of suscepƟ bility classifi caƟ on for the High Plains aquifer.
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(lowest probabilities in Fig. 9) is located in the southern half 

of the Central High Plains and northern half of the Southern 

High Plains, where depths to water generally are the greatest in 

the aquifer. Th e susceptibility map (Fig. 9) represents inherent 

properties and environmental settings of the vadose zone with-

out specifi cally considering chemical loading at the land surface; 

however, the susceptibility map is generally consistent with a pre-

viously published vulnerability model of the High Plains aquifer 

to NO3
− contamination >4 mg NO3

−–N L−1 (Gurdak and Qi, 

2006; Gurdak et al., 2007b). Most areas predicted as suscep-

tible were similarly identifi ed as having the greatest probability 

for NO3
− contamination. A noticeable exception is parts of the 

Northern High Plains in north-central and northwest Nebraska, 

which is predicted to be susceptible (Fig. 9), but because of a 

lack of agricultural loading of NO3
−, this area of the aquifer was 

not predicted to be vulnerable to NO3
− contamination (Gurdak 

and Qi, 2006).

To provide the best available evaluation of the susceptibil-

ity map predictions (Fig. 9), NO3
−–N concentrations from 336 

wells were used as a probable chemical indicator of aquifer sus-

ceptibility and compared with susceptibility predictions at each 

of the well locations. By defi nition, aquifer susceptibility is a 

function of the inherent hydrogeologic properties of the vadose 

zone and aquifer that control chemical transport without spe-

cifi cally addressing the chemical properties of the contaminant. 

Th erefore, NO3
− in groundwater may be an imperfect represen-

tation of aquifer susceptibility without knowledge of N loading 

rates at the land surface or the location of subsurface NO3
− res-

ervoirs. Nitrate concentrations are the best available indicator 

of susceptibility, however,  because NO3
− is the most common 

contaminant in High Plains groundwater (Litke, 2001) and 

because a background concentration of 4 mg NO3
−–N L−1 has 

been previously established for the aquifer (Gurdak and Qi, 2006) 

using NO3
− concentrations from paleorecharge (McMahon et al., 

2004). Additionally, the 336 wells were used because they were 

previously identifi ed by Gurdak and Qi (2006) and Gurdak et al. 

(2007b) as intercepting recently recharged (<50 yr in age based 

on 3H) groundwater. Contributing areas of these wells have been 

estimated to range from 0.07 to 7.1 km2 (Gurdak and Qi, 2006) 

and probably contain a number of topographic depressions that 

enable seasonal ponding conditions. Th us NO3
− concentrations 

>4 mg L−1 in recently recharged groundwater may be an indicator 

of aquifer susceptibility to depression-focused fl ow and enhanced 

chemical transport.

As anticipated, the NO3
− concentrations in the 336 wells 

that intercept recently recharged groundwater are an inconclusive 

indicator of the susceptibility map predictions (Fig. 9). Of the 

336 well locations, 44% of the 109 wells predicted as suscep-

tible to depression-focused fl ow and transport to the water table 

within 50 yr have NO3
− concentrations >4 mg L−1, while 50% 

of the 227 well locations predicted as not susceptible have NO3
− 

concentrations <4 mg L−1. Th e relatively moderate correlation 

between susceptibility map predictions and NO3
− concentra-

tions in recently recharged groundwater may indicate limited 

NO3
− loading and topographic depressions in contributing areas 

of some wells predicted as susceptible, and relatively high NO3
− 

loading and number of topographic depressions in contributing 

areas of some wells predicted as not susceptible. Future site-

specifi c investigations of depression-focused fl ow and chemical 

transport are needed in areas predicted to be susceptible and not 

susceptible to better evaluate the predictive ability of the suscep-

tibility map (Fig. 9).

Uncertainty in SuscepƟ bility PredicƟ ons

Prediction uncertainty is unavoidable in regional-scale 

assessment of aquifer susceptibility. Although the assumption of 

a uniform soil column was used during the VS2DT simulations, 

it has been demonstrated that uncertainty in vadose zone fl uxes 

related to sediment heterogeneity can be smaller than that related 

to boundary conditions under some conditions (Wolfsberg and 

Stauff er, 2003). Th e boundary conditions for numerical simula-

tions were based on data from the sediment cores, which were 

collected in settings to capture the greatest range in soil moisture 

conditions. Th erefore, any site-specifi c prediction uncertainty 

will probably be reduced in future simulations by using actual 

site-specifi c lithologic information and hydraulic properties to 

accurately account for local heterogeneities that probably have 

substantial control on vadose zone fl uxes. Other prediction uncer-

tainty can be attributed to the connections and weights used in 

the PNN model, which are entirely dependent on input–output 

relations of the simulations of combinations of the most infl uen-

tial variables. Th us, changes to boundary conditions or specifi ed 

parameters of the model simulations may alter the training data 

set and, ultimately, predictions made by the PNN model. Because 

the PNN model incorporates a multidimensional nonlinear opti-

mization, the model may become trapped in local minima rather 

than converging on the global solution or become overtrained 

to noise rather than the general underlying rule (Kingston et al., 

2005). As evaluated during testing of the PNN model, 9% of the 

validation cases were incorrectly classifi ed and may be extended 

to spatial prediction of susceptibility (Fig. 9). Additionally, the 

susceptibility map is intended for regional- to county-scale use 

and may have several limitations for use at site or fi eld scales fi ner 

than a 500-m resolution, as determined by the resolution of the 

GIS input data sets.

Conclusions
Simulations indicated that depression-focused fl ow down 

the annuli of irrigation wells in response to adjacent seasonal 

ponds is substantially less than fl ow through the native material 

in response to increases in the Ψm from seasonally ponded con-

ditions. Th e corresponding migration of conservative chemicals 

through the native material was simulated to reach the water 

table as quickly as 7 to 50 yr under conditions that are largely 

controlled by enhanced moisture conditions near the irrigation 

well resulting from seasonally ponded conditions, soil texture, 

and depth to the water table. Th e extrapolation of these simula-

tions indicates that nearly 20% of the High Plains aquifer has 

the lithology and depth to water characteristics that may make 

it susceptible to chemical migration to the water table in <50 

yr if depression-focused fl ow conditions develop. Th ese results 

provide improved understanding of the links between land use 

practices and chemical transport through relatively thick vadose 

zones, which ultimately aff ect groundwater quality. Additionally, 

fi ndings from this study may be used in designing best manage-

ment practices toward better characterizing recharge and reducing 

nonpoint-source groundwater contamination in semiarid and 

arid agricultural settings. Limiting the formation of seasonal 
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ponds owing to leaky irrigation plumbing is a manageable solu-

tion toward reducing elevated levels of NO3
− and pesticides that 

reach the groundwater.

Best management practices that rely on such susceptibility 

maps will benefi t from future eff orts to better verify the map 

and address the associated prediction uncertainty. Th ese future 

eff orts should delineate a detailed and high-resolution spatial data 

set of the topographic depressions that hold seasonal ponding 

and produce depression-focused fl ow, use similarly fi ner resolu-

tion GIS data sets during extrapolation, test the assumption of a 

uniform soil column during VS2DT simulations using detailed 

and heterogeneous soil profi les, and measure water and chemical 

fl uxes beneath a spatially extensive and varied set of topographic 

depressions in the High Plains.

A�»ÄÊó½��¦Ã�ÄãÝ
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